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EXECUTIVE SUMMARY

This report is the culmination of a two-year study to evaluate the feasibility for
developing an integrated pest management (IPM) plan for burrowing shrimp on commercial
" oyster beds. Two species of burrowing shrimp, Neotrypaea californiensis {ghost shrimp} and
Upogebia pugettensis (mud shrimp}, are major pests to the culture of Pacific oysters,
Crassostrea gigas, in the Willapa Bay and Grays Harbor estuaries of western Washington.
Through their burrowing behavior, these indigenous crustaceans resuspend sediments and
soften the substrate, which causes the oysters to be buried or to sink into the sediment, thus
inhibiting growth or killing the valuable shelifish. Bu‘rrowing shrimp also negatively impact other
benthic organisms (including clams, eelgrass, and, indirectly, Dungeness crabs) and organisms
that depend on these resources. Currently, the pesticide carbaryl is the most commonly used
means of reducing burrowing shrimp abundance on oyster beds. However, concern Qvef
potential* non-target impacts of this pesticide and societal pressure to reduce the use of
pesticides in general has created the need to reappraise measures to control burrowing shrimp.
An [PM plan would provide a framework for controlling pests based on the ecology of the pest,
economics of farming oysters and managing shrimp damage, and the integration of control
tactics.

Some of the elements needed for an IPM plan are currently available, but critical
information is currently lacking that prevent a “true” IPM plan from being developed. Much is-
known about the ecology of burrowing shrimp and methods of cuituring oyst_ers; several
methods of controliing burrowing shrimp have been suggested and evaluated in the field
(although not all with scientific rigor}, and guidelines have been provided for conducting
benefit/cost evailuations of control methods and for developing sampling plans to monitor
populations of the shrimp. However, methods currently used to measure burrowing shrimp
densities on oyster beds are inaccurate and need to be revised, and it is not presently pbssible
to forecast changes in the abundance of the shrimp. The relationship between the density of
shrimp and the damage they‘cause to oysters is very poorly characterized. It is therefore not
possible to develop objective criteria with which to determine when and where to apply cohtrol
tactics, and new economic injury models for making such decisions must be developed.
Although few control methods have been rigorously tested in the field, farmers’ have tested
several approaches informally, and the only method that has been shown to work consistently

and economically is aerial application of the pesticide carbaryl. Thus, an IPM plan for burrowing
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shrimp is still a ong way from being réédy‘. These issues are fully developed in this report
chapters, and are summarized below, followed by recommended actions to address the work
needed to deveiop an IPM plan. '

Ecblogy of Burrowing Shrimp: We reviewed the population biology, factors that regulate
distribution and abundance, and impacts on other benthic organisms of ghost shrimp and mud
shrimp. The two species have different life histories, habitat preferences, burrowing and
feeding habits, and different effects upon oysters and other benthic organisms. Thus, these
two shrimpé have different economic impacts and require different considerations for their
management. However, current efforts to control these species treat them as if they were one
~ species and do not use knowledge of their ecologies to develop targeted control tactics. Also,
the most widely used method to measure the abundance of burrowing shrimp on oyster beds
(i.e., counts of burtow openings within fixed-area quadrats) is seriously flawed. Consequently,
existing data are inadequate to determine the relationship between the density of shrimp and
démage to oyster crops or to predict rates of shrimp bOpUlatioh growth. Lack of information’
profoundly affects attempts to predibt future densities of the burrowing shrimp, to evaluate
whether an oyster bed is threatened with economic damage from shrimb, or to set criteria and
thresholds to initiate control tactics. Studies are needed immediately to develop accurate
population census methods, develop models to project population growth rate, and to measure
the relationship between the density of each shrimp species and damage to oysters.

Ovster Culture: The major methods of growing Pacific oysters are bottom culture, floating
culture, stake culture, and rack culture. Although bottom culture is the most economical
method of growing Pacific oysters, it is also the most vulnerable to burrowing shrimp damage,
because the oysters are grown directly on the sediment surface and thus, can sink into the
softened substrate or be buried by sediments resuspended into the water column by the
shrimp. Floating culture is not practical for Willapa Bay or Grays Harbor because of the pauicity
of deep water and the vulnerability of fioating systems to damage from storms. Longline culture
is constrained to using only high productivity, mid- to low-intertidal ground and is vulnerable to
damage from burrowing shrimp thét undermine the posts that support the lines of oysters.

Rack and bag culture is vulnerable to burrowing shrimp damage caused by softening of the
substrate, which can cause the racks to sink into the sediment and hinder access by workers on
foot to the cultures. '
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Controi Methods: We reviewed and evaluated 15 chemical, biological, and physica!l methods
of controlling burrowing shrimp and cultural methods of minimizing their damage to oyster
crops, and suggested several means of integrating control and cuitural methods to decrease
damagé caused by burrowing shrimp to oysters. We concluded that carbaryl pesticide is the
most effective and economically practical control method currently available, but that studies
should be conducted to evaluate other control methods and the integration of potential control
methods. The amount of carbary! that is used to control shrimp might be reduced by increasing
the precision of delivery, such as by ground delivery. Studies are needed to investigate
alternative carbary! delivery systems and to evaluate the benefits and costs of applying carbaryl
in spring or fall, particularly just after recruitment of young-of-the-year shrimp. Promotion of
eelgrass growth on or adjacent to oyster beds might benefit oyster culture by providing refuge
habitat for predators of burrowing shrimp. Growers need incentives to promote eelgrass growth
on their private property. Oyster growers and resource agencies should actively support efforts
to conserve and enhance natural populations of finfish predators of burrowing shrimp, such as
sturgeon, salmonids, and staghorn sculpin. Oyster growers and other entrepreneurs shouid
investigate expansion of existing markets or creation of new markets (such as seafood
products) for burrowing shrimp. Several control methods that use new techniques or specific
timing regimens deserve further investigation. These include shell pavementing, dredge
harvesting, sediment compaction, and pesticides other than carbaryl. We suggest several
ways in which control methods and cultural practices could be integrated such as combinations
of chemical control, shell pavement, predator habitat enhancement, physical barriers, timing of
control actions (chemical, biological, or physical) with shrimp recruitment, sediment compaction
(or harrowing), shrimp harvesting, diking and damming, and salinity variances. The metho_dsA
that offer the greatest promise to control burrowing shrimp are pesticides (carbaryl and possibly
abamectin and imidacloprid), predator enhancement, shell pavementing, sediment compactioh..
or sediment disturbance (i.e., harrowing or dredge harvesting), and sediment barriers. Cultural
methods that could best reduce economic damage to oy'ster crops are reinforcement of iongiine
structures, harvest of burrowing Shrimp, and culture of other species that are more tolerant of -
burial and softened sediments {such as Manila clams). Asa Who!e, the growers and other
experts felt that carbaryl pesticide, predator enhancement, and shrimp harvest would have
either no long-term detrimental impacts or iong-term beneficial impacts to environmental and
human resources. Methods that were judg,ed to have the greatest pétentiai for long-term
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negatlve Impacts were other pestlc:des ‘sediment barr;ers ctay lnjectton water jets, and -
Efectro-shocklngfultrasound ' ' ' -

Declsmn Criteria: The current threshold for applacatlon of carbaryl to contro! burrowmg shnmp

on oyster beds (burrow hole count of 10 b/m?) has been used since the 19705. However, we
found that the basis for this threshold is seriously compromised fqr_three biological an_d )
institutional reasons: 1) the burrow count data is collected in early spring _when the relationship
between the number of burrows and the abundance of burrowing shrimp is highly unreli_a;_tb_le; 2)
the relationship between the density of burrowing shrimp and damage to oyster crops ha_s_not
been quantified; and 3) the threshold does not distingui_sh befween the numbers of burrows
made by each of the two species of shrimp. Thus, the threshold of 10 b/m? is not an accurate
predictor.of the damage that.burrowing shrimp cause to oyster crops and is inappropriate for
use as a decision criterion; immediate efforts are required to establish an accurate threshoid.

We were unable to estimate treatment thresholds using economic injury level (EIL) or
economic threshold (ET) models for two reasons: 1) there are critical knowledge and data gaps
relative to the'retationship between density and economic impact and relative to population
census statistics, and 2) the existing EIL/ET models developed for terrestrial IPM plans do not
account for unique aspects of the interactions between the ecology of the shrimp and the
culture of oysters, nor do they include consideration of the costs of the control methods to other
environmental resources and services, which are highly valued within the Willapa Bay and
Grays Harbor estuaries. Specific EIL/ET models that characterize the oyster-shrimp-control
interactions for different aspects of oyster culture will provide growers and environmental
regulators with greater flexibility in depibying and managing control tactics. Once methods are
developed for accurately censussing burrowing shrimp populations and criteria are developed
for the major aspects of oyster culture, then sampling plans can be developed to support each
critical pest threshold.’ | |

Critical Information and Research Needs: We |dent1fied several important information needs

that would help in the development of the IPM plan. The feve most critical mformatxon and
research needs are:

1. Development of methods and protocols to accurately census burrowmg shnmp
populations,
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2. Quantify the relationship between the density of burrowing shrimp populations and
damage to oyster yield;

Development of alternative methods and timing for delivery of carbaryl;

Understanding the underlying reasons for regional increase of burrow:ng shrimp
popu!atlons and

5. Development of objective: decesnon-makmg criteria to determme where and when to
depioy controt tactics. .

We discussed additional information and research needs in the areas of the ecology of
burrowing shrimp, cultural practices, methods to control burrowing shrimp, and the deveiopment
of decision criteria and thresholds. ‘

Iimplementation of an IPM Plan: We provide the following suggestions that oyster growers -

and resource agencies could use to implement an IPM plan for burrowing shrimp:

» Communicate the IPM plan to growers, resource agencies, and the public.
+ ldentify an individual to coordinate the IPM Plan.
. Establish a state-owned and grower-operated demonstration farm.

« Improve relationships among stakeholders through education, open forums, and working
groups to improve trust, respect, and cooperation.

« Improve respect for “local” knowledge.
+ Provide resources to implement the IPM plan.

In the interim, there is much the stakeholders can do to progress toward an IPM plan.
in addition to the recommendations outlined above, growers and regulators can take the
foliowing immediate steps. Growers should:

» be more rigorous in col!ectmg information on the costs to farm each of their beds and the
yields recovered from each bed,

» track the abundance of burrowing shrimp species on their oyster beds and monitor
changes in the coverage of eelgrass on these beds;

» investigate methods of ground application of carbaryi; and
+ investigate the integrated control practices suggested in this report.
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State and Federal regulatory agencies should:

» reduce the bureaucracy associated with carbaryl spray permits so that the permit-
evaluation process is shortened

« help growers to develop aiternative strateg:es for controlimg burrowmg shrlmp by easing
restrictions on tideland habitat manipulations;.

» continue to support research into deve!opment of aiternatwe control methods mproved
shrimp census methods, the damage/density relationship between oysters and burrowing
shrimp, and development of scientifically-sound decision criteria.

" Dialog between growers, regulators, the local cbmmunity, and other iriterested people
must continue, and efforts must be re-doubled to increase trust among these parties. All of
these parties seem to share a serious interest to reduce the economic impacts of burrowing N
shrimp, and maintain a sustainable oyster industry and a sustainable ést_uarine ecosystem. : _
Forums such as the Burrowing Shrimp Advisory Committee provide an excelient opportunity to
work on lmprovmg communication and relationships among stakeholders.

Further Development of the IPM Plan: An [PM plan must have capacnty and capability to
change and improve over time. By regularly incorporating new knowledge into the plan, and by
regularly disseminating improvements to the plan, the oyster growers and resource agencies
will see steady progress toward the IPM plan’s goal of maximizing profit from the production of
oysters while minimizing deleterious impacts to other environmental or hurman resources.

Burrowing Shrimp |IPM Plan Xiv



1.0 INTRODUCTION

Two species of burrowing shrimp, Neotrypaea californiensis (ghost shrimp) and
Upogebia pugettensis (mud shrimp), are major pests to the culture of Pacific oysters,
Crassostrea gigas, in the Willapa Bay and Grays Harbor estuaries of western Washington.
Through their burrowing behavior, these indigenous crustaceans resuspend sediments and
soften the substrate, which causes the oysters to be buried or to sink into the sediment, thus
inhibiting growth or kiiling the valuable shélh‘ish. Oyster growers have reported an increase in
burrowing shrimp population size and geographic distribution within the estuaries since the
1950s. It has been estimated that nearly 3000 acres of oyster grounds (i.e., ~30% of prasan'tly
farmed acreage) in both estuaries combined could be reclaimed for oyster production if
burrowing shrimp were removed (Burrowing Shrimp Control Committee [BSCC] 1992). Various
mechanical and chemical control measures have been investigated by oyster growers over the
last 40 years, and currently, the pesticide carbaryl is the most commonly used means of
reducing burrowing shrimp abundance on oyster beds. However, concern over potential non-
target impacts of this pesticide and societal pressure to reduce the use of pesticides in general
has created the need to reappraise measures to control burrowing shrimp.

One approach for managing burrowing shrimp damage is integrated pest management
(IPM), which provides a framework for controlling pests based on the ecology of the pest, the
economics of producing the crop, the economics and efficacy of chemical, biological, and
physical control tactics, and methods of producing the crop. For the control of ghost shrimp
and mud shrimp, a working definition for the IPM plan is: | '

A sustainable, site-specific, and ecologically based pest management plan that
integrates knowledge of the life history and ecology of both species of burrowing
shrimp, their natural predators and competitors, chemical, biological, and
physical control tactics, cultural practices, and all other suitable techniques to
maintain populations of burrowing shrimp at population densities below
economically injurious levels. ‘ '

We view |IPM as a framework for objectively determining appropriate tactics to control
pests in an economically and eco!ogicaity defensible manner, with sufficient flexibility that
decisions can be developed for specific parcels of farmland. An IPM plan utilizes information
on the population biology of the pest, methods to accurately census the density of the pest
population, the economics of the pest damage to the crop, methods to reduce the risk of pest
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damage to the crop, and the vulnerabii:iiy of the pesf to various pest-control tactics. This
information is combined to produce a sampling plan to track pest damage to the crop, objective
thresholds of pest density at which control measures must be applied, and an array of pest-
control tactics that selectively target the most vulnerable life stages or destructive behaviors of -
the pest. IPM is imperfect, relying on existing knowledge of the pest biology, simplified '.
economib_and population models, and data of variable quality; as su_ch, it is subject to
unpredictable ecological, climatic, and human variables. ‘An IPM plan has a dynamic nature, .
such that it must change as knowledge is gained about the eéofogy of the pests, the ecohomics
of farming, and the methods of managing the pests.

In this study, we reviewed the elemgnts needed to develop an IPM plan to control
burrowing shrimp on commercial oyster beds in Willapa Bay and Grays Harbor. We reviewed
the physical and ecological environment of Willapa Bay and Grays Harbor where burrowing
shrimp and oyster farming occur, the methods of growing oysters, and the ecology of burrowmg
shrimp. We then review and propose practices for managing burrowing shrimp damage,
criteria for :mplementmg shrimp management practices, and means of monitoring pest density-
in advance of initiating control tactics. If sufficient information was available, we will combine
this information into an IPM plan as outlined above; if not, we will identify the critical data and
knowledge gaps and suggest methods fdr obtaining them. Qur analysis focused on evaluating
existing information, but where data are not available, we also hypothesized possible |
approaches to various issues. This study was not designed to be an environmental lmpact
assessment of oyster culture or of methods used to control burrowing shrimp. This study
operated from the premise that oyster farming is an established practice within Willapa Bay and
Grays Harbor, that burrowing shrimp are a pest to oyster culture, and that damage caused to
oyster yield by bufrowing éhrimp needs to be managed in order that cofnmércial oyster farming

can remain profitabie.
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2.0 METHODS

Development of the burrowing shrimp 1PM plan involved analysis of the ecology of the
two burrowing shrimp species and their impacts on oyster culture (both on- and off-bottom
cuifure), analysis of natural processes that control burrowing shrimp popu[atiohs and
distributions, assessment of methods to measure burrowing shrimp abundance and their
impacts on oysters, and analysis of the effectiveness and economics of existing and potential
pest control practices. The Battelle Marine Sciences Laboratory (Batteilé) team sought to
provide a set of tools for objectively setting thresholds for application of control measures
(based on shrimp abundance, the economics of shrimp-induced damage, and the costs of
implementing the control tactic), for objectively comparing existing and proposed control
practices on a benefit-cost basis, and for periodically updating the {PM plan. We also proposed
to provide |PM-based protocols for controlling burrowing shrimp based on previous or existing
control practices. We were directed to not develop new control practices, conduct field studies
to evaluate the cost-effectiveness of éurrent control practices, nor to conduct research to
evaluate practices that are currently under development. Thus, ocur information gathering was
limited to reviewing the literature and 'conducting interviews, and our analyses and evaluations

were limited to existing data sets and information obtained from the reviews and interviews.

2.1 LITERATURE REVIEWS

We reviewed scientific literature published in peer-reviewed journals, theses, and
reports concerning the life history of ghost shrimp (Neotrypaea californiensis; formerly
Callianassa californiensis) and mud shrimp (Upogebia pugettensis), natural controls of .
burrowing shrimp abundance and distribution, the physical nature and ecology of the Willapa
Bay and Grays Harbor estuaries, oyster farming practices, methods of sampling burrowing
shrimp density, methods of controlling burrowing shrimp populations, and environmental injury
and environmental threshold models available for IPM. These reviews are integrated into

sections of this report concerning‘each of these issues.
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2.2 INTERVIEWS

We conducted both informal and formal interviews with people knowledgeable about
oyster farming and aquaculture, burrowing shrimp ecology and management, estuarine ecology
(particularly of Willapa Bay and Grays Harbor), IPM theory and practicé, environmental
regulation (particularly for Washington State estuarine resources), and pesticides. Informal
interviews consisted of in-person and telephone éonversations or meetings with oyster growers,
academic, governmént, and private-sector researchers, en'vironmehtai regulators, and non-
government organization biologists..

Formal interviews were limited by resource constraints to twelve oyster growers from
Willapa Bay and Grays Harbor and eight expert non-growers. Each person was interviewed in-
person and given a follow-up questionnaire to fill out at his/her leisure. People interviewed were-
selected from recommendations provided by Washington Department of Ecology (WDOE), U.S.
Environmental Protection Agency (EPA), oyster growers, and the Willapa Alliance. Growers
using bottom culture only (6}, longline culture only (3}, and combinations of bottom cuiture,
longline culture, and rack and bag culture (3) were included in the interviews. We selected non-
grower experts who were knowledgeable about the Willapa Bay and Grays Harbor estuaries
and the issues surrounding burrowing shrimp management. These experts represented
estuarine biologists (academic, government, tribal, and private), harvesters of other natural
resources in or adjacent to the estuaries (i.e., cranberries and crabs), environmentalists, and
state reguiators. Some individual experts represented more than one category. Growers and
non-growers were questioned regarding their involvement and practices in the oyster industry, -
familiarity with and opinions about various methods to control burrowing shrimp populations,
and the environmental impacts of burrbwing shrimp and methods of controlling them
{(Appendices A and B). In addition, growers were asked about their practices of monitoring
shrimp population density, experience with different methods of controlling shrimp, and

economic aspects of oyster farming.

Whereas information provided by the oyster growers was business-sensitive, anonymity
was assured to all who were interviewed, and all “raw” interview and questionnaire records were
destroyed after the responses were tabulated. Furthermore, the tabulated responses were also
destroyed once we summarized responses to our questions. These summaries consisted of
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the average and the ranges of responses to both quantitative and qualitative questions,
estimated for growers and non-growers separately. ‘

2.3 BURROWING SHRIMP POPULATION MODELS

Population growth models for burrowing shrimp were developed to provide the means to
project the future densities of ghost shrimp and mud shrimp on oyster beds. Such models’
could provide growers with advanced warning of potential adverse impacts to oyster production,
Two approaches were taken to construct population models. The first approach used records
of annual burrow counts and shrimp densities from state surveys and experimental studies to
calculate the net annual rate change in burrow or shrimp density. The second approach used
recruitment and mortality data from experimental studies to estimate the abundance of adult
(1-yr old and older) ghost shrimp. ' '

2.3.1. Net Population Growth Model. We were provided with burrow count census data that
had been collected between 1963 and 1994 by the Washington Department of Fish and Wildlife
(WDFW) as part of their program to certify prlvate and state-owned oyster beds for carbaryl _
- treatment (Dennis Tufts, pers. comm.). Independent estimates of population growth rate were
obtained from Dr. Brett Dumbauld (WDFW), who censussed populations of ghost shrsmp and
mud shrimp over 2- to 8- -year perlods in experimental plots that were treated or not treated
(control) with carbaryl. Net annual population growth rates (burrows/m?y - WDFW and
Dumbauld studies; shrimp/mafy - Dumbauld studies only) were estimated as the difference in
burrow or shrimp density between census years that did not receive carbaryl treatment, diwded
by the number of years between censuses,

The WDFW data set included information on oyster bed location, ownership, the acres
treated with carbaryl, the density of burrows per unit area, the identity of burrowing shrimp, and
the census year. The data set was sorted by bed location, ownership, census date, and
burrowing shrimp species. Records lacking burrow-count data or unambiguous bed
identification numbers were not included in the analysis. Cases in which one burrow count was
recorded as representative of multiple beds was scored as each bed havihg that density of
burrows. Current and former WDFW personnel cautioned that the burrow-count data ‘contained
in the WDFW data set were of variable quality, as many counts were approximations, especially
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if the burrow densi'ty exceeded 10 burrows/m? (b/m?), which is the current threshold used to
qualify beds for spraying with carbaryl (B. Dumbauld and D. Tufts, pers. comm.). Furthermore,
many of the oyster beds censussed by WDFW contained both ghost and mud shrimp, but
because only total numbers of burrows were recorded, we could only estimate the net rate of
change for the mixed population in those beds. Additionally, the data were collected during
spring when shrimp activity is low and the density of burrows is a poor pred_i_ctor of the true
density of shrimp. Finally, we also learned that the data prior to'.19_84 were nieasured as bfyd?,
* and thereaiter as b/m?, but that the WDFW data set was not adested for the change in units.
Thus, the population growth rate estimates based on ihe WDFW datét set c_bntain several

sources of inaccuracy.

2.3.2 Recruitment and Mortality Estimates. K.L Feldman (School of Fisheries, University of
Washington) and D.A. Armstrong and B.R. Dumbauld (WDFW) estimated recruitment and
mortality rates for N. californiensis from population censuses on experimental plots in Willapa
Bay Harbor estuaries. Recruitment was measured as the density of young-of-the-year (YOY)
ghost shrimp collected in the upper 15 cm Q_f sediment during the fall (September or October)
{Dumbauld, unpublished data). Recruitmént and mortality estimatés were also derived from
cohort-analyses of population structure data obtained ina 3-yr (i.e., 1989-1 992-) study of
carbaryl efficacy at a Palix River site in Wi!lapaBay (Dumbau!d 1994). We used thé data from |
piots treated with the highest dosage of carbaryl (l e., 5.6 kg ha' b3 which killed >80% of the
ghost shrimp, thereby simplifying trackmg the abundance of !he 1989 year-class through time.
Cohort analysis was conducted using the MiX program (Release 2.3, Icthus Data Systems,
MacDonald and Pitcher 1979) which identified age classes by fitting iognormai components to
length-frequency histograms. An assumptlon in estimating proportions of shrimp in each age
class was that badly damaged, unmeasurable, and un-sexable shrimp'.were equally
represented among ages and betweeﬁ sexes. Because the MIX program often converged on
more than one possible set of components, information on shrimp growth rates and recruitment
of multiple cohorts was used to choose the best scenario (Bird 1982, Dumbauld et al. 1996).
Once numbers of shrimp were determined by age class, an estimate of natural rnortality was
derived based on linear regression of natural log-transformed abundances of the 1989 year-
class from 1990 through 1992, '
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3.0 PHYSICAL AND ECOLdGlCAL DESCRIPTION OF THE ESTUARIES
3.1 PHYSICAL CHARACTERISTICS OF THE ESTUARIES

Willapa Bay and Grays Harbor estuaries are located along the southwest coast of
Washingtoh State, immediately north of the mouth of the Columbia River (Fig. 3.1). These are
two of the major estuarine systems of the U.S. Pacific Coast. Several previous reports
described the physical and ecological characteristics of both estuaries (i.e., for Willapa Bay, see
USACE 1976, Shotwell 1877, and WDF/WDOE 1985, for Grays Harbor, see WDOE 1983, and
WDF/WDOE 1985). Summarized below are some of the salient characteristics of each estuary
that are relevant to oyster farming and the distribution of burrowing shrimp.

3.1.1 Willapa Bay Estuary. Willapa Bay estuary is oriented north-south, with a length of

~25 mi and maximum width of ~8 mi. Aerially, the estuary encompasses approximately 78,000
acres at mean high water. It is separated from the Pacific Ocean by a long barrier spit, North
Beach Peninsula, that extends north from the mouth of the Columbia River. The mouth is a
broéd, shallow pass, approximately 6 mi wide, located at the northwest corner of the bay; it is
an area of shifting sand shoals with the most consistent channel located near Cape Shoalwater
at the north. Eight rivers (the Cedar, North, Willapa, Bone, Niawakum, Palix, Nemah, and Bear
rivers) and many sméﬂer creeks enter Willapa Bay, draining a complex of watersheds totaling
more than 720 square mi.

More than 50% of the tidal portions of the estuary are exposed at low tide (Fig. 3.2), and
fnuch of the remaining subtidal area is very shallow at low tide (<6 ft). Less than 15% of the
estuary is deeper than 20 ft (Anima et al. 1989). The maximum tidal range is approximately . |
12 ft (4 m). The extensive tidal flats can extend more than a mile from shore. Adjacent to the
tidal flats and shallows are a few deep channels that are maintained by tidal currents, stream
runoff, and dredging. Shallow tidal creeks (<3 ft) drain water from tide flats into the larger
channels; these creeks are highiy ephemeral and many go dry at high tide (Fig. 3.3). The
locations of tidai flats, shorelines, creeks, and channels in Willapa Bay are extremely dynamic,
caused by complex tidal currents and storm-driven currents and waves. The North Beach
Peninsula is a low barrier that protects most of the estuary from direct exposure to the Pacific
Ocean but does not block the strong winds accompanying the frequent storms that hit this
region. Storms with hurricane-force winds hit the estuary almost 'every year. The
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geomorphology of the estuary is subject to rapid change (caused by floods and tsunamis;
Shotwell 1977), as well as long-term continuous change (the mouth of the estuary has shifted
north at least 3 km over the last 100 yr; Clifton 1980).

From the mouth of the eétuary into its central part and a.iénlg‘ most of the deep c:ha:nnels,
sediments are well-sorted fine sand, wsth pockets of mud formang 1ocaHy in depressnons or sn
the lee of high areas that deflect waves (Flg 3.4). In the upper and lower portions of the )
estuary and along the banks of the rivers, intertidal and supratidal sediments are muds and ’
sandy muds The sediment characteristics in each of these Eocatlons are determlned by ttdal
currents, storm currents, sedtment transport from the watersheds and erosion of the
Pleistocene cliffs to the east and south of the estuary (Clifton and Phillips 1980; Clifton 1983;
Anima et al. 1989). Additionally, bioturbation by ghost shrimp winnow fine-grained material
from tidal flats, thus creating a weli-sorted sand substrate.

Complete flushing of the water in Willapa Bay is reported to take 20 to 40 days and is
affected by the tidal range, strength, and direcﬁoh of prevailing winds and the water flow rates
of the rivers (Kincaid 1968, USACE 1976). The wate% in Willapa Béy'can be strongly affected
by offshore conditions: in summer, high- saiinify' up welled waters ca'r.i be driveh in by' northwest
winds and increase the salinity of the bay, whereas in wmter tow-sahmty waters from the |
Columbia River plume can dramatically lower the salinity of the bay (USACE 1976; L. Bennett
pers. obs.). Salinity ranges from 7% 10 >30%. within Willapa Bay, with salinities decreasing up
the river drainages and during the rainy season.. Oyster groweré and naturalists report that
water in Willapa Bay occasionally become heariy fresﬁ as a result of freshets and floods (and
possibly the presence of very low-salinity waters offshore from the Columbia River plume)
(Kincaid 1968; L. Bennett, pers. obs.). Annual rainfall in the area can range from 44 in. to >110
in., with-greatest rainfall occurring between October and March (Kincaid 1968). Water
temperatures range annually from 3°C to 21°C, and are usually warmer toward the head of the
estuary than at the mouth caused by solar heating of the tidal flats and the shallowness of the
bay (Kincaid 1968; USACE 1976). Obviously, water temperatures are also warmer in summer
months than in winter months. Water in Willapa Bay is usually turbid because of a combination
of natural (wind, waves, currents, and runoff) and human influences (upland erosion, dredging).
Turbidity is typically higher at the surface than at depth and is often higher during the winter,
caused by storm-related runoff and waves (WDF/WDOE 1985). |
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3.1.2 Grays Harbor Estuary. Grays Harbor estuary is oriented east-west, with a maximum

“length of ~32 miles and a north-south width of ~13 miles (Fig. 3.8). The entrance is bounded
on the north and south by two sandy peninsulas (Point Brown to the north, Point Chehalis to the

. south), which separate the estuary from the Pacific Ocean. Aerially, the estuary encompasses

© 54,700 acres at mean high high-water (MHHW), of which ~63% are exposed at low tide
(Loehr and Collias 1981; Iribarne et al. 1995). Six rivers flow into Grays Harbor estuary.
Chehalis, Wishkah, and Hoquiari Rivers to the east, Humptulips River to the north, and the Elk
and Johns Rivers to the south. Urban-and industrial activities in the cities of Aberdeen,
Hoquiam, and Cosmopolis have contributed to water pollution and poor water quality,
particularly in the eastern portions of the estuary. Because of this, oyster farming is limited to
the tidelands adjacent to thé central and south-western port'ions of the estuary.

Extensive intertidal flats, broken up by numerous tidal creeks, are the predominant
geological features of Grays Harbor (Fig. 3.5). One major channe! (North Channel) is actively
dredged to depths of -45 ft for navigation and is the major shipping channel for Aberdeen,
Hoquiam, and Cosmopolis. Two other channels (Middle and South Channels} are not routinely
dredged and have depths up to -25 ft. Furthermore, the banks of many of the tidal flats in the
central and south-western portions of the estuary have a moderately steep profile leading down
to tida! creeks and channels. This restricts some of the most productive oyster growing ground
to a relatively narrow band along the margin of the tide flats (Brady Engvall, Brady’s Oysters,

pers. comm.).

Tidal currents dominate the mixing and flow characteristics of waters within Grays
Harbor estuary (Loehr and Collias 1981; WDOE 1983). Wind, tides, coastal upwelling, and
river flow combine to create dynamic and complex movements of water within the estuary. In
summer, low river flow rates and the large volume of the estuary combine to produce relatively
poor circulation in the central portion of the bay and, consequehtly. pollutants may not be |
efficiently flushed from the bay. Loehr and Collias (1981) estimated a flushing time of 5 days
for the bay. Maximum river flows and upland runoff occurs in December and January when
rainfall is greatest. Salinity is highly variable spatialiy and temporally within Grays Harbor.
Salinity in summer ranges from 5%. to 15%. near Aberdeen, 20%. to 30%. in the central bay, and

.to >30%. at the mouth of the bay (Loehr and Collias 1981). In winter and spring, salinity in the
inner bay ranges from 0.5%. to 15%., from ~5%. to 20%. in the central and western parts of the
estuary, and 20%. to 33%. at the mouth of Grays Harbor. Water temperature tends to be less
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variable spatially than Seaéonalty within the estuary. In winter, water températures range from
2°C to 6°C in the inner harbor, and from 5°C to 8°C in the main portion and entrance to the
bay. Conversely, in summe'r, western bay temperatures average ~15°C, whereas inner-bay
temp'era‘tures averége ~19°C as a result of relaitively poor water circulation (Loehr and Collias
1981).

As with Willapa Bay, Grays Harbor experiences gale-force storms severa.i times per
year, typically between November and March. These storms add to the dynamic nature of the
estuary and are responsible for rapid transport of sediment, creation and destruction of tidal
creeks, lateral movement of main channels, flooding, and short-term changes in water
chemistry (particutarly salinity, temperature, and turbidity). Physical structures placed w&_thin. the
estuary (e.g., for oyster culture) must be able to withstand these forces.

3.2 ECOLOGICAL CHARACTERISTICS COMMON TO BOTH ESTUARIES

WDF/WDOE (1985) provides summaries of the vegetation, fish, waterfowl, and
mammals found within Willapa Bay and Grays Harbor. The two estuaries are very similar in
many of these aspect's, with the principal difference that Spartina marshes are far less
extensive in Grays Harbor than in Willapa Bay. Thus, this report will focus on the common
scological elements of both bays, and interested readers should refer to Shotwell (1977),
Kalinowski et al. (1982), WDOE (1983), WDF/WDOE (1 985), WDF/WDOE (1 992), and sources
cited therein for addition details. |

3.2.1 Vegetation. Eeigrass (Zostera marina and Z. japonica) is the dominant rooted plant
within both estuaries, occurring on intertidal and shallow subtidal flats between -3 ft and +6 ft
mean low low-water (MLLW). Eelgrass forms large, dense beds, recognized as important
habitat for many invertebrates (including Dungeness crab) and juveniles of many fish species,
and is spawning habitat for Pacific herring. Cordgrass (Spartina alterniflora), introduced to the -
Pacific Coast with shipments of seed oysters from the U.S. Atlantic coast, is classified as a
noxious weed in Willapa Bay, as well as to the rest of the U.S. west coast. Spartina marshes
are expanding within Willapa Bay, out-competing native shoreline vegetation, and elevating the
tide flat by enhancing rates of sedémént deposition within the beds (Ron Thom, Battelle Marine

‘Sciences Laboratory, pers. comm.). Several macroalgal species can be found on the tidal flats
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of the estuaries, with two dominants in oyster beds being Ulva spp. (sea lettuce) and

Polysiphonia spp. (red algae).

3.2.2 Benthic Invertebrates. Both species of burrowing shrimp (i.e., ghost shrimp,
N. californiensis, and mud shrimp, U. pugettensis) are indigenous to these estuaries and are
the dominant infaunal invertebrates on many tide flats. The ecology of these species is
discussed extensively in Chapter 4. Dungeness crab (Cancer magister) are common in both
estuaries and use coastal estuaries as habitat for growth and maturation as juveniles. Young
crabs are attracted to physical structures on the tide flats (such as oysters and eelgrass),
probably for both foraging opportunities and protection from predators. Thus, abundances of
Dungeness crabs is‘usuaily higher within oyster beds than on tide flats dominated by burrowing
- shrimp (Doty et al. 1990). Dungeness crabs are a major commercial and recreational fishery in
Washington'State. Other common benthic invertebrates on the tide flats include bivalves
(Macoma balthica, M. nasuta, Clinocardium nuttallii, Tapes japonica, Mya arenaria, Mytilus
edulis), polychaete worms (Abarenicola pacifica, Harmothoe imbricata, Nephtys spp., Nereis
spp., Capitella capitata, Armandia brevis, Heteromastus filiformis), crabs (Hemigrapsus
oregonensis, H. nudus, Cancer productus, C. oregonensis), shrimp (Crangon spp.), amphipods
(Corophium spp., Eohaustorius spp:), isopods, cumaceans, nemertean worms, and burrowing
anemones. Oyster beds have been shown to harbor a high species diversity of benthic
invertebrates, especially in comparison to tide flats dominated by burrowing shrimp (Brooks
1993, 1995). | | o

3.2.3 Fish. Tributaries of Willapa Bay and Grays Harbor provide spawning grounds for
chinook (Oncorhynchus tshawytscha), coho (O. kisutch), chum salmon (O. keta), steelhead (O,
mykiss), and searun cutthroat trout (O. clarki clarki). Hatchery-raised salmonids are also
produced on several of the rivers and are released into the e-stuaries. Salmon migrate through
the estuary at various times through the year (Fig. 3.6), using it for foraging and refuge while
they undergo physiclogical changes in transition from a freshwater to saltwater existence.
Other species of finfish found in these estuaries include green and white sturgeon, Pacific
herring, anchovies, longfin smelt, surf smelt, American shad, juvenile lingcod, surf perch and
sea perch (several species), gunnel, sand lance, greenling, sculpin (several species), English
sole, sand sole, sand dab, and starry flounder (Posey 1986b). Sturgeon and sculpins are
reported to be predators of burrowing shrimp (Brad James, WDFW, pers. comm.; Posey 1985,
1986b).

Burrowing Shrimp IPM Plan 3-5




3.2.4 Birds. A diverse fauna of migratory and resident waterfowl and éhorebirds use the
Willapa Bay and Grays Harbor estuaries. Species of waterfowl ,include Anierican wigeon,
mallard, green-winged and cinnamon teai, northern shoveler, greater and lesser scaup,
white-winged and surf scoters, ruddy duck, wood duck, red-breasted merganser, canvasback,
pintail, bufflehead, western grebe, Pacific black brant, Canada goose, and white-fronted goose.
As many as 24 species of shorebird use the estuaries, many of which are migratory. Some of
the more numerous species include Western and least sandpiper, dunlin, great blue heron,
short-bililed and long-billed dowitcher, and sanderling. Gulls and terns are also common in
these estuaries, including western gull, glaucous-winged gull, and Caspian tern. Other
waterbirds found in the estuar.ies include loons, grebes, shearwaters, petreis, cormorants;
brown pelican, marbled murrelet, and rhinoceros auklet. These birds feed on aquatic plants,
benthic invertebrates, bait fish, and juvenile fish. Guils and herons have been observed feeding
on burrowing shrimp that have exited their burrows (Posey 1985; T. DeWitt, pers. obs.).
Summaries of some waterbird foraging studies can be found in WDF/WDOE (1985). Several
species of raptors forage on birds, fish, and carrion within the estuaries, including bald eagle,
northern harrier, redtailed hawk, sharpshined hawk, Cooper’s hawk, osprey, peregrine falcon,

and short-eared owl.

3.2.5 Marine Mammals. Harbor seals are the most numerous resident marine mammals in
both estuaries. They feed on fish, including salmon, and crab, and intertidal sandbars are‘ used
as haulouts. California sealions and harbor porpoise are also occasionally seen. Gray whales
occasionally enter the estuaries and are reported to feed on burrowing shrimp (Weitkamp et al.
1992). ‘ G
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4.0 ECOLOGY OF BURROWING SHRIMP

Two endemic species of burrowing shrimp (Decapoda, Thalassinidea) are considered
pests to oyster farming operations in Willapa Bay and Grays Harbor. Both species are common
in intertidal and shallow-subtidal sediments in Pacific northwest estuaries and both excavate
sediment to construct tunnels and galleries beneath the sediment surface. Excavation and
resuspension of sediments by the shrimp softens the substrate, buries oysters, and may
interfere with oysters’ filter feeding. Ghost shrimp (Neotrypaea californiensis, formerly
Calfianassa californiensis; Manning and Felder 1991) typically occupy sandier, well-sorted,
intertidal and shallow subtidal sediments, whereas mud shrimp (Upogebia pugettensis) typically
occupy muddier, fine-grained, intertidal énd subtidal sediments. However, their distributions
often overlap on mudfiats and sandflats used for oyster farming. Hereafter, these species will
be referred to as mud shrimp and ghost shrimp or by generic name only.

4.1 SPECIES DESCRIPTIONS

Ghost shrimp are characterized by a pinkish-tan body color, a large, broad abdomeri,
unequal-sized major chelae (claws on the first pair of walking legs), and a maximum aduit
length of ~9 em (~3.5 in) (Fig. 4.1).‘ The major chelae of females are slightly dissimilar in size,
whereas those of males are very different in size. Théy are geographically distributed from
Mutiny Bay, Alaska, to Estero Punta Banda, Baja California (Stevens 1928; MacGinitie 1934).
Ghost shrimp create unlined tunneis and galleries that form complex, multi-branched burrow
systems with m(;!ﬁple openings, and can extend 60 cm below the sediment surface (Stevens
1928; MacGinitie 1934; Swinbanks and Murray 1981; Swinbanks and Luternauer 1987).
Excavated sediment and feces are deposited at burrow entrances, forming cdnSpicuous
mounds on the surface of the tidal flat. Ghost shrimp are generally regarded as sub-surface
deposit feeders (MacGinitie 1934), although this has not been confirmed experimentally. Bird
(1982) found thét sediment organic content decreased in the presence of ghost shrimp,
providing indirect support of deposit- feeding behavior. However, resuspension of sediment
caused by their bioturbation and the resulting winnowing of fine-grained material could also
cause a reduction of organic matter, and thus the trophic mode of ghost shrimp remains
unresolved. Griffis and Chavez (1988) suggested that in the southern end of its range, ghost
shrimp are generalists that deposit- and éuspension-feed. They hypothesized that feeding
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mode and burrow morphology may vary with flow regime, sediment characteristics, and other

- environmental conditions that affect food supply. Nickell and Atkinson (1995) similarly noted
that Callianassa subterranea, although primarily a sub~su.rfa_ce deposif feeder, can supplement
its diet by suspension feeding. |

Mud shrimp are characterized by a bluish-gray body color (with green and orange
variants; WDF/WDOE 1985), major chelae of approximately equal size, and a maximum adult
body length of ~13 cm (~5 in) (Fig. 4.1). The geographic distribution of mud shrimp ranges
from Valdez Narrows, Alaska, to Morro Bay, California (MacGinitie 1930). Mud shrimb secrete
a mucopolysaccaride to bind sediment particles and line their burrow walls. Their burrows are
fairly permanent structures on tidal flats, particularly in comparison to ghost shrimp burrows.
Mud shrimp generally are regarded as suspension feeders (MacGinitie 1930), and the “Y"- or
"U"-shaped architecture of their burrows is consistent with those of suspension feeders that
‘pump" or move water mechanically (Griffis and Suchanek 1981}, Although suspension feeding
may be their primary source of nutrition, Stevens (1929) found some plant debris and fine
sediment grains in the digestive tracts of mud shrimp, which suggests that they may also
depoéit feed. Evidence for trophic plasticity has been noted in other species of upogebiids. For
example, Nickell and Atkinson (1995) found that Upogebia stellata is primarily a suspension
feeder but has the ability o deposit and resuspension feed. As with ghost shrimp, burrows of
Upogebia can extend 60 cm below the tidal ﬂ.at surface and have multiple openings (Stevens
1928; MacGinitie 1930; Thomp_soh 1972; _Swinbanké and Murray 1981; Swinbanks and | .
Luternauer 1987). ' - - | ‘ |

4.2 LiFe HISTORIES

The life histories of ghost shrimp and mud shrimp differ with respect to periods of
reproduction and recruitment, stages of development, growth rate, and size at maturity (Bird
/1982; Dumbauld et al. 1996). Both species become sexually mature at 2 to 3 years of age, and
have been estimated to live 4 to 5 years (Bird 1982; Dumbauid et al. 1996).

4.2.1 Reproduction and Recruitment. Female ghost shrimp are ovigerous from April through
August (Fig. 4.2). The eggs bégin to hatch in June, and simiiar to mud shrimp, zoeae are
released primarily during the night ebbs of neap tide series and exported to nearshore coastal
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waters (Johnson and Gonor 1982; Pimentel 1983). Ghost shrimp progress through five zoeal

stages during their 6- to 8- week planktonic residence period (McCrow 1972) before postiarvae
return to estuaries from August through October (Dumbauld et al. 1996). Washmgton coastal
estuaries likely receive postlarvae that origina_te in other estuaries, transported by anngshore

and cross-shelf, wind-driven surface currents (B. Dumbauld and K. Feidman, University of

Washington, pers. comm.).

Mud shrimp are ovigerous from October through May (Fig. 4.2). The eggs, whiéh are-
brooded on the female's pleapods, begin to hatch in March, and the zoeae are exported out of
the estuary to the nearshore coastal ocean, typically during night ebb tides (B. Dumbauld and
K. Feldman, University of Washington, unpubl. data). Zoeae spend 2 to 3 weeks in the
plankton stage and progress through three zoeal stages (Hart 1937; Thompson 1972) before
molting into postlarvae, which are ca'pabie of settling and assuming a benthic lifestyle.
Recruitment to estuaries generally occurs from late April through June (Dumbauld et al. 1996).

After settlement has océurred, distinct cohorts of YOY ghost and mud shrimp are often
detectable in size-frequency histograrﬁs (Ddfnbauld et al. 1996; Feldman et al. in press). The
presence of several cohorts in Washington state is more likely caused by lengthy reproductive
periods and asynchronous hatching of eggs, rather than by the production of mu.itipie broods by
single females (Dumbauld et al. 1996), although mut_fip!e broods have been noted in other |
- thalassinid shrimps (Hailstone and Stephenson 1961; Devine 1966; Felder and Lovett 1989;
Tamaki et al. 1996). Interannual postlarval recruitment densities are highly variable (Table 4.1)
and are likely influenced by oceanic processes, similar to other decapod crustaceans with
complex life cycles, such as the Dungeness crab, Cancer magister (McConnaughey etal. -
1992). In Willapa Bay, Washington, YOY ghost shrimp densities exhibit temporal fluctuations in
recruitment strength. For example, from 1992 to 1996, YOY shrimp densities at the Palix River -
ranged from a low of 0 YOY shrimp/m? to a high of 144 YOY shrimp/m? (Table 4.1; Fig. 4.3).
Recruitment density also varies with respect to location within the estuary. In 1994, for
example, mean density of YOY ghost shrimp at Goose Point (48 YOY shrimp/m?) was
approximately two times greater than that at Palix River (22 YOY shrimp/m?), with densities at -
Nahcotta (13 and 30 YOY shrimp/m?) falling in between the other two sites (Table 4.1; Fig. 4.3). ‘
Although larval transport and other processes may differ among sites, densities at different -
locations nevertheless exhibited similar interannual fluctuations (Table 4.1).
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4.2.2 Growth and Matur:ty Although postlarvae of both spemes of shrimp initially are about
the same size, rangsng from O. 9 mm to 1.4 mm carapace length (CL), which is measured from
the trp of the rostrum to the postenor margm of the cardlac region of the carapace (K. Feldman
unpubl data), mud shrimp grow faster and are larger than ghost shrimp of the same age. For
example, mud shrimp grow rapidly their first summer, reachmg 7 mm to 9 mm CL by August,
just 4 months after settlement whereas ghost shrlmp do not reach this size for almost 2 years
(Dumbauld et al. 19986). Dumbauld et al. {1996) found that in Willapa Bay, Washington, mud
| shrimp grewan average of 4 mm to 5 mm ClL/yr, whereas ghost shrimp grew 2mm to 3mm
CL/yr, with males and earlier settling cohorts growing faster than females and later settling |
cohorts. Bird (1982) found that proximity to the mouth of the bay had a positive effect on
growth rates of ghost shrimp, whereas conspecific density had a negative effect on growth.
Hanekom and Erasmus (1988) similarly determined that Upogebia africana exhibited faster
growth closer to the mouth of the estuary, but conspecific density had no effect on growth rates
in that study. In addition to these factors, it is likely that trophic mode and seasonal timing of
recruitment could contribute to differences in growth rates between species (Dumbauld et al.
1995). In Grays Harbor, Washington, estuarine water temperatures are 3°C to 6°C warmer in
the summer than in the fall (Armstrong et al. 1991), which may partially account for the high
rate of growth exhibited by YOY mud shrimp in the months folIow;ng settlemem reiatlve to the
rate of growth exhibited by YOY ghost shnmp ' '

Mud shrimp-and ghost shrimp also differ in size, but not age, at maturity. Dumbauld et
al. (1996) found that minimum size at oviposition was 22 mm CL for mud shrimp and 9 mm CL.
for ghost shrimp, although both species reached sexual maturity generally atage 3 in .
Washington. In Oregon, Bird (1982) estimated that shrimp attained maturity at age 2. With the
onset of maturity, there is a corresponding change in the rate of growth of the carapace ar}d |
segments of the major chela in males and femaleé of each species (Dumbauld et_al.‘1996).
Both species have been estimated to live 4 to 5 years (Bird 1982; Dumbauld et al. 1,@96), which
is similar to other species of thalassinid shrimps found in temperate waters (Hailstone and
Stephenson 1961; Devine 1966; Dworschak 1988, Rowden and Jones 1993).

Burrowing Shrimp IPM Plan : 4-4




4.3 EfFrFecTS ON OTHER BENTHIC ORGANISMS

Many studies have documented the reduction of species diversity and changes in the
composition of benthic invertebrate communities in areas occupied by burrowing shrimp.
Impacts to oyster are reviewed in Section 4.6; hére we discuss their impacts {0 other species.
At high densities, thalassinid shrimp are capable of influencing community composition by
excluding species that are unable to withstand the disruption of sediment caused by burrowing
and turnover of near-surface sediments (Peterson 1977; Branchlet 1981; Bird 1982; Murphy
1985; Posey 1986a; Posey et al. 1991; Dumbauld 1994; Tamaki 1994). Bioturbation
associated with thalassinid shrimp may interfere with suspension feeding (Rhoads and Young
1970) and surface-deposit feeding (Tamaki 1988), bury newly settled larvae (Swinbanks and
Luternauer 1987), and initiate small-scale emigrations (Tamaki 1988).

Negative effects of callianassid bioturbation also extend to seagrass communities.
Suchanek (1983) found that productivity and percentage of cover of the turtie grass, Thalassia
testudinum, were negatively correlated with the density of Callianassa spp. mounds. Significant
deterioration of Thalassia transplants occurred in areas with high densities of Callianassa
compared with control areas as a result of high turbidity or burial under sediment deposition.
Ghost shrimp burrowing inside or adjacent to eelgrass (Zostera spp.) beds may cause -
unconsolidation of sediments around the roots and make the plants susceptible to up-rooting
and wash-out during storms, although'this has not been rigorously documented (R. Wilson and
H. Thom, comm.}). On the other hand, structuraily complex root-rhizome mats associated with
seagrass beds have been shown to reduce the mobility of several burrowing species (Branchlet
1982) and to limit the distribution of burrowers to areas outside these habitats (Ringold 1979,
Harrison 1987; Swinbanks and Luternauer 1987). Branchlet {(1982) found that mean burial time
increased significantly for Neotrypaea in root-rhizome and animal tube mats compared with pre-
burrowed bare sediments, and in the majority of laboratory trials, shrimp were unable to
establish a burrow at all. Field surveys have been consistent with Branchiet's (1982} findings,
noting the abrupt decline and low densities of Neotrypaea burrows in Zostera marina beds
compared with adjacent intertidal mudflats (Swinbanks and Murray 1981; Swinbanks and
Luternauer 1987). Harrison (1987) reported that an expansion of Z. marina and Z. japoniéa
habitat was accompanied by a corresponding reduction in Neotrypaea density. Harrison (1987)
suggested that in temperéte geographic regions, cycles of eeigrass and shrimp activity are
sufficiently out of phasé to enable the rhizomes of eelgrass to expand in early spring before
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shrimp become too active. Other species of callianassids are restricted by root mats as well;
Coleman and Poore (1980) noted a reduction in population densities of Callianassa
australiensis and C. limosa in areas where Zostera was present Dumbauld et al. (1 997)
present evidence that ghost shrimp restrtct the distribution of Z Jjaponica, which expands
aerially when shrimp are controlled wzth carbaryl. Thus, it is appears that ghost shrimp can
affect the distribution of eelgrass beds and that mafu_ré ee!grasé_be_ds can inhibit the
colonization of ghost shrimp. |

In contrast to ghost shrimp, mud shrimp are able to penetrate through root and tube
mats (Brenchley 1982) and, therefore.' are not typically restricted from seagrass habitats.
Dworschak (1987) noted that Upogebia pusilla burrows were more abundant in water-filled
poois and Zostera patches than in elevated and unvegetated areas. In Brenchley's (1982)
study, burrowing time increased with body size (indicating that smail shrimp burrow better than
large shrimp), suggesting that populations in dense root and tube mats.ma'y be skewed toward
smaller mud shrimp. |

Sediment turnover by thalassinid shrimps has been examined in several studies (e.g.,
Aller and Dodge 1974; Suchanek 1983; Branch and Pringle 1987; Witbaard and Duineveld
1989) although the lack of standardized methods to quantify rates makes comparisons between
‘studies difficult {(Rowden and Jones 1993). - Turnover rates for ghost shrimp have been
measured as 9 mL to 33 mL (wet sediment)/individual/day (Swinbanks and Luternauer 1987)
and 1 m to 3 m (depth)/m/yr (Miller 1984). In contrast to the rates for ghost shrimp, reworking
rates for mud shrimp are negligible (Swinbanks and Luternauer 1987; Dumbauld 1994), with
sediment resuspension primarily occurring during burrow construction and enlargament (Posey
et al. 1991).

As endemic species td intértid_al and.éhallowsubtidat ecosystems, burrowing éﬁrimp'
contribute to the flux of nutrients and materials between the water column and the sediment,
create habitat for some benthic species, and ére prey to fish and water birds (discussed later).
The benefits of sediment reWorking and burrow Ventilation include nutrient recyciing and greater
oxygen peneti'ation around the burrow wall (Koi'ke and Mukai 1983). The phys'ical structure of
mounds'and funnels that _sometiﬁ_;es characterize shrimp burrows affect_ the benthi_c' boundary
layer flow and can induce fiu.shing of wa_fer and ions, as can the_curke_nts created directly within
burrows by shrimp fanning their pleopodé (A!Iansdn et al. 1992; Ziebis et al. 1996). The funnel
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can also act as a trap whereby detritus and other food particles may be deposited as a result of
reduced shear stress associated with depressions. These biogenic structures also increase the
surface area of the sediment available for colonization by bacteria and benthic microalgae
.(Branch and Pringle 1987), which may be important in promotive interactions on tidal flat
communities. Dittmann (19986) found higher densities of rheiofaﬁna in the burrows of
Callianassa australiensis than in'sediment§ where the shrimp were excluded, perhaps cauSed
by enhanced food supply. The burrows also are an important source of refuge for small fishes
and crustaceans. in Washington, the arrow goby Cleviandia ibs, the shore crab Hemigrapsus'
oregonensis, juvenile Dungeness crab Cancer magister, and the northern hooded shrimp
Betaeus harﬁmani, occupy shrimp burrows on a temporary basis. These species, as well as
the commensal bivalve, Cryptomya californica, may also benefit from thé feeding current and
food supply generated by the shrimp’s pumping activities.

4.4 NATURAL PROCESSES THAT REGULATE SHRIMP ABUNDANCE AND DISTRIBUTION

4.4.1 Abiotic Factars. Species-specific distribution patterns are influenced in part by tolerance
to physical factors such as anoxia. Swinbanks and Luternauer (1987) noted that on the Fraser
River tidal flat in British Columbia, Canada, ghost shrimp were found up to the edge of the salt
marsh (ca. + 0.8 m, up to 5 days maximum continuous exposure)}, whereas discrete beds of
mud shrimp tended to occur no higher than mean sea level (ca. + 0.0 m, < 0.5 days maximum
continuous exposure). Dworschak (1987) noted that eXposure time similariy limited the upper

- distribution of Upogebia pusilia. Dissolved oxygen concentrations are significantly lower in the
burrows of thalassinid shrimps compared with the overlying water (Koike and Mukai 1983), and
ventilation rﬁay be necessary at slack tides to promote the exchange of oxygen and waste .
products between the two environments (Allanson et al. 1892). At low tide, burrow waters are
hypoxic, as well, and decline further with increasing exposure time (Thompson and Pritchard
1969b; Hill 1981).

In genera!, studies have found that upogebiids are less tolerant than callianassids to
long periods of anoxia. Thompson and Pritchard (19691))' found that mud shrimp and ghost
shrimp survive in anoxic conditions at least 3 days and have low metabolic rates based on
laboratory studies conducted at 10°C. Mud shrimp, however, are less tolerant to anoxia and
have higher metabolic rates than ghost shrimp. Mukai and Kioke (1884) similarly found that
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Upogebia major hoé a lower tolerance to anoxia and a higher metabolic rate than Callianassa
;apomca The morphology and function of the burrows may provide some basis for differences
between species in their toterance to anoxia. The unlined burrow walls characteristic of ghost
shrimp are hypoxic, and at Iow tide, oxygen concentrations qu&ckty equaitze with those of
interstitial waters (Torres et al. 1977). On the other hand, the we\il—iinéd burrows of mud shrimp
offer .greater insulation from hypoxic interstitial waters, and at low tide, oxygen levels are '
significéntiy higher in burrow watéfs than interstitiai waters (Thom'pson and Prichard 1968b).
Consequently, mud shrimp are not as physaotoglcaliy tolerarnt to anoxia as ghost shrlmp and,
therefore, are restncted from occupying hlgher mterttda! SItes

: Burrowing shrimp, like othar intertidal organisms, must also withstand environmental
fluctuations in salinity, temperature, and desiccation. Mud shrimp and ghost shrimp are
euryhaline species, capable of adapting to a wide range of salinities, but they differ in their
physiological responses to salinity fluctuations. Mud shrimp are hyper-isosmotic regulators and
are adept at regulating intracellular ionic concentrations, whereas ghoét Shrimp are osmo-
conformers and poor ionic regulators (Thompson and Pritchard 1969a). Mud shrimp also have
a lower lethal limit (3.5%0) than ghost shrimp (9%. to 10%.), which may account for observations
that mud shrimp can occur further up-estuary than ghost shrimp (Thompson and Pritchard
1969a). Similarty, Posey (1987a) found that significant mortality of ghost shrimp only occurred
at salinities below 10%.. No mortality was observed at 10%. to 33%., although lowering the
salinity reduced shrimp activity levels. Lower salinities and temperatures associated with winter
may, therefore, contribute to the seasonal decline in burrow hole openings in winter months
(Posey 1985, 1987a). Shrimp may also possess behavioral adaptations to resist water loss
from tissues. Since water retention varies with sediment type, Griffis and Chavez (1988)
hypothesized that shrimp inhabiting well-drained sandy sediments construct déeper burrows {0
maintain oontac':t_with water and thereby prevent desiccation during low tides. In muddier

sediments, water levels change little and burrows may tend to be shallower.

Neither ghost shrimp nor mud shrimp are restricted to a particular sediment type; rather,
both species are found in sediments ranging from fine muds to ooarse sands and cobble. Bird
(1982) determined that although sediment characteristics overlapped, mean particie size in mud
shrimp colonies was finer than that from' ghost shrimp colonies. Swinbanks and Luternauer
(1987) found that the highest densities of mud shrimp occurred in muddy sands and sandy
muds w'her'eas the highest densities of ghost shrimp occurred in sandy sediments. In general,
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however, they could find no consistent correlation between textural properties of the sediment,
such as percentége of mud content, median grain size and sub-sieve fraction, and burrow
density of either species. Dworschak (1 987) found that Upogebia pusilla burrows occurred in a
wide range of sediment types as well. He noted that they seem to prefer muddy sands 1o
muds, but again, th'ere was no clear relationship between density and median grain size or sub-

steve fraction.

The presence of a relationship with sediment type may also be éttributed to the shrimps’
affects grain-size distributions. Callianassids tend to pump fine grains to the surface, whereas
coarser particles are retained within the shrimp burrows (Suchanek 1983; Tudhope and Scoffin
1984; Wynberg and Branch 1994). Fine particies also are consumed during deposit feeding
and redeposited in feces on the sediment surface (Witbaard and Duineveld 1988). Bioturbation
may resuit in the deposition of alternating layers of fine and coarse sediments (Suchanek 1983)
or, in intertidal areas swept by currents of sufficient velocity, feces and suspended particles can
be transported off-site, resulting in a more homogeneous grain size distribution. Upogebuds in
contrast, do not significantly alter sedlment structure, other than during burrow construct!on
Bird (1982) found that particle sizes were more variable {less sorted) in mud shrimp beds than
in ghost shrimp beds. Wynberg and Branch (1994) similarly found that Upogebia africana did
not appear to greatly modify the nature of sediment grain sizes, as opposed to Callianassa
kraussi, which is sympatric with U. africana. ‘

4.4.2 Biotic Factors. Although ghost shrimp and mud shrimp inhabit burrows that extend

60 cm into the sediment, they are vulnerable to predators because shrimp often are situated
near the sediment-water interface. Posey (1985) observed that ghost shrimp spent over 25%
of the time within 2 cm of the entrance to their burrows, often with part of their chela laying
exposed on the sediment surface. Shrimp also have been observed crawling on the surface at '
low tide (K. Feldman, pers. obs.) as well as at high tide (Posey 1985). Whether related to
feeding, ventilation, burrow maintenance, or mating, these behaviors expose burrowing shrimp
to predation by epibenthic_feeders. |

One of the most common predators of burrowing shrimp in the Pacific Northwest is the
staghorn sculpin, Leptocottus armatus. Staghorn sculpin are opportunistic, generalist predators
common in estuaries along the west coast of North America (Hart 1974). Burrowing shrimp
have been found in the stomachs of scuipin (Tasto 1975; Williams 1994} and comprise a
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substantial portion of their diet, particularly during semmer months (Posey 19865; Arrhstrong et
al. 1995). Armstrong et al. (1995) found that combined ghost shrim'p and mud shrimp
comprised 70% of the diet of age 1 and older staghorn sculpin in Juty and 54% in August.
Furthermore, staghorn sculpin _heve been shown to restrict the depth distribution of gho'st
shrimp (Posey 1986b). Sculpins were four tirhes more abundant immediately seaward of a
dense shrimp bed than over it, and when they were excluded from the lower intertidal, gh'ost
shrimp successfully migrated down and survived (Posey 1986b). On a mudflat in Boundary
Bay, British Columbia, Swinbanks and Murray (1981) similarly noted that ghost shrimp densities -
were highest in the mid-intertidal region and declined toward the lower intertidal and subtidal,
perhaps caused by predation. | |

Other predators ot burrowing shnmp identified by F’osey (1985, 1986b) include cutthroat
trout, (Oncorhynchus carkii, Dungeness crabs, Cancer mag:ster and Westem gulis Larus
ocmdentahs A[though cutthroat trout preyed on ghost shrlmp, they were rarely captured in
beach seines over the 2-yr survey penod, and thus were not likely to contnbute substantratty to
shrimp population regulation in his study. Aduit and juveniie Dungeness crabs were observed
foraging over ghost shrimp beds, and.in batre aquaria, ‘attacked and consumed shrimp. Shrimp
remains have also been reported in the stomachs of adult and subadult. Dungeness crabs
(Stevens et al. 1982). Posey ( 1985) noted the presence of ghost shrimp in the fecal pellets of
Western gulls, suggesting that they occasionally prey on shrimp as well.

Although staghorn sculpin were the only pr'edatqrs of's'ig'hificance in Posey's (1 9'8'6'b)
study, other predators, incéuding those listed above, may play a greater roie in shﬁmp
population regulanon in different habltats and estuaries. For examp[e starry tlounder
P!at:chthys stellatus, are common in Coos Bay, Oregon and they, as well other specres of fish,
may prey on shrimp subtldalty (Posey 1985) Leopard sharks, Triakis semffascrata common |
along the coasts California and Oregon have been reported to prey on ghost shrimp and mud
shrimp (Russo 1975), and there are anecdotat accounts of green and white sturgeon
(Acipenser medirostris, A. transmontanus) predation on burrowing shrimp in the Pacific
Northwest (B. Dumbauld, pers. comm.). Larvae of burrowing shrimp may also be an important
seasonal prey item for water-column feeding fishes. Ghost shrimp larvae were found in the
stomachs of Pacific herring (Clupea pallasii), chinook salmon (Oncorhynchus tshawytscha),
and chum saimon (O. keta) captured in Tillamook Bay, Oregon, in June and July, and mud
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* shrimp larvae were found in the stomachs of chinook salmon (Oregon Department of Fish and
Wildlife 1977).

Finally, the gray whale, Eschrichtius robustus, has been observed to feed extensively on
ghost shrimp. Gray whales migrate between calving lagoons in Mexico and Arctic feeding |
grounds {Rice and Wolman 1971), but some individuals enter Pacific Northwest estuaries to
feed during the summer (Darling 1984). Weitcamp et al. (1992) documented between 2,700
and 3,300 feeding pits along 19 km of intertidal mudflats in Saratoga Passage, Puget Sound.
They also reported seeing feeding pits in Willapa Bay. in Pugei Sound, whales removed an
average of 3 kg shrimp/pit, and ghost shrimp standing stock was approximately five times lower
- inside feeding pits than outside (Weitcamp et al. 1992). Although feeding opportunities were
restricted to high tides, they estimated that whales in north Puget Sound could meet their daily
energetic requirements in 16 to 170 min by feeding exclusively on ghost shrimp.

In addition to the effects of predators on shrimp abundance and distribution, a number
of inter- and intraspecific interactions may further restrict the range and expansion of shrimp
populations. Thalassinid shrimp have been the focus of sevérat ecological “functional group”
hypotheses that seek to understand how benthic communities are structured by grouping
organisms according to how they modify the sedimentary environment. Among the most
common hypotheses are those that classify organisms béSed on effects of;adults on settling
larvae (Woodin 1976), on the trophic mode of aduits (Rhoads and Young 1970), or on the
relative mobility of adults (Brénchley 1981, 1982). The concept of assigning species to discrete
functional groups is an appealing approach to understanding community interactions; however,
organisms do not'always respond consistently to varying environmental conditions. Behavior, |
ontogeny, flow regime, and sediment transport all interact to create a unique set of conditions
which affect benthic composition (Jumars and Nowell 1984). Nevertheless, there is some
support for these hypotheses that may be helpful in understanding factors that influence shrimp
distribution patterns and why populations of mud shrimp and ghost shrimp often are
segregated.

Woodin (1976) suggested that species form discrete assemblages of 1) burrowing
deposit feeders, 2) suspension feeding clams, and 3) tube builders. She proposed that each
assemblage is maintained through negative interactions between established adults and larvae
of other functional groups. Mobile deposit feedérs (which burrowing shrimp might be classified
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as) are thought to inhibit sedentary suspension feeders and tube builders by disruption of the
sediment and consumption of newly settled larvae during feeding. Suspension feeders reduce
settlement of plankton by filtering larvae from the water column. Tube-dwellers reduce
substrate availability, as well as prey and defecate upon larvae residing near or on the sediment
surface. Several studies have examined interactions among these groups of organisms and |
‘concluded that adult benthos have an effect on recruitment success of other species as well as __
their own species (Breese and Phibbs 1972; Wilson 1980; Highsmith 1982).

With respect to burrowing shrimp, removal of ghost shrimp resulted in increased
settlement of suspension-féeding bivalve larvae, Sanguinolaria nuttallii (Peterson 1977), and
high densities of ghost shrimp have been correlated with low densities of tube-dwelling 'speCIes
(Posey 1985). Swinbanks and Luternauer (1987) suggested that distinct beds of ghost shrimp
and mud shrimp could be maintained through interspecific interactions between adults and
juveniles. They determined that a newly settled mud shrimp would have to completely
reconstruct its 'burrow_ every 10 days to avoid burial under ghost shrimp mbunds, which could
increase the risk of mortality either through exposure to predators or increased energy
expendituré. Moderate densities of adult mud shrimp, on the other hand, could reduce local
recruitment of ghdst shrimp by straining settling larvae from the water column. Given that both
processes are highly localized, Swinbanks and Luternauer (1987) predicted_that the two.

- species of shrimp could coexist if population densities were not extremely high. In addiiion to
interspecific mteractlons adults can also facilitate recruitment of their own larvae by. modifying
the substrate to make it more hospitable (Thrush et al. 1992). Tamaki and Ingoie (1993) found
that Callianassa Jjaponica larvae settle broadly, but post- settlement survival was higher in areas
inhabited by adults, perhaps caused by greater ease of burrowing in, or oxygenation of,
reworked sediments. |

Although the results of many studies support the adult-larval functionél group
hypothesis, other studies have failed to demonstrate predictable inter- or intra-specific
interactions between adults and larvae (Mauer 1983; Black and Peterson 1988; Commito and
Boncavage 1989; Hines et al. 1989). Furthermore, other processes could produce patterns
similar to those predicted by the adult-larval hypothesis, such as post-settiement predation
(Luckenbach 1984), altered boundary layer flows around biogenic structures (Eckman 1983)_,
and effects of organism activities on sediment stability (Brenchiey 1981, 1982).
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The trophic group amensalism hypothesis, developed by Rhoads and Young (1870),
states that bioturbation by deposit feeders negatively affects suspension feeders.
Resuspended particulates clog the feeding structures of suspension feeders, inhibiting their
growth and survival. Rhoads and Young (1970) suggested that deposit feeders should be
associated with fine sediments because of the greater surface area available for organic
particle adhesion, thereby restricting suspension feeders to coarse sands with less turbidity.
Murphy (1985) found that Neotrypaea produced sufficient turbidity while deposit feeding to
negatively affect growth and survival of the suspension feeding bivalve, Mercenaria mercenaria.
Surveys of subtidal transects of two adjacent sites revealed that these two species were
spatially segregated. Murphy (1985) concluded that Neotrypaea restricted the distribution of M.
mercenaria, whereas abiotic conditions prevented colonization of ghost shrimp in areas
occupied by the bivaive. Similarly, Aller and Dodge (1974) determined that Callianassa sp.
inhibited coral growth and settlement in a tropical lagoon in Jamaica. The negative impact of
deposit feeders may be limited to subtidal areas characterized by siow currents, however,
because there is no evidence to suggest that ghost shrimp have similar effects on suspension
feeders inhabiting intertidal mudflats (Posey 1987b). Furthermore, a review of the literature
reveals that members of a given trophic group rarely are associated with a particular sediment
type, deposit feeders and suspension feeders often co-occur, and many species switch trbphic

‘modes in response to changing flow regimes (see review by Snelgrove and Butman 1994).
These findings, which apply to mud shrimp and ghost shrimp, suggest that the trophic group
amensalism hypothesis is not a broadly applicable explanation for species distributions.

Brenchley (1981, 1982) suggested that benthic community structure could be
understood by examining effects of species' activities on sediment stability. [nteractions
between organisms of different mobilities would result in discrete distributions of species that
tend to either destabilize or stabilize the sediment. Mobile infauna disturb the sediment by
burrowing, depositing sediment grains on the surface, and resuspending particles in the water
column. These disturbances bury sedentary species, disturb infaunal tube-dwellers, and
disrupt the roots and rhizomes of seagrasses. In turn, the tubes and roots of sedentary species

bind the substrate, which inhibits burrowing activities of mobile organisms.

Several studies have examinad the effects of thalassinid shrimp bioturbation on
sedentary and mobile infaunal species. Dumbauld (1994) found that species richness and
diversity were significantly lower in a ghost shrimp colony than in a mud shrimp colony.

Burrowing Shrimp |IPM Plan 4-13




Moreover, the ghost shrimp bed consisted.primarily of mobile species, whereas the ﬁ'xud shrimp
bed consisted primarily of tube-dwelling and sedentary species. Ghost shrimp have been
shown experimentally to have a negative effect on the abundance of sedentary infauna and a
neutral or positive effect on mobile infauna (Poéey 1986a). Tamaki (1988) found that
Callianassa japonica had a positive efféct on cotoniiatiqn by other mobile taxa, possibly by
irrigating and fertilizing the sediment, which stimulated the growth of microalgae and bacteria,
or by loosening up the sediment, which eased burrowing and penetration.

Reductions of burrowing shrimp mobiiity within seagrass beds were discussed in
Section 4.5. Similar findings of reduced mobility have been reported in dense beds of tube-
building polychaetes (Brenchley 1982) and phoronids (Ronan 1975). In both habitat types, the
extent to which roots and tubes are capable of excluding burrowing organisms is a function of
root or tube density, size and body morphology of the burrower, and degree of mobility
(Brenchley 1982).

Although mobility-mode interactions ban' account for many species distributions, support
for this hypothesis is based principally on studies in which large-bodied taxa have had negative
effects on small organisms (see Posey 1990 and refefences therein). The strength of the
interaction between functional groups is density—depéndent as well as size-dependent. _
Moreover, it is difficult to categorize the effects of species as eithef'stabilizing or destabilizing;
sediment transport depends on interactions among flow, micro-topography, and species
activities (Jumars and Nowell 1984). For exampie, ahimai.tubes themselves are destabilizing
biogenic structures, which may induce sediment erosion at any denéity (Eckman et al. 1981);
however, tubes also enhance colonization by microbes, which tend to bind and stabilize the
substrate (Eckman 1985). Even burrowing shrimp have contrasting effects on sediment
stability: ‘the mucous-iined burrow of mud shrimp stabilizes the substrate, but the expulsion of
sediment during burrow construction results in destabilization. Posey et al. (1991) discovered
that Upogebia, like Neotrypaea, negatively affected the abundance of several sedentary
species, which was unexpected given the relative differences in burrow characteristics and
mobilities between the two species of shrimp. In sum, although functional group hypotheses
may only be applicable to specific habitats, organisms, and environmental conditions, they
nevertheless have been instrumental in identifying potential mechanisms by which species
interact, particularly with respect to thalassinid shrimp. '
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Finally, aggressive intra- and inter-specific interactions may be important in regulating
the abundance and distribution of burrowing shrimp. Posey (1985) observed aggressive
behaviors between ghost shrimp when burrow systems connected, until eventualiy one of the
shrimp sealed off the intersection with sediment. YOY ghost shrimp also have been observed
to seal peints of intersection between burrow galleries (K. Feldman; pers. obs.). Aggressive
behavior has been observed in mud shrimp aé well. When given the opportunity to construct
burrows in sediment-filled aguaria, many individuals fought instead, tearing the limbs and
chelae off conspecifics (K. Feldman, pers. obs.). In contrast, ghost shrimp typically burrowed
immediately into the sediment, avoiding unnecessary confrontations (K. Feldman, pers. obs.).
Tunberg (1986) found that Upogebia deltaura kept in aquaria without sediment were aggressive
towards each other as well, using their chelipeds to injure and kill each other. Damaged chelae
and skewed sex ratios may further indicate that fighting is common in thalassinids {(Feider and
Lovett 1989; Dumbauld et al. 1996). Although aggressive intraspecific interactions may play a
role in regulating shrimp densities, interspecific interactions may be involved in maintaining
discrete popuiations of ghost shrimp and mud shrimp. Mud shrimp and ghost shrimp often -
oceur together in mixed beds or in transition zones between single species beds, but tideflats
with the highest densities of shrimp typically are populated by one species or the other.
Interspecific interactions have not been well-documented, although Griffis (1988) has observed -

aggressive behavior among Neotrypaea californiensis, N. gigas, and Upogebia macginitieorum.

4.5 RECRUITMENT INTO LIVE QYSTER AND SHELL HABITATS

Recruitment of YOY shrimp was quantified in one oyster bed in Grays Harbor containing
areas in different stages of the production cycle and in an intertidal shell plot constructed by the
U.S. Army Corps of Engineers (USACE) to enhance Dungeness crab settlement and survival.
On the oyster bed, YOY ghost shrimp densities were significantly lower in an area with mature
3-year old oysters than in an area planted with oyster seed or in an untreated control {bare
mud) area (Fig. 4.3A), suggesting that physical or biological attributes of the mature oyster bed
inhibited shrimp recruifment success. Ground sprayed with carbaryl in July and left faliow was
colonized by YOY ghost shrimp in the fall, and shrimp densities between the treated ground'
and an untreated control area were not significantly different (Fig. 4.3B), confirming the -
observatlon by Dumbauld (1994) that ghost shrimp postiarvae can colonize sprayed grounds
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Emmediately after carbaryi treatment. Because the physicai structure of the habitat is
unaffected by ca_fbaryf spraying (with the notable exception of compaction of the substrate
when aduit burrowing shrimp are removed), we surmise that bidlogical factors are responsible
for inhibiting YOY ghost shrimp recruitment into beds containing mature bysters.

The USACE dredging-mitigation shell plot in Grays Harbor was also sampled to test
whether a thick (10 cm to 15 cm) layer of epibenthic oyster shell applied to the mudflat would
reduce recruitment of YOY ghost shrimp and mud shrimp. Four different configurations of shels
and mud were sampled: 1) areas within the oyster sheil plot covered 100% by epibenthic shell;
2) areas within the shell plot where oyster shell had sunk 5 cm to 10 cm below the sediment
surface (sunken shell); 3) relic surface-shell deposits of eastern softshell clam, Mya arenaria,
adjacent to the sheli biot; and 4) bare mudfiat. Surface shell reduced recruitment of ghost
shrimp but not mud shrimp at the mitigation site (Feldman et al. in press; K. Feldman, unpubl.
data). Densities of YOY ghost shrimp were lower in the epibenthic oyster shell and M. arenaria
shell habitats than in sunken shell and bare mud (Fig. 4.4A). In contrast, densities of YOY mud
shrimp were higher in the epibenthic oyster sheli and M. arenaria deposits than in the sunken
shell and bare mud habitats where ghost shrimp were prevalent (Fig. 4.4B).

Patterns of post-settlement densities at the USACE 's.i‘.té may have been_dué in part to
differential settlement or mortality of YOY shrimp in sheli and mud habitats. Field experiments
were conducted to identify settlement patterns in shell and mud substrates under natural tidal
flows. Densities of ghost shrimp postlarvae were two to five times lower in epibenthic shell
trays than in mud trays (Fig. 4.5). A similar but noh»éignificant, trend of lower seitlement in shell
was observed in a still-water habitat choice experiment in the laboratory (Feldman et al. in
press). Results from an identical field experiment with mud shrimp postlarvae are not yet
available, but in the laboratory experiment, a higher proportion of postiarvae settled in shell
habitat, although the trend was not statistically significant (K. Feldman, unpubl. data).

Shrimp recruitment patterns élso could have been modified by post-seﬁlerr'ten’t'
predation. YOY Dungeness crabs occupy shell habitat at retaﬁvely'high densities but rarely are
found on L:nve'getated mudflats (Armstrong et al. 1992; Dumbauld et al. 1983). Thus, shrimp
may be exposed to a higher risk of bredaﬁon by this conspicuous predator in shell than mud
habitat. Furthermore, ghost shrimp may be more vuinerable to crab predation than mud shrimp
in shell because of differences in the seasonal timing of larval éetttement. Ghost shrirr{p settle
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in late summer through fall when shell habitat is already occupied by large crabs at fairly high
densities, whereas mud éhﬁmp settle in spring, either ahead of a new Dungehess year class or
when crabs are stifl very small and likely not significant pfedators of shrimp. In this sequence,
mud shrimp may have a better chance to escape crab 'predatéon at settlement and opportunity

to burrow and grow before crabs reach a larger, more predatory size.

Laboratory experiments examined predator-prey interactions betWeen YQOY Dungeness
crabs and YOY shrimp to determine whether crabs forage on shrimp, quantify prey
consumption per predator as a function of shrimp density, and determine the relative ranking of
ghost shrimp in prey-choice experiments with other taxa common in epibenthic shell, e.g.,
gammarid amphipods, bivaives, polychaetes, and J1-instar Dungeness crabs (<9 mm carapace
width, CW). YOY crabs successfully preyed on both YOY ghost shrimp and mud shrimp
hurrowed in shell habitat, but experiments were unable to detect an effect of shrimp density on
proportional mortalities (Fig. 4.6 and 4.7). The lack of an increase in proportional mortality over
the range of prey densities suggests that YOY crabs do not regulate shrimp populations.
Nevertheless, results of prey-choice experlments with ghost shrimp reveaied that ghost shrimp
were the second most common prey item consumed by Jz- mstar (9.0 mmto 12.4 mm CW) and
J4-instar (15.5 mm to 19.4 mm CW) crabs among those taxa Issted above and accounted for
the greatest amount of biomass (ash-free dry weight) in their diets (E. Visser, University of
Washington, unpubl. data}. In summary, although many other factors iikéiy contributed to
shrimp recruitment patterns, postlarval substrate selection was a determinant of initial ghost
shrimp patterns and perhaps may be a determinant of mud shrimp patterns as well.
Recruitment densities may be further modified by post-settiement mortality of YOY shrimp in
shell caused by YOY Dungeness crab predation, but support from field experiments is needed
to better assess the importance of this factor.

4.6 MEASURING AND MODEL?NG BURROWING SHRIMP ?OPULA}'§ONS

4.6.1 Measuring Population Density. Three methods have been used to census the
population density of burrowing shrimp. The first is the subjective “boot method” of testing the -
softness of the substrate (i.e., ability to hold weight) by pressing the sediment with their foot and
observing th_e extent of topographic disturbance of the substrate created by the burrow
openings and.depositional mounds of burrowing shrimp. The concept is that as shrimp density
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increases, their burrowing and biotefbating liquify the eediment which is dist:ernable by the
resistence of the substrate to pressure from one’s foot. Furthermore the abundance of burrow
openings and mounds serves to confirm that the softness is related to the presence of '
burrowmg shrimp. We couid not find enyone ‘who could artlcuiate a consistent approach to
using this method, nor how this rﬁethod was used to distinguish shrimp infestation from one bed
to another {or over time), nor how to account for features of the substrate (i.e., sediment type,
presence of eelgrass or gravel) in the softness of the substrate. Oyster growers mainly use this
method as a rule-of-thumb approach to judging the condition of their beds and may also use.
this approach to make decisions on whether to use physical control methods to mitigate shrimp
impacts or to request formal site inspections for carbaryl treatment. .

The second and most cdmmoh QUantitat'ﬁ\/eep;ﬁrOach has been to count the number of
burrow openings on the sediment surface contained within a quadrat of fixed size (typically .
0.25 m?, 1 m?, or 1 yd?). The advantageé to this method is the rapidity with which one can
census the population density. This approech has three drawbacks, however: 1) the difficulty
of diﬁerentiating burrows of the two shrimp species and of distinguishing shrimp burrows from |
those built by other benthic invertebrates, 2) the difficutty'of corresponding burrow counts to the
true number of shnmp living in the sediment, and 3) the d:fﬂculty in de!ermlnmg the size, age, or
gender distribution of shrimp that formed the burrows.

The third census method is to collect sediment cores, sieve the sediment to recover the
shrimp, and identify, count, and measure the animals. WDFW and University of Washington
biologists use cores 40-cm diameter x 60-cm depth, and 3-mm mesh screens. The advantage
of this method is that the maximum amount of information on the shrimp is available (species,
gender, reproductive condition, age, length, abundance, etc.). The principal downfall of this

method is the enormous labor required to collect and process each sample.

Since the 1960s, biologists have used burrow counts as a tool to assist decision making
for the application of carbaryl pesticide to control burrowing shrimp (D. Tufts, pers. comm.).
Oyster growers conduct burrow count surveys in March and April so that these data can be
included in applications for permits to treat beds with carbaryl (D. Tufts, pers. comm.;

L. Bennett, pers. obs.). The applications must be submitted in April to provide sufﬂc;ent time for
state regulators to process and issue permits in time for a mid-summer apph_catlon of carbaryl.
However, burrow counts taken in the winter and. garly sprihg (November through April) are B
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poorly correlated with actual ghost shrimp 6r mud shrimp densities because of the relative
inactivity of the shrimp during cold weather (Dumbauld 1994, Fig. 4.8 [bottom]). Burrow counts
taken between May and October are better predtctors of shrlmp density for both shrimp species
{Fig. 4.9), but the relationship between burrow number and shrimp density also varies spatlaliy
for ghost shrimp (Fig. 4.8 [top]) (Dumbauld 1994). Biologists were aware that pre-spray
inspections of shrimp abundance on oyster beds conducted in the early spring resulted in an
underestimate of the actual burrow count that occur when beds were sprayed (Tufts and Cooke
1983). They reported that burrow counts could increase four-fold as water temperatures
increased during spring (47°F to 51°F). Thus, this memo (Tufts and Cooke 1983) implicitly
acknowledged that the burrow count threshold was an underestimate of the true shrimp (and
summer burrow count) density, and it also made the implicit assumption that earty—spring '
burrow counts were predictive of burrow counts made later in the season. However, as we now
know, burrow counts taken before May are poor predictors of actual burrowmg shrimp density
(Dumbauld 1994; Dumbauld et al. 1996). Likewise, burrow counts taken before May are poor
predictors of burrow counts made bétween May and October because one cannot know in the
winter-spring how many shrimp are present that will maké burrows in the late spring-summer.
Thus, the value of using early-spring burrow counts to predict the future abundance of |
burrowing shlrimp, let alone the damage they may inflict on oysters, is highly suspect.

To obtain more accurate estimates of the true density of burrowing shrimp populations,
oyster growers must change their monitoring practices. This is not to suggest that sediment
cores should be taken, although that approach would provide the best quaiiiy information.
Burrow counts taken later in the season (such as after mid-May, but before mid-October) would
yield more accurate population estimates. However, as was shown in Figure 4.9 (top), the
burrow-count-to-shrimp relationship can vary with location (poss:bly caused by differences in
substréte, exposure to currents and moving sediment,_ tidal elevation, or other environmental
factors), and oyster growers will need to evaluate the accuracy of burrow counts for oyster beds
in different locations within the estuary. ' |

New metﬁods should be developed to rapidly and accurately census the burrowing -
shrimp and their potential to cause damage to oysters. One approach to investigate is an index
that combines information on shrimp density (i.e., burrow counts}, the softness of the substrate |
(i.e., sediment shear strength and penetrability), and features of the substrate {i.e., sediment
type, density of eelgrass). Such an index would thus integrate indicators of the abundance of
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the shrim'p, the innate ability of the sediment to support oysters, and the effect of burrowing |
shrimp on the geophysicat properties of the sediment This index, or any other new census
method, would have to be verified as accurately measuring shrimp abundance and/or the risk of
shrzmp damage to oyster yield. '

Methods are also needed to monitor rates of shrimp recruitment into individual oyster
beds. Recruitment rates vary annu'aily_and spatially within the estuaries, and information on
recruitment onto specific beds will help growers and biclogists predict the abundance of
burrowing shrimp in the following year. These data would be particularly valuable if they were

used in conjunction with population growth models.

4.6.2 Mode!mg Population Dynamlcs Estnmates of shnmp populatton growth rates would
benefit efforts to manage burrowmg shnmp by providing a method to predict the nkely densities
of shrimp. It may be poss:ble to make such predcctlons of poputateon densities 1 yror 2 yr '
dzstant We summarize here two efforts at estimating populanon parameters that will assist the
deveiopment of popufat:on growth models. One approach is to estimate net popuiatlon growth
rate based on historical data sets containing time series of burrow-count or shrimp density data.
The other approach is to estimate rates of mortal;ty for males and females of different size
classes of ghost shrsmp. These data could eventuaify be used to develop a demographic modei
for this species.

4.6.3 Net Populatlon Growth Rate Estlmates ‘We could find no pubtlshed data on rates of
popu!atson growth for either ghost or mud shnmp We analyzed two data sets contammg
sequentially collected burrow count or totai shrimp densnty data. The flrst was the WDFW
burrow-count data set, contalnlng records from site :nspectlons prlor to issuance of spray
permzts datmg from 1963 These data were sorted for sites havnng sequentaal burrow-count
data. The second data set was provsded by Dr Brett Dumbauld (WDFW) containing both
burrow-count and actual shrfmp density data for both species, collected at sites near the mouth
of the Palix River (ghost shrimp) and near the mouth of the Cedar River {(mud shrtmp) in
Willapa Bay. Net annual population growth rates were estimated as the difference in counts
between censuses, divided by the number of years between censuses.

Resulits of analyses for the two data sets are summanzed in Tables 4.2 and 4.3. The
net rate of populat;on growth based on burrow counts was posmve for both species in both data
sets. However the population monitored by Dumbauld showed substantially higher growth
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rates than those contained in the WDFW data set (i.e., six-fold higher growth rate for ghost
shrimp burrows, and two-fold higher growth rate for mud shrimp). Furthermore, the variability in
population growth rate estimates was much greater for populations monitored by Dumbauld
(Coefficient of Variation {CV] »100%) than for those contained in the WDFW data set (CV
<80%). These differences probably resuited from the low densities of burrows typically found in
early-spring censuses (WDFW data set) as compared with the higher densities of burrows -
found in warmer seasons (Dumbauld data set). Furthermore, the ghost shrimp and mud shrimp
populations represented in Dumbauld’s data set experienced a decrease in density in 1991,
whereas litile change in population size was observed from 1993 to 1994, These events would
serve to increase the variability in the population growth rates in the Dumbauid data set. In
contrast, for many of the sites included in the WDFW data set, censuses were not taken every
year, so annual fluctuations in population size would tend to be filtered out, thus reducing the
variability in population growth rate.

It is interesting to note that Dumbauld’s data set comes from dense populations of
shrimp that had not been treated with carbaryl, whereas many of the sites in the WDFW data
set had been sprayed with carbaryl at least once in their past. In addition, many of the sites
censussed by WDFW had oysters grcwing on the substrate, and their presence could have
inhibited recruitment, affected the construction of burrow openings by the shrimp, or interfered
with burrow counting. One might expect the populations censussed by WDFW to have
undergone rapid rates of population growth in recently defaunated habitat, whereas the
populations monitored by Dumbauld might be expected to have reduced rates of population
growth because the shrimp were already present at high density (the burrow densities in 1989
were 260 b/m? and 163 b/m? for ghost and mud shrimp, respectively). Again, the discrepancy
between expectation and observation may have been caused by the inaccurate estimates of the
true population sizes of burrowing shrimp in the WDFW data set. |

It is also important to note that variation in population growth rate was lower for
censuses based on actual shrimp counts than for censuses based on burrow counts (Dumbauld
data set). This provides further evidence that burrow-count data are much less reliable than

direct counts of individuals as a means of measuring population size.

In summary, it is premature to base a population growth model based on burrow-count
data using information from theSe two data sets. The WDFW data set, although large, is
inappropriate for population modeling because the burrow-count data were all collected in early
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spring when the shrimp were inactive. Furthermore, Brett Dumbauld's data set demonstrated
that pdpulation growth estimates based on burrow counts were much more variable than
estimates based on counting the actual shrimp.” At present, there is insufficient information to
build a population growth model without obtaining additional data sets.” Population census data
should be obtained from a variety of locations in order to measure the variability in population
growth rates that mlght occur in different habstats within Wlltapa Bay and Grays Harbor.

4.6.4 Mortailty Estlmates There is no published mformation on rates of natural mortality for
either ghost or mud shrimp. We analyzed gender-specific abundance and length-frequency
data for ghost shrimp that had recruited onto experimental plots in Palix River in the months
and years following carbaryl treatment. Using a simple exponential growth model, Feldman and
Dumbauld (unpubl. data) estimated net mortality rates (Z) for males belonging to the 1989 year
class as 1.17/yr from 1990 to 1991, 1.64/yr from 1991 to 1992, and 1.41/yr, spanning a 2-yr
period from 1990 to 1992 (Table 4.4). Three modes (cohorts) of 1+ males (4.1, 5.4, and 7.5
mm CL) totaling 100 individuals were identified in 1990 using MIX (Table 4.5, Fig. 4.10). In
1991, two modes of 2+ shrimp (8.7 and 11.2 mm CL) totaling 31 individuals were apparent, and
. in 1992, one mode of 3+ shrimp (15.6 mm CL) totaling 6 individuals was |dent|f|ed (Tabte 4.5,
Fig. 4.10).

Correctly assigning each age classes to the appropriate carapace length is critical to
estimating mortality. If,.for example, the 7.5 mm CL component in 1990 actuaily represented
2+ shrimp (not 1+ shrimp),' then an estimate of mortality would be much lower [51 (1+) shrimp- .
31 (2+) shrimp - 6 (3+) shrimp, instead of 100 - 31 - 6. It is possible that some of the males in
the 7.5-mm mean CL component were actually 2+ individuals, but the MIX program was unabie
to converge on another modal peak caused by low sample size. However, given the available
data, information on sex-specific growth rates (Dumbauld et al. 1986), and the potential for
faster growth as a result of reduced competition (caused by remova[ of older age c[asses) we
suggest that the 7.5-mm-CL shrimp are most likely 1+.

Estimates of Z for femaies belonging to the 1989 year class are 1.54/yr from 1990 to _
1981, -1.06/yr from 1991 to 1992, and 0.24/yr spanning a 2-yr period from 1990 to 1892 .
(Table 4.4). Although the slope of the regression curve over 1990 to 1992 was lower for
females than that for males, the statistical fit was also much poorer (r* = 9% for females and
99% for males; Table 4.4). Two modes (cohorts) of 1+ females (5.1 and 6.8 mm CL) totaling
182 individuals were identified in 1990 using MIX (Table 4.6, Fig. 4.10). In 1991, one mode of
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2+ females (9.3 mm CL) totaling 39 individuals was apparent, and in 1892, one mode of 3+
shrimp (10.8 mm CL) totaling 113 individuals was identified (Table 4.6, Fig. 4.10). It is unclear
whether the low number of 2+ shrimp in 1991 was the result of sampling artifacts or whéiher thé
net effect of mortality, emigration, and immigration accounted for the progression of 182 shrimp
in 1990 to 39 in 1991 to 113 in 1992. The presence of older (3+) females in 1991 (11.8 mm CL;
Table 4.6, Fig. 4.10), however, is suggestive of movement of shrimp into plots. If instead these
older individuals had been present in plots in 1989 and survived carbaryl treatment, then some

of these females should have shown up in length-frequency histograms as 2+ shrimp in 1990.

Based on the Z values calculated above, the abundance of male ghost shrimp within a
given year-class might decline 75%/yr on average so that a bed with 100 (1+) males/m? would
decline to 25 (2+) males/m? one year later to 6 (3+) males/m? two years later.  Similarly, the
abundance of female ghost shrimp within a given year-class might decline 22%/yr on average
so that a bed with 100 (1+) femaiesfmé would decline to 78-(2+) females/m? one year later to 61
(3+) females/m® two years later. In sum, the Z values derived for ghost shrimp mortality should
be considered "ball park" figures, not accurate estimators of true mortality. Error and |
uncertainty are inherent in these values in part because estimates were derived from a single
experiment with low sample size, a single location, and over one time period. Conspecific
density, interannual fluctuations in environmental conditions, natural disturbance, predation
pressure, and other site characteristics are key factors that should be recognized and
quantified, if pbssible, when calculating mortality estimates. 1t is aiéo importanf to understand
other processes that regulate shrimp popuiation structure, such as growth rates ancj_ movement
patterns, which may mask trends in mortality. Growth rates differ between sexes and cohorts
(Dumbauld et al. 1996) and vary with conspecific density and food supply (Bird 1982), which |
make age determinations difficult. There is some evidence of 'movement by shrimp (F_’osey
1985; Feldman et al. in press), either through active choice or bedioad transport, that further
obscures mortality estimates. Finally, mortality rates may differ for mud shrimp populations
based on differences in life history and behavior between the two species. We focused on
ghost shrimp in this exercise because they pose a greater overall threat to oyster production,
and the data set was more conducive to analysis than that from a similar experimeni conducted
by Dumbauld (1994) on mud shrimp. Additional experiments and a greater understanding of
shrimp life history therefore alre needed in order to derive better estimates of natural mprtaiity

for burrowing shrimp.
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4.6.5. Demographic Popu'iation Model. A population model to forecast future densities of
each species and the possible damage from shrimp popuiatrons would have to be based on

“more than net populatron growth or net mortahty To be most useful, the model would have to
be specses—specrfrc, have the capabllrty to generate site-specific forecasts, and be able to-
predict the relative abundance of damage-causing and innocuous size classes (i.e., 1+'and '
YOY, respectively). Demographic models, such as stage-matrix models described by Caswell
(1989), offer these capabilties. Information needed to construct these models is age- or size-
specific mortahty, growth, lateral |mm|granon rates, and recruitment rates A preliminary model
could be constructed using vital rates reported in this paper (i.e., mortality and recruitment) and
data from simple field studies. Using this model, sensitivity analysis can be conducted to _
determine which vital rates have the greatest impact on population growth-rate estimates. This
would point out which data need to be monitored most precisely on a site-specific basis to
generate predictions about shrimp populations on that site. Recruitment rate, current
population size, and the age- or size- distribution of the shrimp are most likely to be the data
needed to develop site—speciﬁc population models. '

4.7 IMPACTS OF BURROWING SHRIMP ON OYSTER FARMING

Oyste’r grovrrers report that burroWing shrirhp abundances within Willapa Bay and Grays
Harbor have increased dramatsoally since the 1950s. Furthermore, they report that the
geographrc distribution of the shrrmp in the estuarres has expanded most notably toward the .
mouths of tnbutarres To our knowledge these observatrons have not been substantlated by
reports or other records of burrowmg shrimp abundance and dlstnbutlon prlor to and dunng that
period, but this story is part of the oral hrstory of oyster growers and other tong-tlme residents of
the area (mtervaews with oyster growers, Clyde Sayce, pers comm.). Old photographs show
people standrng on top of firm sediment in oyster beds that are presentiy too unconsolidated to
support a person on foot {C. Sayce pers. comm. ). Regardiess of mcontrovertlble evidence of a
burrowing shrlmp popuiatlon expfosron the productivrty of the oyster lndustry in W:[Iapa Bay
and Grays Harbor began to decline after the mid-1940s. Qyster growers started experrmentmg
with shrsmp control methods in the 1950s (L. Weigart and D. Tufts, pers. comm. ) and started
using carbaryl to control burrowmg shnmp in 1963 (WDF/WDOE 1985).
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The underiying reasons for the expansion of burrowing shrimp populations is not known.
High densities of burrowing shrimp are found in other estuaries, including Tillamook Bay,
Yagquina Bay, and Coos Bay, Oregon, and it is possible that a common causal mechanism is
responsible. [f so, the cause could either be of broad geographic distribution (i.e., climatic
conditions or loss of widely dispersing predators) or repetition of some action in all places (i.e.,
a human impact on the estuaries). Many of those we interviewed also suggested that |
reductions in finfish populations (particularly salmonids and sturgeon) have resuited in a
decrease in predation pressure on burrowing shrimp populations. As noted above, staghorn
sculpin and Dungeness crabs are important shrimp predators and can regulate the burrowing
shrimp populations, but it is not clear whether salmonids or sturgeon actually affect the
abundance of larval or benthic shrimp. Others have suggested that disturbance of sediments
and benthic communities caused by oyster farming might enhance the susceptibility of oyster
beds to invasion by burrowing shrimp (Simenstad and Fresh 1995). If this were the dominant
process, it is unclear why high shrimp densities have persisted in areas where oyster farming
has been sharpiy curtailed (e.g., Tillamook Bay, Oregon; Ken Brooks, pers. comm.) or has not
occurred at all in other areas (e.g., lower Yaquina Bay, Oregon; T. DeWitt, pers. obs.).
Alternatively, grain-size properties of sediments may have changed on tide flats in the estuaries
as a result of deposition of eroded upland soils, which may have created habitat conditions

favorable to ghost shrimp or mud shrimp.‘

Several growers and other experts whom we interviewed suggested that El Nifio
oceanographic and climatic patterns, resulting in warmer ocean temperatures or reduced
rainfall, were responsible for changes in burrowing shrimp abundance. Increased water
'iemperatures might enhance somatic growth rates, which couid b'ring burrowing shrimp to
sexual maturity more rapidly and would cause popuiation growth rate to increase. The
expansion of burrowing shrimp populations (particularly ghost shrimp) toward the confiuence of
tributaries suggests either an increase in the shrimp’s tolerance to low salinity or a change in
the salinity dynamics within the estuaries. In particular, the advent of fleod control practices

(particularly dams and regulation of water-release rates) and changes in rainfall patterns could
 reduce the frequency or magnitude of very low-salinity events within the estuary (Ebbesmeyer
and Strickland 1995). As neither species of burrowing shrimp can tolerate salinities below 3%o
(Thompson and Pritchard 1969a; 10%. for ghost shrimp, Posey 1987a), low salinity may have
contributed tbA regulating the distribution and abundance of ghost and mud shrimp. [n any
event, the lack of knowledge about the causes of burrowing shrimp population expansédn may
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ultimately limit efforts of controlling their impacts to oyster farming to temporary, prophylactic
solutions, such as chemical or physical control measures.

4.7.1 Mechanisms of Adverse Impacts to Oysters. Survival and growth of the Pacific oyster,
Crassostrea gigas, and many other benthic organisms are negatively affected by the
bioturbating activities of burrowing shrimp. Shrimp burrow construction and, possibly, feeding
activities result in rapid turnover of sediments, deposition of sediment on the tidal flat surface,
resuspension of sediment, modification of sediment grain-size distribution, reduced sediment
compaction, and increased water content in the sediment (Stevens 1929; Loosanoff and
Tommers 1948; WDFW 1970; Simenstad and Fresh 1995). Sessile organisms, such as
oysters, may be buried by deposited sediment or sink into the softened, unconsolidated
substrate. Additionally, resuspended sediments can interfere with feeding activities of
suspension feeders, such as oysters, by clogging the filtering and food transport organs (e.g.,
gilis and ciliary tracts).

Most oyster growers reported during formal and informal interviews that ghost shrimp
cause more damage to oyster crops than do mud shrimp. Some longline growers reported that
they could tolerate moderately high densities of mud shrimp on their oyster beds without
experiencing serious economic harm, aithough what that density is could not be quantified. As
discussed previously, sediment deposition rates are higher in ghost shrimp beds than in mud
shrimp beds (see also Dumbauld 1984), which suggests that rates of oyster burial would be
greater on ghost shrimp beds. Finally, Dumbauid (1994) found that survival of seed oysters
was higher on beds dominated by mud shrimp than on beds dominated by ghost shrimp. Thus,
in addition to differences in their life histories and habitat requirements, these two species of
burrowing shrimp differ in their effects on oysters. These differences should be taken into

consideration when developing critical control thresholds and control tactics.

Some oyster growers and estuarine scientists that we interviewed specuiated that
oysters and burrowing shrimp, particularly mud shrimp, compete for food (i.e., phyfoplankton
and resuspended benthic microalgae). Such competition should be manifested by reduction in
oyster growth or condition in the presence of high densities of burrowing shrimp. However,
Dumbauld (1994) did not observe significant differences in meat weight, shell size, or condition
index for oysters in the preésence or absence of either mud shrimp or 'ghost shrimp up to three
years after carbaryl spraying to eradicate shrimp from 100 m? treated plots and 15 m wide
strips. Thus, on a small to medium scale (< 3 ha), there does not appear to be subport for the
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food competition hypothesis. However, it is not known whether food competition between
burrowing shrimp and oysters (and other suspension feeders) occurs on an estuary-wide scale.
Large-scale competition between suspension feeders has been reported elsewhere (Black and
Peterson 1988), and it is conceivable that the high densities of burrowing shrimp within Willapa
Bay and Grays Harbor significantly reducé the availability of food for oysters.

4.7.2 Beneficial Aspects of Burrowing Shrimp to Oyster Farming. Although notorious for
their adverse impacts to oysters burrowing shrimp can also benefit commerc;ai oyster farming.
As noted above, by pumping Iarge volumes of water through their burrows burrowmg shrimp
can significantly affect the flux of nutrients and part_;cu!ate matter between the sediment and
overlying water. Most likely, there is a net flux of nutrients out of the sediment (Koike and
Mukai 1983), which could help stimulate primary productivity in the overlying water, thereby
enhancing the food Supply of oysters. This would only be significant if oysters were food-limited
and if primary produc_tivity was nutrient-limited. Secondly, burrowing shrimp help protect oyster
beds from trespassers and poachers by making the tide flats impassable to foot traffic between
the shoreline and oyster beds. Although growers do not enhance shrimp densities in order to
produce a protective bérrier, some do deliberately avoid killing shrimp on ground that serves
that purpose (L. Bennett, pers. obs.).
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Ghost shrimp (Neotrypaea califémiensis) _
adult male, 5cmlength '

Mud shrimp (Upogebia pugethusis)
gravid female, 9 cm length

Sl

Ghost shrimp head Mud shrimp head Mud shrimp larva

Figure 4.1 lllustrations of ghost shrimp and mud shrimp (adapted from Rudy and Rudy
1983). ‘ '
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Figure 4.2  Seasonal presence of ovigerous female burrowing shrimp, Upogebia (Top) and
Neotrypaea (Bottom), with eggs in various stages of development from newly
- extruded red eggs in Neofrypaea and yellow eggs in Upogebia to eyed eggs and
finally empty egg cases found on the pleopods after hatch for each species.
Note difference in seasonal timing of reproductive cycle between species. NS =
no samples were taken. {Dumbauld 1994). ' '

Burrowing Shrimp IPM Plan 4-29




g

A

oy

h

o
i

'YOY ghost shrimp (m-2)
8

307

Mature oyster Seed  Bare mud

250

o e
g & 8
A | SN SN S S 1

YOY ghost shrimp (m-2)

Ln
o
]

o
i

Carbaryl reated  Untreated

Bed Type

Figure 4.3  Mean densities of Young-of-the-Year (YOY) ghost shrimp (shrimp/m?, £1 SE) on
(A) areas of an oyster bed in South Bay, Grays Harbor, in different stages of the
- oyster production cycle and (B) ground treated with carbaryl 5 months prior to
sampling versus untreated bare mud (K. Feldman, B. Dumbauld, and D.
Armstrong, unpubl. data).
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Figure 4.4 = Mean densities of YOY (A) ghost shrimp and (B) mud shrimp (shrimp/m?®; 1 SE)
in various shell and mud substrates at Pacman, the site of a USACE mitigation
shell plot in Grays Harbor, Washington. Samples were collected June 1993 (K.
Feldman, B. Dumbauld, and D. Armstrong, unpubl. data).
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Figure 4.5  Results of a field experiment examining settlement of ghost shrimp postlarvae
into 0.25-m” trays as a function of substrate (mud and shell) and cage structure
{open, cage, and control cage). There was a significant substrate effect and a
non-significant cage effect [cages and controf cages {1.3-cm mesh) were used to
test whether predators had an impact on postlarval settiement patterns over the
duration of the experiment]. Values are mean densities of postlarvae/tray/72 h.

Vertical bars are 1 SE (Feldman et al. in press).
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Figure 4.6 Results of a predation experiment examining YOY Dungeness crab (J5 and J6
~ Instars, 19.5 mm - 25.4 mm CW and 25.5 mm - 31.4 mm CW, respectively)
predation on a range of YOY ghost shrimp densities.. Mean values (+1 SE) are
plotted for (A) consumption rate (no. shrimp eaten/crab/24 h) and (B)
proportional mortality [(no. shrimp present)/crab/24 h] (Feldman et al. in press).
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Figure 4.7  Results of a predation experiment examining YOY Dungeness crab (J3 Instar;
: 12.5 mm - 15.4 mm CW) predation on a range of YOY mud shrimp densities.
Mean values (+1 SE) are plotted for (A) consumption rate {no. shrimp
eaten/crab/24 h) and (B) proportional mortality [(no. shrimp present)/crab/24 h)
(Feldman et al. in press).
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Figure 4.8  Relationship between burrow opening density and density of Neotrypaea (from
core samples) at several locations (top) during June 1990 and at Sta. 1 during
several different months 1989/30 (bottom). Both time of year and location
significantly affected the relationship and there was no positive correspondence
between openings and shrimp density at some stations and during winter months
(Dumbauld 1994). . Lo '
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Figure 4.9 Relationship between average burrow opening density and average shrimp
density for both species at stations 1 and 2 during summer months (May - Oct).
The slope of the relationship was 1.5 burrows/shrimp for Upogebia and
1.2 burrows/shrimp for Neotrypaea (Dumbauld et al. 1996).
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Figure 4.10 Length-frequency histograms of male and female ghost shrimp from 1990
through 1992 on experimental plots (n = 4) sprayed with carbaryl at 5.6 kg/ha in
1989 along the Palix River channel in Wiilapa Bay, Washington. Length-
frequency histograms were analyzed using MIX to identify modes and
corresponding age classes and to estimate mortality of the 1989 year class (see
text and Tables 4.4, 4.5, and 4.6) (B. Dumbauld, unpubl. data).
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Table 4.2 Net population growth rate of shrimp burrow openings (b/m?yr) on oyster beds
based on WDFW burrow-count data. ' '
- Ghost Al Mixed
‘Shrimp Mud Shrimp Population
b/m?/yr b/m?/yr b/mAiyr
- mean 3 5 7.2
sd| 21 3.2 6.2
ev (%) 719 63.9 86
min 0.3 0.6 0.8
max 55 12.7 30
n 4 51 684
Table 4.3 Net rate of population growth for burrowing shrimp based on actual shrimp

densities or burrow openings (b). Data set for Palix River site population (B.
Dumbauid, unpublished data).

Ghost Shrimp Mud Shrimp

- shrimp/m2/yr _ b/mPyr I shrimp/m?/yr _ b/mé/yr

Mean 36.3 24.3 9.6 12.0

sd 60.1 109.7 27.7 75.5
cv% 165% 451% 288% 629%

Min -46 ~109 -20 -58

Max 124 206 51 136

n 6 8 5 5
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Table 4.4 Summary of "natural mortality" estimates for male and female ghost shrimp

: based on data collected from a field experiment conducted by Dumbauld (1894).
Between years, Z was calculated based on the exponential model dN/dt = -ZN.
An overall estimate of Z from ages 1 to 3 was calculated based on simple linear
regression of natural log-transformed abundances over the period 1990-1992.

Gender Year Numbers of % annual v Standard 2
. shrimp "survival® error

Male 1990 100 _

1991 31 31 1.47

1992 6 19 1.64

Overall "Z" , _ 141 014 99
Female 1980 182

1991 39 21 1.54

1982 113 290 -1.06

Overall "Z" _ . 024 0.75 9
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5.0 OYSTER GROWING METHODS

Pacific oysters (Crassostrea gigas) can be grown using a variety of distinct methods,
each of which has many minor variations. Cuiture methods can be classified by the proxifnity of
the oysters to the sediment surface: bottom culture (in which oysters are grown on the ocean
bottom or sediment surface) and suspended culture in which oysters are grown above the
sediment surface (this includes longline, tray, string, stake, and stick culture) (Magoon and
Vining 1981; Quayle 1988; Nosho 1988). Each method has requirements linked to the physical
and nutritive conditions at the site where farming is to be done, and selection of the appropriate
method is usually based on growing conditions, legal considerations, and the market for oysters
{i.e., as halfshell [single oysters] or as shellstock [shucked meat]) (Brown and Roland 1987).

The principal growing methods are summarized below, followed by an evaluation their
potential for use in Willapa Bay and Grayé Harbor estuaries. For more authoritative and
thorough descriptions of oystef growing methods for C. gigas, consult Magoon and Vining
(1981), Eise (1987), Quayle (1988), Nosho (1989), and references cited therein.

5.1 BotToMm CULTURE

As the name implies, oystérs are grown on the surface of the intertidal or subtidal flats.
Worldwide, bottom culture is the most widely used and least expensive method of growing
oysters (Quayle 1988). Bottom cuiture is practiced extensively in North America, Europe,
QOceania, Australia, and Asia (Angell 1986). This method mimics the natural growth habit of
most oysters, which typically fqrm‘ reefs on the seabed. Bottom culture differs from natural
oyster reefs in that oysters are grown as a “monolayer” rather than a mound, and typically only
one age-class of oyster is present in bottom culture, as opposed to mixed-age natural
populations. Bottom culture is usually conducted on natural substrates of sand to sandy-mud.
The coarser the substrate, the greater the prospect that strong currents will be present that
could move or damage oysters; gravel or cobble beaches are indicative of strong currents.
Other factors affecting site suitability include tidal height, salinity, water quality, predators, land.
ownership, burrowing shrimp density, turbidity, eelgrass, phytoplankton productivity,
temperature, and accessibility (not necessarily listed in order of importance).
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Oyster farmers that we .survéyed fé;iorted that in Willapa Bay and Grays Harbor, the
general practice of intertidal bottom culture is to spread the “cultch” or “seed” (i.e., oyster spat
settled onto a non-living oyster shell) onto seed beds in the spring or summér of year 1, break
the clusters of oysters into small.clumps to reduce competition and enhance growth rate in fall
of year 1 or spring of year 2, transfer the oysters to “growing” or “fattening” beds in spring or
summer of year 2, and harvest in summer of year 3 through winter of year 4. This schedule is
affected by rates of growth of oysters on particular beds, market conditions, susceptibility of the
crop to damage by predators or.burrowing shrimp, and weather. Prior to spreading, bags of
seed are sometimes set out on the seed beds for a few weeks prior to spreading to await the -
best conditions or availability of laborers to do the work. Additionally, oysters may be
_ transplanted to growing beds before being moved to fattening beds. Bottom culture in Willapa
Bay and Grays Harbor can utilize grounds with elevations between +3 ft and -3 ft MLLW
(Carkner and Harbell 1992). In some cases, oysters are grown from seed to market size oh the
same grouhd, but typically seed beds are located hi'g'her in the intertidal (where turbi'd'ity, silting;
and predation are reduced, yet growth rates are IoWer) and fattening beds are located in the
lower intertidal where growth rates are maximized and the larger, older oysters are more
resilient to silting, turbidity, and predators (Quayle 1988). However, many factors influence how
a piece of property is farmed, including sediment type, exposure to currents and storm surge,
and the history of burrowing shrimp impacts. Most bottom culture in Willapa Bay and Grays
- Harbor is conducted in the intertidal zone rather than subtidally because of most of the land in
the estuary is intertidal and that which is subtidal is principally used as navigation channels (in
which caée, oyster farming would i_’nterfere With other boét traffic). Bottom cultured oysters in.
Washington State are primarily grown for the shucked meat or shellstockq_market.

Most aspects of bottom cuiture maintenance can be mechanized, although some
farmers use manual labor in part. Seed can be spread from boats at hig'h tide (or distributed by
hand at low tide), cluster separation can be done at high tide by boat-towed spring-toothed
harrows (or broken by hand using rakes, hammers, or rods at low tide), and retrieval of oysters‘
for transplanting or harvest can be done by drag dredging (or by hand picking). Mechanization.
can greatly reduce costs and allow greater acreage to be farmed by fewer workers, but capital
expenses and equipment maintenance costs can add be prohibitive for smali acreage farmers. ‘

Burrowing shrimp have a strong and direct detrimental affect on bottom-cultured oysters
primarily because the oysters are grown on the substrate inhabited by the shrimp. Living on the
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sediment surface, these oysters are susceptible to burial by sedimeht resuspended by the
bioturbation of tha shrimp. Seed oysters seem to be especxalty susceptible to burial by
burrowmg shnmp possibly because relatively fess sediment is requzred to smother a small thin
oyster than a large, thick oyster. Additionally, it is suspected that oysters may sink into the
sediment caused by the fluidization of the substrate by the burrowing shrimp, resuspended
sediments may interfere with the oysters’ filter-feeding behavior, or oysters may compete with
burrowing shrimp for food. However, evidence for thése fatter mechanisms of burrowing shrimp
impact is only anecdotal.

5.2 Stake CULTURE

In this method, cultch is attached to the top or sides of stakes that are driven into the
sediment (Fig. 5.1). Stakes are usually set in the intertidal zone, though they can be set
subtidally. Stakes are usually set about 2 ft apart and arrayed in rows paraliel to the water line,
with rows spaced approximately 8 ft apart to allow adequate growth and accessibility for
maintenance and harvest (Nosho 1989). The length of the stakes and attachment of oysters
must be such that each oyster is submerged at high tide. Stake culture is practiced extensively
in China, the F’hilippihes, many tropical nations, and to a small extent in' North America,
including Grays Harbor and Puget Sound (Angell 1986; Quayle 1988; Nosho 1989). In
Washington State, stake-cultured oysters are produced primarily for the single or halfshell
market. ‘

A variant of stake culture is stick culture in which boards encrusted with spat are
attached horizontally to the top of stakes (Quayle 1988). Each stick may be supported by more
than one stake, depending on the length and strength of the sticks and stakes. The stick
culture method has been used for centuries and is used in Australia and New Zealénd (Quayle
1988).

Stake culture is often used on substrates too soft for bottom culture. Stake cultures
must be protected from currents and storms, because the stakes are susceptible to scourlng
and being toppled by strong wind and waves. Typlcaliy, productlon is lower than that for bottom
culture or other forms of suspended culture, and the oysters are grown for the halfshell market
(Quayle 1988; Nosho 1989). The culture cycle typicalty reqﬁires two summers of growth for

Burrowing Shrimp IPM Plan 5-3




oysters to reach market size (Quayle 1988) Some portlon of the harvest is obtained as bottom
culture from oysters that fall off the stakes. All aspects of the culturmg are conducted by hHand,
and there seems to be littie opportumty for mechanszatlon (Quayie 1988)

Stake culture is susceptible to burrowing shrimp in several ways. The stakes may .
become de-stabilized by the softening of the sediment caused by the deeply burrowing shrimp;
this.can cause the stakes to topple and drive some oysters into the sediment. Secondly,
oysters that fall off the stakes are susceptible to burial in the same manner as bottom-cultured
oysters. Oysters on standing stakes are relatively free from direct interaction with burrowing
shrimp, but may be susceptible to feeding interference (clogged gills) and food competition to
the same extent as other near-bottom oysters.

5.3 FLOATING CULTURE

In floating cuiture, oysters are grown on lines that are suspended from a raft or float
(Fig. 5.2). There are many variants to this method, with different types of floats, different
methods for anchoring the floats, different ways to attach and suspend the oysters from the
floats, and different depths at which the Oys;ers are deployed (Qdayle 1988). Typically, cuitch
is strung on lines at intervals of 8 in. to 12 in., and the length of the line is set to keep the
oysters within the most productive, algal-rich layers of water. Floating cuiture does not require
access to tidelands and can be practiced in deep water. For these two reasons, fioating culture
is popular along shores unsuitable for bottom culture in Canada, Japan, China, Malaysia, Sierra
Leone, Venezuela, Puerto Rico; and Puget Sound (Angell 1986; Q'u'a:ylle f988; Nosho 1989).

Two variants on the fioating culture method that are practiced in the Pacific Northwest
are tray culture and net culture. The tray method has oysters placed on perforated racks that
are suspended from floats or rafts. The net method uses Japanese lantern nets suspended
from floats in which oysters are piaéed on successive tiers and enclosed within a mesh. Both
methods are used in Alaska and British Columbia, Canada (Else 1987; Quayle 1988}, and the
net _method. is used in parté of the San Juan Istands, Washington'('Ndsho 1'989). These
methods are a_iso used elsewhere in the world (Angelll'1986).r In Washington State, most
oysters faised by floating culture are sold to the single oyster or halfshell market.
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Sufficient floatation must be provided to suspend the full weight of mature oysters;
otherwise, the lines and oysters will sink. Floats can include rafts, floating docks, and buoys.
Floating culture must be sited in water deep enough to keep the lines off thé seabed at low tide
because the oysters can be smothered in the sediment and the lines can snag on the bottom,
which could damage or destroy the line or float. However, fi.oati.ng cultures must not be sited
within navigable waterways as they might interfere with boat traffic. Finally, floating cultures
must be reasonably well protected from wave action so that the floats and lines will not be
subjected to lateral stresses that can tear the culture system apart.

Production per unit area can be ten times greater than that of bottom cuiture, the
production cycle can be as short as 1.5 yr under ideal conditions, and the condition and flavor
of the oyste'rs can be better than those produced by bottom culture (Quayle 1988). However,
| the capital and maintenance costs for floating culture are considerably higher than those for |
simple bottom cuiture. Rafts, floats, and anchors can be expensive to purchaée {or construct)
and maintain. The floats and lines of oystérs are susceptible to fouling by barnacles, hydro'ids
tunicates, other invertebrates, and algae which can amount to 50% of the total weight of a line,
which obviously adds to the drag on the flotation system. Furthermore, fouling can reduce the
water flow and food supply to the oysters. Removal of foulmg organisms, thinning the oysters
to promote more rapid growth, and harvesting are not mechanized (with the exception of
winches to haul the lines) and, thus, labor intensive. '

' Floating culture is relatively unaffected by burrowing shrimp. The only negative impacts
burrowing shrimp might exert would be in causing the anchors to sink deeper into the sediment
_or in competition with the oysters for food. The former is unlikely because burrowing shrimp do
not usually extend.into deep water (>10 ft), and little evidence exists to support the latter. '

5.4 RAcCK CULTURE

This method is a hybrid of floating culture and stake culture in that lines of oysters are
suspénded from racks or posts that are anchored to the éubstrate (Fig. 5.3). Racks consist of
single or paraliel horizontal beams are supported by posts or tripods about 3 ft to 4 ft above the
substrate (Quayle 1988). Rack culture is typically conducted in the intertidal or shallow subtidal
so that workers can walk or wade to the oysters. As with floating culture, lines may be rope or
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wire, and should not be so long that they toﬁch the sediment surface. As with stake cuiture, the
racks can be cpnstru(:ted in soft sediments and must be located in sufficiently quiet waters that
the posts and beams are not damaged by currents and waves. The production cycle and
growth rates of oysters should be very comparable to stake culture. Traditional rack culture is
used in Australia, the Phnhpp;nes Indonesm and Cuba. '

5.4.1 Longhne Cul_ture. Longline culture is a variant of rack culture used extensively in Grays

~ Harbor and the second most widely used method in Willapa Bay (Nosho 1889). Cultch is :
inserted into stranded nylon rope, which is then strung from PVC posts approximately 2 ft from
the sediment surface (Fig. 5.4). Posts are typically arrayed at 5-ft intervals and pushfed
approximately 2 t into the sediment (Tice and Griffin 1993). Longlines are strung parallel to the
water’s edge and rows of line are spaced ~8 ft apart to allow adequate water flow and
accessibility for maintenance and harvest. Growers that we interviewed reported a culture cycle
of settmg out bags of seed oysters in the fall, strnngmg ropes in the late winter and spring, and
harvestmg a year.or two later. After harvest, the posts are often removed, the ground
harrowed, and new posts set out; however, some growers may elect to leave posts in place
over more than one culturing cycié. As with rack culture and stake culture, all asp'écts of
longline culture are conducted manually. Oysters are harvested continuously over a period of
several months (up to two years), whereby the appropriate-sized oysters can be collected as
needed to meet the market demand (Brady Engvall, Brady’s Oysters). Because lines must be
maintained manuaily and the oysters cannot be moved before harvest, longline culture is only
possible on intertidal ground with an elevation of 0 to +2 ft aboVe MLLW (Carkner and Harbell
1992). A third to a half of the harvest is from oysters that fall off the lines and are bottom
cultured under the suspended oysters. Longline cultured oysters in Washington State are

_ produced for the halfshell and, to a lesser extent, the shellstock market.

5.4.2 Rack and Bag Culture. Another variant of rack culture used in Willapa Bay and Grays
Harbor is rack and bag culture'(Fig. 5.5). Essentially, cultch is enclosed as a monolayer within
a plastic mesh bag (2 ft x 3 ft) or polyethylene cage, and the bag (or cage) is attached to a
rebar rack that is mounted on the tide flat (Nosho 1989). Usually several bags are attached to
a single rack. As the seed grows, _the' oysters are transferred to bags' with coarser mesh, and
the clusters are broken up to‘reduce competition between 6ysters. The bags or cages are
flipped over approximately every 2 weeks to r‘epositi'on the oysters, reduce fouling, and knock
silt off the oysters. Thus, rack and bag culture requires considerable main'tenance, but some

Burrowing Shrimp IPM Plan 5.6



effort is reduced because the oysters are loose within the bags or cages, and each container
can be handled by an individual, Because bags and cages must be maintained manually, rack
and bag culture is only possible on intertidal ground with an elevation of 0 to +2 ft above MLLW
(Carkner and Harbell 1992). Rack and bag cultured oysters in Washington State are primarily
produced for the single oyster or halfshell market.

Rack cultures are susceptible to many of the problems of both stake and floating
culture. The posts are vulnerable to scour from currents and waves and toppling or sinking into
the substrate. The lines, bags, or cages are vulnerable to fouling, which can exert additional
weight and drag on the supporting structures and reduce the flow of water and food to the
oysters. Few aspects of rack culturing have been mechanized.

Burrowing shrimp can have a considerable impact on rack cultures. First, their
burrowing can soften the sediment around the posts, which can lead to their sinking or toppling.
Second, oysters that fall off the lines can be buried in the same manner as intentionally bottom-
cultured oysters. As with all other forms of oyster culture, there is also the potential for food
competition between rack-cultured oysters and burrowing shrimp, but no data are available to
adequately test this hypothesis. '

5.5 EVALUATION OF OYSTER CULTURE METHODS FOR WILLAPA BAY AND GRAYS HARBOR

The oyster industry in Washington state began in the 1850s with the harvest of native
Olympia oysters (Ostrea lurida) in Willapa Bay and Puget Sound. The Pacific oyster was
introduced from Japan in the 1920s in response' to dwindling stocks of native oysters and the
failure of Eastern oysters to succeed as a replacement. Commercial oyster production in
Willapa Bay peaked in the mid-1940s at greater than 1.5 million gal of meat. Oyster seed was
imported from Japan until it was replaced by local hatchery produced seed in the late 1970s. A
“natural” set also produces local seed in Willapa Bay one out of every three years (B.
Dumbauld, pers. comm.} The Willapa Bay-Grays Harbor region is presently the largest oyster
producing area on the U.S. west coast, with an annual production of approximately 700.000 gal
of meat and the direct and indirect employment of over 1700 people in the region (Conway
1991; Carkner and Harbell 1992).
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Presently, approximately 33% of the total area of Willapa 'Bay (~26,000 acres) is
classified as oyster lands, of which only about 6,200 acres are fattening and growing ground
that produce market-quality oysters (WDF/WDOE 1992) (Fig. 5.6). in Willapa Bay, most
oysters are grown using bottom culture methods, foliowed by fongline culture and, to a much
smaller extent, rack and bag culture (Dennis Tufts, Bendickson Oysters). In contrast, only
about 900 acres of Grays Harbor (~1.6% of total area) are farmed for oysters (Fig. 5.7). In
Grays Harbor, most oysters are grown using longline culture, followed by bottom culture, and
some stake culture (Brady Engvall, Brady's Oysters). Further details of the history and
economics of oyster farming in these two estuaries can be found in Shotwell (1977),
WDF/WDOE (1985}, WDF/WDOE (1992), Conway (1991), and Carkner and Harbell (1992).

Many of the oyster growers that we interviewed reported having experimented with
different oyster culture methods. For example, raft cuiture has been tried in Grays Harbor (B.
Engvall, pers. comm.) and stake and rack and bag cuiture have been tried in Willapa Bay
(Randy Shuman, Metro, and Larry Skidmore, Shoalwater Qysters, pers. comm., and L. Bennett,
pers. obs.). For a variety of reasons, most growers have settled on bottom culture and longline
cuiture as the most practical methods for these estuaries.

5.5.1 Physical Considerations. Willapa Bay and Grays Harbor estuaries are very shallow and
characterized by extensive tidal flats. Over 50% of the MHHW area of both bays is intertidal.
Water deeper than 6 ft at low tide (MLLW) is almost entirely limited to navigation channels.’
This leaves very little area available for floating culture, which requires water sufficiently deep
that oysters and lines suspended from floats will not touch the sediment. The available space
for floating culture is further restricted by the need to allow the floats (or rafts) to swing about its
anchor in all directions (i.e., move horizontally in response to current shifts to the extent of the
scope of its anchor line), which can change substantially with the rise and fall of the tide. This
will restrict the number of floating culture structures that could be packed into a parcel of water.
Thus, floating culture would seem to be viable only to a very limited extent within these two

estuaries.

As described previously, these estuaries are regularly (several times per year) hit by
very strong storms that pack gale force winds that create waves and change current patterns
within the bays. Physical structures anchored in the sediment must be abie to withstand wind,
storm currents and waves, and associated sediment movement and scouring. Thus, in the high
energy, open, unprotected reaches of the estuaries, physical structures used for oyster culture
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or control of burrowing shrimp must be well anchored. These physical forces can also affect
bottom-cultured oysters, and bed load transport of sediments and oysters on oyster beds during
storms does occur {L.. Bennett, pers. obs.). Floating culture would probably be most vulnerable
to storm damage bec.ausé the weight of the oysters and drag caused by winds, current, or
‘waves would pull in opposite directions against the float, which could lead to failure of the line,
anchor, or integrity of the float. Stake, rack, and bottom culture would therefore appear to be

the best options in storm-prone intertidal areas.

Finally, the wide expanses of the tide flats and the softened substrate created by
burrowing shrimp can restrict access to oyster cultures at low tide. This is especially
problematic for labor-intensive oyster culture, such as stake, rack, longline, and rack and bag
methods. These methods are not well suited to mechanization, and all éspects of the culture
(setting seed, maintenance, and harvest) must be cond&cted on foot at low tide. Sediments
with moderate fo high densities of burrowing shrimp (>20' b/m?) do not support much weight,
and workers can quickly sink to their knees in such sediments (all authors, pers. obs.). Thus,
longline and rack and bag culture operations are typically conducted along the margins of tide
flats, adjacent to navigable tidal creeks, or on well-consolidated sand flats, so that workers can
efficiently get to the oysters. Access to bottom-cultured oysters is similarly constrained for
growers who do not use boats for harrowing and dredging, but most bottom culture grbwers do
use machine'ry for these tasks because they allow greater areas to be farmed, greater

efficiency than manual labor, and unfimited access to crops at low tide.

5.5.2 Susceptibility to Burrowing Shrimp. As was noted above, all forms of oyster culture
are vulnerable to direct damage from burrowing shrirrip. with the possible exceptio'n of floating
culture. Bottom-cultured oysters can be buried by sediments excavated by the shrimp; stakes,
posts, and racks can sink into or be toppled by sediments softened by the shrimp’s burrowing;
and oysters grown cioée to the substrate might have gills clégged by sediments resuspended
by shrimp bioturbation. Indirect impacts in the form of competition for food might affect oysters
regardiess of cultural method, but there are no data to test this hypothesis. Thus, suspended
culture methods (not including floating cufture) will typically require some form of burrowing

shrimp population control, as does bottom culture.

5.5.3 Economic Considerations. Carkner and Harbell (1992) compared the costs and return
of bottom culture, longline culture, and rack and bag culture in Willapa Bay and Grays Harbor.
Floating culture was not included because they, too, concluded that it is not viable in these
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estuaries because of the lack of deep water. Their evaluation was based on cost and
production daté provided by oyster g'rov“v.ers from the region and used reasonable assumptions
of equal crop rotation periods (3 yr), equal~s:zed farms, and equat market. va!ue for the harvest
but different yields and fabor requirements for each culture method and different market
demands and selling prices for half-sheﬂ and shel!stock oysters The fol!owmg are conclusuons
from this study: '

1) Economically, rack and bag culture is marginally viable for the haif-shell
market because production costs ($0.16 per oyster) are near!y equal to-
the selling price ($0.18 per oyster); it is not viable for growing shelistock
because of high labor and materials costs ($0. 27 per oyster)

2} Longline culture requires the same type of ground as do fattenmg beds in
~ bottorn culture, but cannot practically use the less productive grounds
that bottom culture uses for seed beds. As the highly productive beds
account for only ~25% of the oyster grounds, longline and rack and bag
cultures would leave 75% of currently productive beds idle if these
methods were used exclusively. _

3) On average, longline culture has a higher overail productmty than does
bottom culture, but has lower production on fattening ground. If bottom-
cultured oysters are rotated through fattening beds every year, then the
productivity of that ground could be double or triple the same bed than if

' Ionglme culture had been used. '

4) Longline culture is substant:aify more labor intensive than bottom cuEture
requiring 10 workers to harvest 750 bushels in a tide versus 2 workers for
bottom culture. Large-scale longline culture operations have showed a
net loss caused by high labor costs.

5) . Shucking bottom-cultured oysters is less difficult than shucking longline-
.cultured oysters. The latter can become entangled w:th rope that can get
entangled in processing plant machingry.

Thus, based on Carkner and Harbell's econoric analysis, rack and bag culture and
longline culture generate less income, per acre, than bottom culture for production of shellstock
oysters. Both off-bottom culture methods are negatively affected by burrowing shrimp, as is
bottom culture. Longline culture and rack and bag culture are well suited for production of
halfshell oysters, and both seem to be sensible choices for steéper-profile tide flats that might
be too narrow to efficiently farm by bottom culture. Longline culture wou!d'ap‘pear to be more
profitable than rack and bag culture, based on the assumptions used in Carkner and Harbell's
(1992) analysis. Traditional stake culture was not included in their analysis; however, we would
expect its costs to be comparable to those of Iongline'cu!ture, minus the difference in labor
costs to attach and maintain oystefs to stakes vs. lines and costs of the line. Although we have
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no data, it would seem the yield from stake and longline culture would be comparable if the

initial density of seed-per-acre were the same..
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Figure 5.1.  Stake culture of Pacific oysters (Nosho 1989).
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Figure 5.2.

Floating culture of Pacific oysters (adapted from Nosho 1989, Quayle 1988, and

1987).
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Figure 5.3.  Rack culture of Pacific oysters (adapted from Quayle 1988 and Nosho 1989).
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Figure 5.4  Longline culture of Pacific oysters (adapted from Eise 1987 and Nosho 1989).
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Figure 5.5

Rack and bag culture of Pac_i ic oysters (Nosho 1989).
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Figure 5.6
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6.0 METHODS OF REDUCING DAMAGE FROM BURROWING SHRIMP

A wide variety of methods have been proposed to control burrowing shrimp or minimize
the impact they have on oyster farming, including chemical, physical, and biological controls
" and changes in cultural practices. As we were specifically directed not to conduct field or
laboratory research, data gathering for our evaluation of existing methods was limited to
surveys, interviews, reviews of recent research, and our own experience. In this chapter, we
evaluate several methods to manage burrowing shrimp that have been tried by oyster growers
in Willapa Bay and Gréys Harbor, and we suggest possible combinations or modifications of
existing methods that might be explored by growers in the future. A benefit-cost approach to

evaluate new control methods is presented in Appendix C.

Fifteen methads for managing burrowing shrimp are outlined in Table 6.1. This list was
formed through discussions with members of the Burrowing Shrimp IPM Oversight Committee, .
oyster growers, and estuarine ecologists. Oystef growers in Willapa Bay and Grays Harbor
have tried many of these methods, notably carbaryl pesticide, sediment barriers, substrate
compaction, clay injection, shell or gravel paving, harrowing, water jets, electro-shocking,
floating culture, and harvesting burrowing shrimp. Relatively few scientific studies have been
conducted to evaluate the efficacy or practicality of many of these methods, although research
hés been conducted to evaluate carbary! pesticide, other pesticides, predatidn, shell paving,

reinforcement of longline structures, and alternative crops.

Based on discussions with growers and experts, and on our own evaluations, six other
methods were considered to be technically unfeasible or impractical. These were development -
of silt-resistant oysters, release of parasites and pathogens of shrimp, release of sterile male
shrimp, bioengineering fautty genes into the burrowing shrimp population, use of explosives,
and use of floating culture growing methods. |

. Development of silt-resistant oysters is technically unfeasible. Such an oyster
would have to somehow avoid burial of sediment resuspended by burrowing
shrimp by shedding sediment from its upper valve or moving upwards through
sediment. Both mechanisms are currently impossible because oysters are
sessile and cannot grow sufficiently fast to avoid burial. |

. Use of explosives to control burrowing shrimp is considered impractical and
unacceptable in that explosives are costly, could damage the oyster crop, and
could adversely affect other estuarine organisms (including fish, birds, and
marine mammals).
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. The release of pathogens or genetically altered shrimp to control burrowing
shrimp is both impractical and ethically questionable. Virtually nothing is known
about burrowing shrimp-specific diseases, parasites, or genetics; release of such
agents would likely affect populations outside of oyster grounds and outside of
the estuaries. Even though ghost shrimp and mud shrimp appear to have
undergone population explosions and are pests to oyster farming, they are an
indigenous species, a normal part of the ecosystem, and are important
components to benthic communities. The use of diseases, parasites, or
modified shrimp would be irresponsible without full understanding of the
consequences.

. F!oatlng culture is not a practzcai method for growmg oysters in Wﬂlapa Bay and
‘Grays Harbor. As was discussed in Chapter 3, floating culture can be a
productive way 1o raise oysters but requires deep waters outside of navigation -
channels (which are scarce in these two estuaries). Also, the floating structures
are quite vuinerable to damage from storms.

Thus, we have excluded these six methods from further evaluation.

6.1 CHEMICAL CONTROL METHODS

Cherﬁical controfs are typibaily pesticides that disrupt metabolic, ne'u'rological,
deve!oprhent'al, endocrine, or reproductive functions within the target orgé‘nism;‘ Chemical
controls are usually the fastest acting and least expensive control methods in agricultui’e, asis
also true for the control of burroWing shrimp. At this time, the pesticide carbaryl has been the
only dependable and economically feasible method to control burrowing shrimp in Willapa Bay
and Grays Harbor.

6.1.1 Carbaryl Pesticide. Hlstorzcaﬁy, the use of chemical pesticides for the control of
thalassinid burrowmg shrimp in the coastal estuaries of Washmgton state began in 1963 with
the use of carbaryl, (trade name, Sevin) (WDF 1970). This carbamate compound was brought
into use through the work of Dr. Victor Loosanoff, who in the late 1950s selected carbary! as
the most suitable among the chemical alternatives available at that time for screening
(WDF/WDOE 1985; L. Weigart, pers. comm.). Since that time, carbaryl has remained the sole
chemical control and the principle method used against burrowing shrimp. The Washington
Department of Ecology authorizes and regulates the use of carbaryl under WAC 220-20-10(16)
in compliance with thé Washingfon State Special L.ocal Needs Pesticide Registration No.
WA760021 under authority of section 24(c) of the Amended Federal Insecticide, Fungicide, and

Burrowing Shrimp iPM Plan 6-2




Rodenticide Act. This program is the only reported commercial use of chemicals to control
thalassinid shrimp as pests (Dumbauld et al. 1996).

Current practice involves helicopter application of Sevin 8OWP (wettable powder) to
oyster beds at low tide when wind velocity is less than 10 mph atthe rate of up to 11 Ib
forrﬁuiated material with 10 gallons of water per acre. Although lower application rates have
proven to be effective in small-scale experiments when exposure periods were long (Dumbauld
1994), lower rates have not provided satisfactory control under some full-scale, commercial-
scale operations (D. Tufts and R. Wilson, pers. comm.). Up to 800 acres per year are treated
under a seasonal permit process administered by WDOE. A threshold of 10 shrimp burrows
per square meter is used in the determination of the need for control in a given oyster bed
(WDF/WDOE 1992). Spraying is conducted in mid-summer when salmonid migration is at a
minimum and during Spring low tides so that the tideflats are maximally exposed during
daylight. Based on need, growers would treat more acreage and at an earlier timing if it were
permitted (R. Wilson, pers. comm.).

Carbaryt (1-naphthol n-methyl carbamate), in the powder form, is crystalline in particle
structure and ranges from 3 to 40 microns in size. A relatively low water solubility _
(0.005 ¢/100 g water at 20°C) renders the delivery of toxicant to the target organism to be
essentially limited to individual particles drifting into individual shrimp burrows, whereby through
burrow ventilation, ghost and mud shrimp draw the chemical into their burrows and are exposed
to a sufficient dosage of particles to cause mortality. Control efficacy is evident within 5
minutes following aerial application by the emergence of dying mud shrimp onto the sediment
surface (T. DeWitt and T. Wildman, pers. obs.). '

. Carbaryl and its breakdown product, 1-naphthol, have been shown to have been ‘
transported short distances from the application site. Depending on environmental conditions,
carbaryl and 1-naphthol may persist for a few days (in water) to several weeks (in sediments) at
levels near the lower limits of detection. Data published in WDF/WDOE (1985, 1992) show that
carbaryl residues from summer applications degrade rapidly. Carbamates are not known to
bioabcumuiate in the food chain (WDF/\NDOE 1992).

Carbaryl, a synthetic auxin analog, has no known effects on aquatic plants. The LC50
for various invertebrates ranges from 0.03 ppm to 7.3 ppm (WDF/WDOE 1992). Carbaryl has
significant short-term impacts on the'abur;dan‘ce and diversity of benthic invertebrates '
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(Dumbauld 1994; Brooks 1995). However, recolonization of treated beds by many
invertebrates begins within 24 hours. No long-term adverse effects to estuarine communities
(including benthic invertebrate communities) have been clearly attribufed to carbaryl application,
with the exception of the eradication of burrowing shrimp (WDF/WDOE 1992; Brooks 1995;
Simenstad and Fresh 1995). In fact, a long-term consequence of controlling burrowing shrimp
densities on oyster beds using carbaryl has been the increase in behthic invertebrate species
diversity, growth of eeigrass, and increase in Dungeness crab abundance (Doty et al. 1990;
Brooks 1995; B. Dumbauid, pers. comm.). Dungeness crabs, which are highly susceptible to
carbaryl, may not recolonize treated oyster beds for up to 2 weeks, but aitenn)_ard can attain
higher abundances than on tide flats with high burrowing shri_:_n.p densities (Doty et al. 1990).
The L.C50 of carbaryl to finfish is in the range of 5 pprh to 13 ppm, and fish trapped in pools of
water on the tide flat are often killed following a_carbaryi application (WDF/WDOE 1992).
Mammals and birds show no sensitivity to.carbaryt at several orders of magnitude above the
range of toxicity to fish and invertebrates. ‘No adverse effects have been observed to birds
feeding on dead shrimp in carbaryl treated areas (WDF/WDOE 1992). A comp.rehensive
treatment the environmental degradation and toxicity of carbaryl is presented in WDF/WDOE
(1985 and 1992). o AR

6.1.2 Possible Changes to Carbaryl Application. The current pract_icé for commercial
application of carbaryl is by helicopter fof large plots (20.5 acre) and by hand for small piots.
Ground equipment fitted for application of toxicant may have some advantagés. Larger
volumes of more dilute éoncentrations may be._d_elivered to the application s_ite, pdssibfy :
enhancing efficacy by delivering more material into shrimp burrows.. Off;site_ spray drift would
be minimized if more precise application methods Were used. Spray nozzles and shank
injection are two possible pesticide-delivery devibés. The use of shanks to inject toxicant into
the sediment below the surface has been investigated with positive results (J. burfey, pers.
comm.). This method of application would minimize the potential for offsite pesticide drift.
More work should be done to evaluate the potential of ground, as opposed to aerial, pesticide
application, Controlled experiments using various ground equipment, such as swamp or
tundra buggies fitted with spray tanks and nozzles or shank injector 'system's, should be
conducted. A potential drawback may be the limited time in which pesticide applications are
permitted relative to the area to be treated. Suitable ground application equipment would likely
be limited in weight and size, and therefore pesticide load éarrying capacity would be limited
proportionately. |
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Border treatment is reported to have been effectivé at preventing shrimp movement
before the onset of the previous El Nifio event (L. Bennett, pers. obs.). Once shrimp control is
achieved in large areas of contiguous oyster beds, border spraying or.shank appiication' may
significantly hinder and slow ﬁaterati movement‘of large burrowing shrimp back into'the oyster
beds.

Adaptation of a ground delivery method would likely require several days of effort (over
multiple low-tide series) or use of several vehicles to enable growers to cover the ground
needing treatment within the time frame allowed under the permit process. If it were
demonstrated that such applications were inherently of less risk to fish and other organisms in
the estuarine community, the time frame of permitted applications may be altered so that the
acreage in need of shrimp control could be treated at various low tide sequences during the
period when shrimp are most active. '

The timing of carbaryl application is currently established for mid-summer to minimize
exposure of migrating salmonids to the pesticide. Mid-summer is also when the lowest daytime -
tides occur, exposing more tideflats for aeria!'spraying during daylight hours than at any other

time of year. Growers and biologists have suggested that, if carbaryl treatment were permitted
in the fall, the pesticide could be applied shortly after ghost shrimp recruit into oyster beds
(typically, November) (Dumbauld et al. 1996). By eliminating the recruiting year-class, ghost
shrimp population growth rate would probably be slowed sufficiently that the oyster beds could
go at least one year longer between treatments. However, water and air temperaturés would
be colder, thus reducing the efficacy and decomposition rate of carbaryl, and the loweét tides
would. occur at night, possibly hindering appl:cat:on of the pesticide to lower intertidal oyster
beds. To our knowledge, no studies have evaluated the efficacy or risks of carbaryl apphcatson
at times of year other than mid-summer. Additional studies should be conducted before the
timing of carbaryl application is changed.

6.1.3 Other Pesticides. An IPM plan that uses a chemical control component can benefit from
the availability of a variety of chemicals from which to chose. Dependence on a single chemical
for pest control may render the IPM plan unstable, particularly if the pesticide is a dominant
component of the suite of control tactics, as is currently the case in oyster culture. New classes
of pesticides may be developed that have desirable properties (such as lower non-target
toxicity, different means of application, or different modes of toxicity) that would make them
candidates for supplementing or replacing current pesticides. Additionally, the sudden
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canceltation of the only available chemical control, or other mitigating regulatory action, would
effectively remove that control Atactic.' GroWers. we interviewed felt that oyster culture in Willapa
Bay and Grays Harbor would become economically unfeasible at the scales now farmed if
carbaryl were made unavailable and no alternative was bresent. Therefore a program to
identify and test appropriate alternative chemical controls should be employed, in addition to
efforts to develop cultural, physical, biological, and other control measures.

Choice of candidate chemicals should take into consideration the status of the pest
population, (i.e., stasis, outbreak, chemical resistance, developmental stage), toxicity to non-
target resources, and various environmental parameters that affect the application, efficacy,
and environmental fate of the compound. As a beginning point, candidate compounds should
have high toxicological specificity to arthropods, negligible toxicity to vertebrates (espemaliy
. fish, birds, and mammals), oysters, and plants, and rapid degradat:on into harmiess
components. A 10-foid lower non-target toxicity than carbaryl would be a reasonable initial
target. Most can be generally classified as either neurotoxins or growth regulators. Access to
alternative compounds with different modes of action and different effects on both target and
‘non-target organisms would allow growers more opportunities to tailor their pest control actions,
which could result in chemicai-use patterns that reduce the total amount of pesticide used ona

crop.

Driven by the need to proteCt the environment and meet pest control needs in the face
of removal of older pesticides from the marketplace, agri-chemical manufacturers are
developing new generation pesticides with novel modes of action and greater specificity against
target o’rganisms {(Moffat 1993). Some of the new neurotoxins are active on neurotransmiﬂers
not found in mammals, birds, and fish. Growth regulators generally function to inhibit or alter
the molting and/or reproductive processes of select groups of arthropods. Modes of action of
these compounds include juvenile hormone analogs, ecdysone agonists, and chitin inhibitors.
Terrestrial agricuitural industries are currently funding research programs toward the
registration of these compounds. Several alternative compounds (with novel modes of action
and seiective toxicities) are now available for testing, and it seems reasonable to conduct |
efficacy studies to determine whether these compounds might be appropriate for controlling

burrowing. shrimp.

A multi-phasé approach should be followed to select candidate cdmpounds: 1) review
technical literature to identify candidates, 2) compare efficacy of candidates against the pest
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through field trials, and 3) measure target and non-target toxicity in laboratory experiments to
fulfill the pre-registration requirements of regulatory agencies.

The initial phase of selection of candidate pesticides is to consider the toxicological
mode of action. The nervous and endocrine systems are largely homologous within the
Arthropod phylum (Barnes 1980), and a reasonable first-order assumption is that shrimp share
many of the toxicological susceptibilities of insects. Therefore, compounds shown to be
effective against insect pests in terrestrial agricultural systems may also be toxic to burrowing
shrimp. The sensitivity of burrowing shrimp to carbaryl demonstrates their vuinerability to
acetyicholine esterase-inhibiting neurotoxins. The majority of older generation World War |l era
insecticides have this mode of action in common. However, animals from many phyla share
that aspect of neural physiology, which is why carbaryl, most other carbamates, and several
other insecticide classes (such as okgano phosphates, organo chlorines, and pyrethroids) are
non-selective in their toxicities. For these reasons, non-selective pesticides are genefally' less
compatible with objectives of IPM than are more selective compounds (T. Wildman, pers. obs.}.

Pesticide manufacturers will provide some of the technical data on the critical properties
of pesticides, whether registered or under development. However, detailed toxicological and
environmental fate information can be considered to be proprietary by the company and,
therefore, difficult to obtain. The public is usually limited to published results of research
conducted by second parties (| e., government laboratories, universities, non- government
agencies), much of which is funded either by agricultural industries or government regulatory
agencies. Publically accessible information can inciude toxicities of the compounds to a range
of standard test organisms that represent many of the common dasses of animal life. in the
aquatic environment (including estuarine and marine environments), this typically includes
arthropods (insects, daphnids, mysid shrimp, amphipods), molluscs, echinodermé, fish, and
occasionally, annelid worms and plants. These reports provide crucial information to evaluate

the potential toxicity of the compound to the pest and to non-target natural resources.

The second phase of work involves field trials of candidate compound(s) at different
appl;cation rates to the target organism within the agrlculturai setting. These trials should be
conducted using a statistically rigorous experimental design so that treatment effects (i.e.,
individual chemicals, application rates, and controls) can be differentiated from environmental
factors (i.e., physical and chemical properties of the site, site-specific pec_;uliérities in the
behavior or ecology of the pest population, or unexpected factors that affect the health of the
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pest). Real time monitoring of environmental parameters, including sediment and water-column
pesticide burden and non-target organism mortality, should also be conducted both within and
adjacent to experimental plots.

An additional consideration for alternative chemical control compounds is the precision
of the application method, such as ground application versus aerial application. Ground
application of pesticides usually is more precise in the spatial distribution of the compound, and
potentially can be targeted directly to the site of the pest, thus reducing the amount of pesticide
that needs to be applied and minimizing the potential for off-site drift of the chemical. In
corhbination with greater selectivity in toxicity, increasing the precision of the application of the
pestic'ide can further minimize negative impacts to the environment. ‘

6.1.4 Progress-to-Date on.SeEection and Field Testing of Other Pesticides. A project led
by Alan Schreiber (Washington State University Department of Entomology) and Tedd Wildman
(independent Pest Management), with assistance from Dennis Tufts (E. H. Bendikson
Company) and Brett Dumbauld (Department of Fisheries and Wildlife) was initiated in 1996 to
investigate alternative chemical control tactics. As of May, 1997, two trials of the study had
been completed, and results from that study are presented in Appendix D. Briefly, in their first
trial, Schreiber and Wildman found that abamectin and imidacloprid were cépabfe of controlling
burrowing shrimp. However, inclusive results were obtained from the second trial. Chemistry
data and the proximity of recently treated oyster beds suggested that carbaryl from an outside
source entered the second-trial study area, contaminated the water or sediment, caused a |
wide-spread reduction in burrowihg shrimp populations throughout the study site, and thereby
interfered with the field trial. Thus, the cost-effective application rate and volume of abamectin
and imidacloprid remain uncertain. Additional field trials are p!anned for the summer of 1997 to
evaluate the application rates for these pesticides.'

6.1.5 Considerations for Developing Other Pesticides. In order to proceed with the
development of a cost-effective, reduced-risk pesticide for control of burrowing shrimp, the
following must occur: 1) a cost-effective application rate must be determined, 2) the
manufacturer must aQree to allow its product to be registered for this use, 3) state regulatory
agencies must support the registration effort, 4) additional data on the toxicity, use pattern, and
environmental fate of the chemical must be collected, and 5) thére must be support from EPA,
WDOE, and other resource agencies to allow registration of the product. The status of
abamectin and imidacloprid from these perspectives are: |
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. Cost-effective application rate. A gallon of imidacloprid costs $496. A gallon of
abamectin costs $6'6_7. At a rate of 0.25 lbs to 1.0 Ibs of active ingredient per
acre, the cost to treat one acre of oyster bed with imidacloprid would be $77 to
$310. At a rate of 0.06 Ibs to 0.2 lbs of active ingredient per acre, the cost to
treat one acre of oyster bed with abamectin would be $267 to $889. According
to growers (R. Wilson and D. Tufts, pers. comm.), the highest application rates
of abamectin and imidacloprid tested by Schreiber and Wildman were too high to
be cost-effective. It is possible that a use pattern with a lower and more
economical rate of application could be developed that would control burrowing
shrimp. In addition to being more cost effective, a lower app[ibation rate could
have reduced impacts on non-target species. Therefore, additional work is
necessary to develop a more practical use pattern with the alternative control
materials. Additional trials should include collection of more extensive
environmental data on the fate and off-target movement of treatment chemicals.
Inclusion of an environmental toxicologist on the team of investigators could
provide insight into potential environmental impacts of the treatment compounds.

. Manufacturer support. Obtaining manufacturer support will be.difﬁcuit. The
manufacturer’s first response to the question of whether it would allow abamectin
to be registered was a definitive “no.” It was the belief of company
representatives that EPA would never ailow it. Upon further discussion, a
representative of the manufacturer stated that it might be willing to entertain a

registration if the following conditions were met:

1 EPA-and other resource agencies provide some indication that they
. would be willing to consider registration of the product, '
2) a third party assumes both the registration and liability associated with
the product’s use, and :
3) the cost of developing the data would not be the responsibility of the
company.
. State resource agencies. As the state lead agency for pesticides, the

Washington State Department of Agriculture must permit registration of any
alternative chemical use pattern. This would require extensive further data on.
efficacy, evidence of special local need under FIFRA Section 24(c), a registrant
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w'iliing to register the product, and evidence that no unreasonable risk to humans
or the environment would result. The Waéhington D,epartment of Ecology and
the Department of Fish and Wildlife would also have to allow the registration to
proceed. Assuming a registrant would ailow re'géstration of the product, the
p'rim'ary obstacle would be establishing that the risk to the environment is not
unreasonable or is at least acceptable. o

. EPA. His_tbrica!ly, EPA has been reluctant to register any insecticides for use
_ near or in aquatic habitats. Abamaectin is currently under EPA scrutiny because

of concerns about impacts to aguatic organisms. If _ah alternative to carbaryl is
to be developed and used by growers, it would require registration under the
Federal Insecticide, Fungicide and Rodenticide A_c_:t by the EPA Office of
Pesticide Programs. Sufficient justification for registration of abamectin,
imidactoprid, or another compound may be found if it were demonstrated to be a
less toxic altérnative to the current control alternative, and if this led to an overall
decrease in use of pesticides in the estuary. State agency support from the
WSDA, WDOE and WDFW, would be required to obtain EPA approvall. EPA
wduid also require numerous data on the no_n-tafget toxicity and environmental
fate of the compound prior to making a decision whether to allow registration.
The cost of pufsuing a registration would probably require financial resources
beyond those available from the oyster groWihg community. Itis possible such
support could come from the state or from growers and agencies in adjacent
states that also have problems with burrowing shrimp on oyster ground.

Whereas research on these pesticide alternatives to carbaryl is still underway, and many
regulatory requirements must be met before they can possibly be used iegitimately, we cannot
presently recommend their use for controlling burrowing shrimp on commercial oyster beds.

6.2 BioLoaGICAL CONTROL METHODS

Biological control methods include predators, competitors, parasites, disease vectors,
and bioengineered “drones” (i.e., sterile males or fertile males with defective genes).
Enhancement of natural enemies of pests can be useful for slowing the population growth rate
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of pests, but is not likely to entirely eradicate a pest. At present, there is 'relatively little known
about the efficacy of biological controls for burrowing shrimp, with the exception of predatibn,
and knowledge about that is limited. As discussed previously, parasites and bioengineered
shrimp have been proposed, but as almost nothing is Known about candidates ?or the former or
the genetics of callianassid shrimp, and as we considered the costs to déveiop such knowledge
to be prohibitive, these proposals were not evaluated further.

6.2.1 Predator Enhancement. As described in the Chapter 4, at least four estuarine aquatic.
species are known to feed on ghost or'mud shrimp: staghorn sculpin, cutthroat trout, white
sturgeon, and Dungeness crabs. Other species opportunistically feed on adult and larval
burrowing shrimp, but these four are the best known predators of YOY and adult shrimp.

At this time, there is no known method for eﬁhancing predator populations in a manner
that would indisputably reduce, let alone control, burrowing shrimp populations. However, this
is an area in which additional research would be beneficial in that enhancement of natural
populations of native fish species in these estuaries is desired by many sectors of the greater:
Willapa-Grays Ha}bor community (Alan Lebovitz, Willapa Alliance, pers. comm.). Below we
suggest some possible approaches to enhancing populations of burrowing shrimp predators.
However, these approaches are specuiative.- ‘

One approach to enhancing predatéon by fishes is to increase the abundance of fish.
This can be accompl;shed by reducing mortality, enhancing reproduction, enhancing
recruitment, and enhancing immigration or reducing emigration. None of these steps are tnwai
and most require the participation and cooperation of other citizens, commercial interests, and
agencies living and operating in the region. Reduction of mortality of cutthroat trout and
sturgeon' might be accomplished through reduction in fishing pressure, such as reducing the
existing catch limit or fishing seasons.

Another approach to enhancing populations of shrimp predators could be to provide
habitat features for these species that provide protect;on from their predators. Eelgrass beds
may serve this purpose for many species of fish, including sculpm sturgeon, and juvenile
salmonids. However, dense beds of eelgrass can interfere with certain aspects of oyster
farming, particularly mechanical harvesting on bottom culture. Research is needed to
determine whether these practices truly harm eelgrass beds, and what modifications to
machinery and culture methods can be developed to minimize any adverse impacts. If othgrs

Burrowing Shrimp iIPM Flan 6-11




value eelgrass beds on oyster farmers’ private property then agenc;es shouid find resources
and mcentlves 10 encourage oyster farmers to enhance those beds. Possibilities lnclude
research to deve[op new tools and maohlnery for oyster farmmg property trading, tax
incentives, and impact trading. Further anaiysus of this i Jssue is outs:de the responsibility of this
study..

Enhancement of reproduction of predatory saimonids might be accomplished through
support of conservation activities that restore and protect salmonid and sturgeon breedmg
habitat. Cutthroat breedlng habitat occurs in the tributaries of Willapa Bay and Grays Harbor
estuaries, but white sturgeon apparently do not breed locaity 'Based on taggmg studies, white
sturgeon from the lower Columbia River mlgrate to coastal estuaries of Oregon and
Washington, but do not reproduce there (Steve King, Oregon Department of Fish and Wildlife
[ODFW], and Brad James, pers. comm.). . As Washington State has no plans for creating a
sturgeon hatchery in the Willapa Bay or Grays Harbor watersheds, growers’ best chance to
enhance sturgeon populations would be to support WDFW and ODFW sturgeon enhancement
programs for the lower Columbia River. We were unable to determine what steps could be
taken to enhance the reproduction of staghorn sculpin. Enhancing immigration or reducing
emigration of any of the fish might be achieved by increasing the amount of habitat each
species requires (foraging area, refuge, breeding area). Use of an aftractant (such as a
reproductive pheromone) might temporarily increase the local abundance of the fish, but
without an incentive to remain, the fish would probably leave as soon as the attractant
dissipated or the fish habituated to it. Habitat features that might be attractive to these species

include eelgrass, cracks and crevices (for sculpin es'péciafly), and :dee'p water (for sturgeon).

Related to this, and on the scale of oyster beds, growers might be able to provide fish
with the means to occupy intertidal habitat at low tide. Posey (1988b) found that predation by
staghorn sculpin was largely responsible for controllihg the depth distribution of ghost shrimp.
Ghost shrimp living in the upper portions of the intertidal, however, were protected from
predation because the fish could only feed when the flat was covered by water. If oyster beds
were diked or dammed to retain water at low tide, fish trapped or piaoed in the pools would
have a longer period to forage'for'burrowing shrimp. This would probably work best for the
diminutive staghorn SCu!pin, because they would not require as deep of pocis as other species.
Getting fish to stay on the beds would be another challenge. It might be possible to add
features to the oyste? beds to make them more attractive, for exampie, structures for shelter or
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reproduction. Alternatively, growers might try to trap the fish on the beds using weirs, nets, or
fences, though these would have to be fairly fine mesh (~2-cm diameter or less) to retain the
sculpins. Again, these ideas are speculative and untested.

Predation by Dungeness crabs and related species on YOY burrowing shrimp may help
reduce the growth rate of the pest populations on oyster beds. As described in Chapter 4, YOY
Dungeness crabs on shell substrates prey on recruiting YOY ghost shﬁmp, and even show a
preference for the shrimp over several other benthic organisms. Although Dungeness crabs

.also .prey on YOY mud shrimp, crab predation. seems to be less effective at controlling mud
shrimp than ghost shrimp. This largely may be caused by the coincidence of mud shrimp and
Dungeness crab recruitment (in spring), which results in an abundance of juvenile crabs that
may be too small to prey on the mud shrimp. Nonetheless, crab predation can be effective at
reducing the success of ghost shrimp recruitment. Crabs are attracted to physical structure,
such as oyster clusters and eelgrass, which th.ey can use as refugia from their predators (Doty
et al. 1990). Enhancement of the abundance of YOY Dungeness crabs might be achieved by
increasing habitat features that attract recruiting crabs. This includes eelgrass and physical
structures, such as oyster shell. Use of shell pavement on oyster beds (described below) will

attract YOY crabs, as will clusters of mature oysters.

Note that physicai modification of tideflats (i.e., diking, daming, shell pavement) to
create habitat for burrowing shrimp predators could have unexpected affects for other benthic
resources, and that few of these methods have been tried previously. These ideas are

presented only as suggestions for future investigation.

6.3  PHYSICAL CONTROL METHODS

Physical methods to control pests include habitat alterations that are inimical to the pest
and use of machinery to either Kill the pest or force it to leéve the area. Some of the proposed
physical controls are modifications of activities that are conducted in order to grow or harvest
oysters; other methods are specifically designed to target burrowing shrimp. Oyster farmers in
the Witlapa;Grays Harbor estuaries have tried several of these methods at various times since
the 1950's, and at various spatial scales; none have yet proved effective. Furthermore, these
physical methods can alter tideflats habitats in manners that may be adverse to _the farming of
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oysters or to populations of other benthic orgahisms; Unfortunately, little actual data has been
collected with which to make objective or complete evaluations of the efficacy or impacts of
most of these methods. ' '

6.3.1 Sediment Barriers. Placement of a material impenetrable to shrimp on top or jus.t under
the surface of the oyster bed will reduce or effectively eliminate damage from shrimp for a
period of time. The first documented use of shrimp sediment occlusion barriers is from the
oyster farming operations on the Olympic Peninsula in the early 1910s (Steele 1957). At that
time, dikes were used to create impoundments to facilitate oyster growing. Burrowing shrimp
(éaliec{ "crawfish” by Steele)'caus';ed' dam'a'ge by their direct effect on the oyster bed and by
causing dike failure. Shrimp burrows under and through dikes caused the walls to wash out,

| resulting in extensive economic damage. The problem was “solved” by covering the oyster bed
with lumber or plywood and Cove'ring that with a layef of gravel. Barrier materials that have
been tried more recéntty include porods fiber mats and sediment barriers.

Contemporary growers report variable success with these technigues. Growers in
Willapa Bay report unsuccessful results and deleterious impacts with experiments using
barriers laid over the sediment surface to prevent shrimp colonization and burrowing (L.
Weigart, pers. comm.). An impermeable sediment barrier will smother not only burrowing
shrimp, but also other benthic invertebrates beneath the sheet. In addition, oysters placed
directly on top of the sheet are ea'sily moved by currents and waves to piles along the edges of
the sheets, which causes reduced growth in those oysters at the bottom of the heap. Tidal
action and storm surges dislodge and shred the sheeting, creating a debris problem as well.

The practice is not currently employed there.

In Puget Sound, growérs report success using a semi-permeable fiber mat {trade name,
Geotech) on seed beds to control burrowing shrimp. Costs may be as high as $11,000/acre,
with 50% of that being labor (P. Taylor, pers. comm.). Experience has shown that gravel
deposited on the mat at a depth of 6 in. yields better results than if sediment is layered over the
mat. If gravel must be trucked to the site, costs are higher. This barrier must be able to work
effectively for several years in order to justify its cost. To our knowledge, this method has not
been tested in WiEI'apa Bay or Grays Harbor, but it would seem that exploratory trials would be
worthwhile. If this method were to be tested, its ability to withstand storm currents, waves, and
associated sediment transport must be demonstrated. However, as this method has not been -
tried yet in Willapa Bay or Grays Harbor, nor have its imba‘cts on other estuarine species been
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investigated, we cannot presentlty recommend its use as proven method for controlling

burrowing shrimp on commercial oyster beds.

6.3.2 Sediment Compaction. Sediment compaction, often referred to as "roiling" by oyster
growers, has a long history of trial use dating back to the 1950's (L. Weigart, pers. comm.).
The use and mode of action is to drive or drag a heavy object (i.e., wheel, roller, or sled) across |
the sediment surface that will cause the shrimp’s burrows to collapse, and either crush,
smother, or force the shrimp to dig its way up to the sediment s_urféce, where it dies from
exposure, predation by birds, or harvesting by the growers. Sediment compaction is limited to
use on fallow beds for obvious reasons: the equipment that compacts the sediment would also
damage or bury oysters. A wide variety of heavy machinery has been tried for this purpose,
including bulldozers, amphibious vehicles (WW Il surplus}, roliers, and sleds. Rolligon™

© tractors and swamp/tundra buggies are other examples of equipment previously employed.
Lighter equipment tends to form a crust on the sediment surface. The addition of a pulled roller
was reported to produce better results (L.. Weigart, pers. comm.). There are reports of heavy
equipment lost in the sediment .during previous efforts, at present still buried somewhere ih_ the
tidal flats.

Growers report that the short-term effects of compaction on the oyster beds can be
positive, albeit with mixed results. Although there is some initial shrimp mortality and sediments
are temporarily compacted, most shrimp are simply forced from their burrows, survive, and
subseduently dig new burrows. The consistency of the bed soon returns to the brevious state.
Effects on other benthic invertebrates are poorly understood at this time, but are likely to
inciude.short-term decrease in abundance, followed by re-colonization and increased
biodiversity (refative to oyster beds with high densities of ghost shrimp).

Vibrating equipment used commercially to settle freshly poured concrete has also been
employed experimentally by growers (L. Bennett, pers. abs.). The practice is laborious, time
consuming, and costly. Results were positive, but shrimp tended to move back into the

compacted area after a relatively short period of time.

Further investigations under controlled experimental conditions should be pursued. The
rate and extent of recolonization by burrowing shrimp should be measured, as well as the
effects on non-target species, particularly eelgrass and benthic invertebrates. Methods of
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killing or harvesting ehrirhp_ that ha\}e emerged from their burrows would Iikely increase the
efficacy of compaction as a method of shrimp control. | ' '

6.3.3 Dredge Harvest of Oyetere. Studies were conducted in 1996 in Grays "Harbor‘ to
determine whether mechanical dredge harvest of bottom-cultured oysters could either kill YOY
ghost shrimp resndmg near the sediment surface directly (by crushmg) or indlrectly when the |
shrimp were brought to the sediment sun‘ace and exposed to predators (K Feldman, B.
Dumbauld, and D. Armstrong, unpubl data) In an experlmem conducted durmg the sprmg,
ghost shrimp on the mature oyster bed were unaffected by dredgmg, but densities of shrimp on
a fatlow bed were mgmfscant!y reduced. The opposste pattern was observed in the fall: after
dredgmg, YOY ghost shrimp densetles were s:gnlflcantly reduced on an oyster bed but noton a
fallow bed. The presence ofa dredgmg effect in the spring but not in the fall on the fallow bed
may have been caused by differences in the seasonal abundance of predators and proxumxty of
the shrtmp to the sediment surface. With respect to the mature oyster bed, the researchers
determined that the reduction of ghost shrimp in the fall was more likely caused by natural
mortality rather than by dredging. In summary, the phys'ical disruption of the benthos fesulting
from oyster dredging might have some application for YOY shrimp control, particularly if
growers were to dredge fallow beds in the spring prior to planting oyster seed. Additional
studies are needed to evaluate the effectiveness of method to control newly settied burrowing
shrimp before a recommendation can be made as to its utility on a commercial basis. Although
dredging shows some promise as a control method, it may have unintended affects on other
estuarine species, and we cannot recommend it as a proven method to control burrowing .

shrimp at this time.

6.3.4 Harrowing. As with'dredgemar\restihg of oysters, herro'w'ing is a combination of a
cultural method and a physical control method. Spring-tined English harrows are used in
bottom culture to prepare beds for harvesting. At high tide, the implement is dragged across
the oyster bed by boat, and in the process; oysters are lifted from the sediment so as {0
facilitate harvest. It has been suggested that by physically lifting oysters from the sediment,
periodic harrowmg may lessen the negat:ve effects of substrate destab:hzation caused by
shrimp. However, harrowmg also loosens the sediment surface, which can cause oysters to
sink into the substrate where they may be smothered (L. Bennett, pers. ob.s.). Thus, once
started, harrowing conducted substantially before' harvest may require periodic re-harrowing
just to mitigate the effects of the harrowing on the oysters. Therefore, harrowing is usually
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conducted just prior to harvest, or it could be practiced when oysters are not on the ground. [t
has been suggested that harrowing might kill or damage shrimp by causing burrows to collapse
or by impaling or cutting through the bodies of the shrimp.

No scientific studies have been conducted to evaluate the efficacy of harrowing.
However, many bottom-culture oyster growers harrow oyster beds prior to harvest and have
had considerable opportunity to subjectively evaluate its effects on burrowing shrimp densities.
Oyster growers report that burrowing shrimp are relatively unaffected by the harrow (L. Bennett,
pers. obs.; R. Wilson, pers. comm.). ‘Therefore, the oysters pulled up from the sediment simply
settle back into the destabilized oyster bed and resume sinking or being buried by the activity of
the shrimp.* Furthermore, harrowing increases water turbidity and loosens the substrate, which
can also harm the oysters. Harrowing as a physical means of controlling shrimp or |
circumventing damage caused by shrimp is deemed to be of extremely limited utility.
Furthermore, if used frequently on oyster beds before the crop is harvestable, the practice may
have additional negative impacts on 6yster growth and development.

The use of disking and plowing equipment as commonly used in terrestrial land
cultivation has been tried as well (L. Bennett, pers. comm.), with similar results as harrowing. '
Shrimp burrow densities can be temporarily reduced by 25% to 50%, but soon regain ;heir
former abundance. This‘suggests that either new shrimp colonize the sediments or the shrimp
are not killed and just excavate new burrows. The latter case is quite likely to occur, because .
the tines of the harrow typically penetrate only a few inéhes into the substrate, whereas
burrowing shrimp can retreat two feet below the sediment surface to the bottom of their
burrows. In addition, recovery of a bed after disking and plowing requires a longer period of |
time than is 'comp‘atibte with oyster culture. ' | '

As currently practicéd, harrowing or disking appear to be ineffective means of controlling
burrowing shrimp. However, it is possible that harrowing or disking might be more effective on
young of the year (YOY) shrimp than on older shrimp: newly settled recruits build shallow
burrows and might be more vulnerable to disturbance of the sediment surface and to exposure
to predators. If YOY shrimp are forced to the sediment surface, some means of collecting or
killing them could be employed to increase the efficacy of harrowing and to help slow the
burrowing shrimp population growth rate. This is a topic that could be investigated for relatively
jittle cost at different times of year, on different substrates, and in different locations.
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Many of these ideas are specutative and unpreve.n as etfective means to control
burrowing shrimp, and may have unintended affects on other estuarine species living on, or
using the tideflats. Thus, we can not recommend use of harrowing as a proven method to
control burrowing shrimp at this time,

6.3.5 Ctay Injectton Some growers have conducted small-scale expeﬂments pourtng or
rn;ectmg bentonite c!ay into shnmp burrows wrth the thought that the clay would clog the water—
filtering or resptratory activity of the shrrmp, thus smothenng them (L. Bennett, pers. obs.).

These growers reported that, in most cases, burrowmg shnmp pumped the clay out of the
burrows and apparently suffered httle damage Growers were unsure how this method could be
applted on a commercial- bed scale. For now, ctay mjectron appears to be an rmpractrcal and
ineffective control method, and does not appear to merit further study. '

6.3.6 Oyster Shell "Pavement". Experiments are currently being conducted by D. Armstrong,
K. Feldman (Univ. Washington, School of Fisheries) and B. Dumbauld (WDFW) to investigate -
whether oyster shell, distributed as a thick "pavement,” might stabilize and compact intertidal
sediments and thus serve as a toundation for bottom: Culture of oysters while creating habitat
unsurtable for burrowing shrrmp Reptrcated piots have been established at two sites in WrIIapa
Bay, one dominated by ghost shrimp (Nahcotta) and the other by mud shrimp (Cedar River).
Treatments consrst of plots sprayed wrth carbaryl ("treated ), plots sprayed with carbaryl and
subsequentty shelied (“treated + sheil") plots shelled without carbaryl treatment ("untreated +
shell"}, and plots left untreated to serve as controls ("untreated ). The effect of carbaryt '
appircat:on was {o etrmrnate emstmg shrlmp from these treatments (“treated" and “treated +
shell"}, but retain shrimp on those treatments not sprayed ("untreated" and "untreated + shell").
In addition, 'oyster seed was planted on all treatments the fdtlowing spring. PerCentage of |
epibenthic shell cover, shrimp recruitment, oyster cultch retention, and oyster growth have been
monitored at selected points in time over a period of 2 years.

On ghost shrimp ground at Nartcotta, the average amount of epibenthic shell cover on
"untreated + shell plots declined rapidly to to%'withtn 2 moriths after placement, whereas'shetl
cover remained initially high on "treated + sheit“ p!ots but then dectmed graduatty to 30% cne
year after placement (Figure 6.1). In contrast, on mud shrlmp greund at Cedar River, mean
shell cover was still 80% on both “treated + shelt“ and “untreated + shell* plots one year after
placement (Figure 6.1). Although site characterrsttcs may account for some of the differences
in percentage of epibenthic shell cover between treatments, much of the variation could be
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attributed to differences in mobility, burrow stability, and general life history between the two
species of shrimp.

At Nahcotta, the "treated + shell" plots had the lowest density of YOY ghost shrimp but
the highest density of YOY mud shrimp one year after plot construction (Figure 6.2). Mean
densities of oyster seed (cultch shell with spat) declined to nearly zero within 5 months on both
“untreated + shell” and *"untreated” plots (Figure 6.3), similar to trends in epibenthic shell cover
on "untreated + shell* plots. Seed densities on "treated" and "treated + shell" plots were similar
over the first summer; however a year later, seed densities appeared to somewhat higher on
the "treated + shell" plots (Figure 6.3). Results from studies on oyster growth at Nahcotta are
not yet available, nor are results from studies on shrimp recruitment, oyster seed retention, and
oyster growth at Cedar River.

Although shell pavermenting may prove to be a useful tool in combination with ‘carbaryl to
control ghost shrimp on some oyster beds, it is too soon to tell whether this technique would
provide any benefit in areas inhabited by mud shrimp. Data from the USACE shell plot suggest,
however, that epibenthic shell will not reduce recruitment of mud shrimp. Also, Smith (1996)
found that oyster shell pavementing had no long-term negative impact on YOY mud shrimp
recruitment in Yaquina Bay, Oregon. [n addition to the effect of shell on benthic biota, other
factors to consider with respect to shell pavementing are the cost of shell and the effect on
harvest operations. It wouid take 19,530 bushels of shell to cover one hectare of mudfiat ata
thickness of 10 c'm to 15 cm. Based on a cost of $1.13/bushel of shell, wﬁich is the average
price paid by USACE for Dungeness crab mitigation (Lauren Cole-Warner, USACE, pers.
comm.), it would cost approximately $22,000/ha or $9,000/acre for oyster shell. Additional
costs would include the labor and boat time to deploy the shell. Although initial costs of shell
pavementing may be expensive, once the ground is treated with carbaryl and shelled, it'tnay "
continue to serve as a foundation for oyster culture years longer than pesticide treatment alone.
Research studies are needed to evaluate the long-term effectiveness and associated costs of
shell pavementing compared with other methods of shrimp control.

The transplanting and harvesting of oysters would likely be impacted by shell
pavementing as well. If shell remained on the surface, it might interfere with dredging or hand-
picking operations. The shell substrate might be dredged up along with oysters, or it might
reduce the efficiency of the catch basket. In areas of the bay that receive natural seed set,
epibenthic shell pavement could be transformed into an oyster reef (Brett Dumbauld,
Burrowing Shrimp IPM Plan 6-19 '




Washington Department of Fish and Wildlife, unpubl. data), which would be difficult to dredge
and more difficult to hand-pick. On experimental plots of ghost shrimp at Nahcotta, however,
most of the shell pavement on "treated + shell" plots eventually sank a few centimeters below
‘the sediment surface, whereés' oyster cultch generally remained on the surface. On a mud
shrim_p bed in Yaquina Bay, Oregon, Smith (1996) found only 5% of crushed oyster shell
remained on the surface of plots one year after construction. Even though the shell sank,
Smith (1996) determined that shelled plots were significantly more compact than were
untreated mud p!o'ts. Thus, if shell pavement sinks,l it might still provide a firm substrate for
bottom-culture and yet not interfere greatly with oyster harvesting. Research is needed to
determine how harvest operations would be impacted by both an epibenthic shell layer and a
sub-surface shell fayer to assess the feasibility of applying this technique to oyster culture.

Many of these ideas are still in a research-mode, and are not proven as effective means
to control burrowing shrimp. Shell pavementing clearly changes the physical nature of the
substrate, which undoubtabiy affects the composition of the benthic community that can live
there. It remains to be determined whether this is valued or not, with respect to the abundance
and distribution of living resources within the estuary. Thus, we can not recommend use of
shell pavementing as a proven method to control burrowing shrimp at this time, although this
method shows promise for use in the future.

6.3.7 Diking and Dammihg. Construction of earthen dikes, dams, or berms around oyster
beds‘has been suggested as a pqssibfe method to exclude motile shrimp from colonizing
shrihp-free oystér beds (L. Bennett, pers. cbs.). Growers and biologists have reported lateral
movement of shrimp over time from untreated tidal flats into oyster beds. Construction of
barriers against lateral shrimp movement may slow remfestatlon rates on the perimeters of
oyster beds. Creation of dams and dikes was first used in F’uget Sound for the culture of
Olympic oysters earher this century {Steele 1957). As oceurred then, shrimp may simply burrow
under or through dikes, dams, or berms. Tidal action and currents washing against earthen
barriers would cause them to erode rapidly if they were not reinforced or constantly maintained.
Finally, aithough lateral migration of shrimp has been observed to occur, it is generally thought
that larval recruitment is the principal manner by which burrowing shrimp colonize tide flat
sediments. Larval shrimp could simply swim {or float) over the barriers at high tide and settle
on the oyster beds. Furthermore, eddies created behind dikes may actually enhance juvenile
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shrimp recruitment by concentrating pelagic larvae and depositing them on and near the dikes
{Snelgrove and Butman 1994).

Although dikes and dams might have only temporary success stopping the lateral
movement of burrowing shrimp, they might be usetul for retaining water on beds at low tide,
which could help reduce burrowing shrimp abundances in two ways. First, if dikes and dams
retained very low salinity water (<5%.) as might occur during freshets or periods of high rainfall,
burrowing shrimp might be osmotically shocked and die. Harrowing the substrate to help iow
salinity water penetrate into the sediment might facilitate this. Second, these pools might
provide habitat for staghorn sculpin or sturgeon to forage for burrowing shrimp during periods
when they would normally be restricted to deeper water. Methods would have to be developed
1o keep the fish on the oyster grounds at high tide (such as providing additional incentives, e.g.,
other habitat enhancements or mate-attracting pheromones) or to periodically reintroduce them
to the tide flats. If these methods were conducted fdliowing recruitment of burrowihg shrimp,
the ju}vénilel shrimp would be closer to the sediment surface and the potential for the control
methods to work might be increased. Additionally, eelgrass beds would likely be enhanced
within the artificial pools (B. Dumbauld, pers. comm.). |

Many of these ideas are speculative and untried, and may have unexpected affects on
other estuarine species living on, or using the tideflats. Thus, we can not recommend use of

diking and daming as proven methods to control burrowing shrimp at this time.

6.3.8 Water Jets. Growers proposed using high-pressure jets of water to either winnow
burrowing shrimp from the sediments, or to crush the shrimp with the force of the water jet.
This method would be ext'remeiy disruptive, Wirnnowing out fine-grained and 'organic matter
components of the sediment and causing considerable resuspension of sediment into the water
column. We were unable to find any studies to substantiate the efficacy of this method. It
would seem as if an entire oyster bed would have td be subjected to this tréatment to have
assurance that the shrimp were killed. As with éompaction, additionat methods would be
needed to collect or kill shrimp that were forced to the sediment surface, and this method could |
only be used on beds barren of oysters. Finally, the energy required to generate high-pressure
water jets and the time required to treat large areas woutd probébiy make this method
expensive. Given the considerable uncertainties and paucity of real information concerning this
control method, we cannot objectively evaluate its efficacy, but there appear to be few
compelling reasons to recommend further investigation of this approach.
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6.3.9 Electro-shocktng or Ultrasound. Passing an electric current or high frequency sound
through the sediment of shrimp-infested oyster beds may have a negatwe effect on shrimp
populations by directly affecting individual survival and reproduction. Little work has been done
to explore these techniques. In preliminary trials using Electro-shocking in aquaria, both ghost
shrimp and mud shrimp moved toward either the enode or cethcde (this varied between species
and properties of the electrical current), and sometimes toward the water surface if the shrimp
were not residing deep within their burrows (B. Dumbauld, pers. comm.). However, the .
electrical fields did not cause many shrimp to leave their burrows, and the current used did not
kill the shrimp. We know of no studies that have investigated the use of ultrasound to control
burrowing shrimp, although such .researcﬁ has been proposed (B. Dumbauld, pefs. comm.).
Clearly, much research remains to be done to demonstrate whether either of these techniques
will be effective at driving bui’rowing shrimp from their burrows or killing them. These ideas are
speculative and largely untried, and may have unexpected affects on other estuarine species
living on, or using the tideflats. Thus, 'we can not recommend use of Electro-shocking or
ultrasound as proven methods to control burrowing shrimp at this time.

6.4 CuLTURAL MEASURES TO MANAGE PEST DAMAGE

Cultural methods of managi'hg the damage of a peet include chahging aspects_of the
crop-growing practices to reduce the vulnerability of the crcp to the pest, switching_ to other
crops, or harvesting the pest for profit.

6.4.1 Re:nforcement of Longlme Culture Structures. Tice and anfm (1993) recommended _
that Ionglme culture operations could reduce the mc:dence of posts smkmg or toppimg and Iznes
slipping off posts by increasing the iength cf the posts to 60 in. (from the current 40 :n b
reducing the spacing between posts from 5 ftto 3 ft, and cutting tight notches at the tcp of _
posts to better hold the lines. The .Icnger posts should be driven about 40 in. into the sedlment
(instead of approximately 20 in. that is currently used) to obtain better anchoring. The narrower
spacing of posts reduces the weight on each post, thereby reducmg some of the pressure that
contributes to the sinking and toppklng Notches that more tightly grip the oyster lines would
reduce the frequency of lines stlppmg frcm the posts if the posts were to Iean as a result of
shr:mp burrcwmg These steps would mltsgate one of the impacts that burrcwang shrimp have
on longline cultures; however they would i ancreaee the cost of matenais and labor and would
have no effect on the burial of oysters that fall oft the long!mes (about 50% of the crop).

Burrowing Shrimp {PM Plan 6-22



6.4.2 Shrimp Harvest for Bait Industry. Currently, a cottage industry exists supplying
burrowing shrimp to recreational fishermen, charter boats, and some commercial fishermen for
use as bait. Individual harvesters use pumps or suction guns ("shrimp guns”) to flush or pull
burrowing shrimp out of the sediment. This method is thought to have little impact on both the
shrimp populations and the oyster beds (L. Bennett, pers. obs.), because relatively few shrimp
are harvested. The scale of individual operations is small because of the large effort required
to harvest the shrimp and the relatively minor local market for the product. Larger-scale
operations use suction dredge equipment, which, although capable of extracting large
quantities of shrimp, leave the tidal flat unevenly pock-marked and oyster beds in a state less-
than-optimum for oyster farming. The beds require about a year to recover from the damage
(L. Bennett, pers. obs.). Harvesting shrimp may also be useful for controlling shrimp around the
edges of oyster beds (i.e., border control), thereby slowing the rate of immigration of aduit
shrimp into oyster beds (B. Durﬁbauid, pers, comm.). | |

If large enough markets could be developed for sale of burrowing shrimp as bait to the

" commercial and charter fish industry, shrimp harvest in localized areas may effect a significant
population reduction (L. Weitkamp, University of Washington, pers. comm.). Further |
investigations may determine whether the detrimental effects of suction dredges can be
sufficiently mitigated or the use of less-damaging hand-held equipment be economically
feasible or have a significant effect on shrimp populations. Oystef growers might also work with
shrimp harvesters to devéiop new markets for burrowing shrimp, such as for Asian or other
ethnic seafood trade. ' '

* These ideas are speculative and unproven as effective means to control burrowing
shrimp, and may have unexpected affects on other estuarine species living on, or using the
tideflats. Thus, we can not recommend use of bﬂrrov#éng shrimp hérvesting as a praven
method to control burrowing shrimp at this time.

6.4.3 Alternative Cropé. In areas of high-density burrowing shrimp populations that are
unsuitable for oyster culture, growers should consider culturing other species. Smith (1996)
describes methods for growing Manila clams ( Venerupis japonica) using sheil pavement and
predator-exclusion cages on mudflats infested with mud shrimp. This method did not succeed
in ghost shrimp grounds because the cages sank too rapidly. This culture method did require
occasional maintenance (approximately evefy 2 months) to ensure that the cages did not sink
entirely below the sediment surface; as long as approximately 1 in. of the cage remained above
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the sediment,'the clams grew q.uite well. On a haif acre of grodnd, and relyihg on an initial
capital investment of ~$15,500, Smith estimated a profit of $53,700 after five years; interested |
growers should refer to Smith (1996) to"deteﬂr'mine whé{her his e_cdhomicaSsumptions would be
appiicablé to their situation. i

Following this line of reasoning, oyster growers should consider whether other
marketable species of bivalves might exist or whether creating a market for species that are
tolerant of burrowing shrimp 'is worth the risk. [tis not clear what those species might be.. And
as suggested in the previous section, growers might investigate whether a market exists, or
could be developed, for burrowing shrimp as a seafood item or component of a seafood . -
product.

Many of these ideas are speculative and unproven as economically viable alternatives to
oyster farming. Thus, we can not recommend use of Manila clam culture within burrowing
shrimp beds as a proven alternative to oyster culture plus control of burrowing shrimp.

6.5 EVALUATION OF CONTROL METHODS BY OYSTER GROWERS AND OTHER EXPERTS

As part of our fprm'ai interviews,' we asked oyster growers and knowledgeable non-
growers to evaluate several shrimp management methods from two p_erspectivés: effec:ivehe_ss
relative to carbary! pesticide (growers only) and non-target Empécts (growers and non-growers).

Table 6.2 summarizes the responses of five oyster growers (all who responded to this
part of the interview) regarding ihe_' e'ffec_:_tive_ness of 10 shrirﬁp control methods relative to
carbaryl pesticide. The growers Conq[uded that none of the cohtrot methods were likely to be
more effective against burrowing shrimp than carbaryl. In contrast, we suspéct that there are
other pesticides that have equal or greater toxicity (or potency) to arthropods than carbaryl, with
which growers have had little opportunity to evaluate (T. DeWitt and T. Wildman, pers. obs.); -
see Sections 6.1.3 and 6.1.4. Also, sediment barriers may be as effective as carbaryl at killing
shrimp based on our experience using this method to defaunate experimental sediment plots .
(T. DeWitt, pers. obsv.); however, their efficacy on a large scale is difficult to judge. In our
experience, shell pavement appears to be far more effective against ghost shrimp than against
mud shrimp (see Section 6.3.6), but would probably be less effective than carbaryl.
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 The growers judged that most of the methods were technically feasible to apply on

oyster beds, with the possible exception of the electroshock/ultrasound method, but none were
scored as having achieved a high level of technical development. The methods with the
greatest promise for successful technical development were enhancement of predators and
shell paving; based on recent advances, we would add “other pesticides” to this list (Section
6.1.3). In ourjudgement, the technology for sediment compaction is available; as practiced in

“the past, sediment compaction was not effective, but with newer swamp tractors and methods
of killing the shrimp as they emerge onto the sediment, improvements are possible.

The 'growers felt that most of the control methods would be more expensive to apply

than carbaryl pesticide. On the other hand, the cost of harvesting burrowing shrimp as a
saleable product in itself might generate enough revenue to outweigh the cost of carbaryl.
Shrimp control methods on this list that show greatest promise for further technical
development are other pesticides, predator enhancement, sediment barriers, sediment
compactioh shell pavementing, and hérrowing They may not all be as effective as carbaryl at
managing the damage caused by burrowing shrlmp, none has been proven as an economically
viable control practice for commercial oyster beds, and each may have unexpected adverse
“environmental impacts; however, these six methods still show the greatest promlse of utility for

the future.

Table 6.3 and Table 6.4 summanze the evaluatzon by five oyster growers and six non-
grower experts, respectlvely, of the Iong-term non-target effects of 11 shrimp control methods
(i.e., the ten used in the previous evaluation plus carbaryt pesticide). People we interviewed
were ésked to score the long-term irhpacts of eéch method on environmental and human
resources, with scores from 1 for highly detrimental to 10 for highly beheficiai; a value of 5,5
would, therefore, be equated with “no long-term effect’. Several patterhs emerge frém these
tables.

. First, both growers and non-growers felt that most shrimp control methods would
have either a beneficial effect or no-effect on most environmental and human
resources. This response is demonstrated by the comparatively few dark-

shaded cells in both tables relative to unshaded or lightly shaded cells.

. Second, there were no major conflicts between evaluations made by growers
and those made by non-growers. That is, in no case did growers rank a method
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as beneficial to a specific resource and non-growers rank it as detrimental to the
same resource. ) ' o

. Third, growers, as a group, tended to be more environmentally conservative
about non-target impacts of control methods than non-growers, as a group. This .
is reflected in the greater number of shaded cells in the grower’s evaluation (24;
Table 6.3) than in the non-grower’s evaluation (15; Table 6.4).

. Fourth, pesticides and predator enhancement were viewed as having beneficial
effects on several environmental and human resources. Growers viewed more
resource categories as benefitting from these two control methods than did non-
growers, In particular, growers viewed carbaryl as beneficial to all cétegories of
environmental resources_;

. Fifth, environmental resources were more likely to be detrimentally affected than
human resources. Water quality, fish, eelgrass, and benthic Envertebrates were
recogn;zed as the most vulnerabie environmental resources, and hea!th was
identified as the most vuinerabie human resource.

. Sixth, non-growers and growers in combination felt that other pesticides,
sediment barriers, substrate compaction, clay injection, water jets, and Electro-
shocking- ultrasound could adversely affect three or more categories of
environmental and human resources. Of these, sediment barriers, substrate
compactibn; and clay En;‘ection were viewed as impacfing the éréatest range of
resource categories. | o | |

. ' Finally, only three shrimp control methods were viewed as being without
| substantial, long-term detrimental impact: carbaryl pesticide, predator
enhancement, and shrimp harvest. Shell pavement was viewed as being
detrimental to eeigrass, but was otherwise scored as having no effect on

resources.
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6.6 INTEGRATION OF CONTROL MEASURES

Relatively little work has been conducted formally to investigate the benefits of
integrating different control measures to control burrowing shrimp on oyster beds. However, as
terrestrial growers have learned, using pest control measures that compliment one another and
taking advantage of the ecology of the pest and its natural enemies can reduce the damage

caused by the pest without résorting to drastic tactics in the arsenal. [n this section, we
speculate on possible opportunities for integrating control methods and suggest some
promising possibilities that could be investigated. How_evef, it must be recognized that none of
these integrated control methods have been tried on a commercial-scale oyster bed (and in
several cases, they are completely untried), that their effectiveness at controlling burrowing
shrimp is not known, and that they might have unexpected adverse effects on oyster vields or "
estuarine organisms. Thus, we are not recommending that any of these integrated methods be
put into practice, but that they be consndered as suggestzons for future mvest:gatlon

Shell Pavement and Predation. Shell pavement can hinder the burrowing of ghost shr[mp and
attracts YOY Dungeness crabs that will prey on recruiting ghost shrimp. This was discussed in
Section 6.3.6. |

Chemical Contro! and Predator Habitat Enhancement. Eelgrass beds (which serve as
habitat for burrowing shrimp predators) may be vulnerable to disruption by ghost shrimp-.'
particularly from the burrowing activity of shrimp at the margin of the bed. Application of
pesticide (carbaryl) to kill ghost shrimp can result in growth of eeigrass on substrates formerly
devoid of vegétation (L. Bennett, pers. obs.; B. Dumbauld, pers. comm.). initial application of
pesticide to promdte the development of eelgrass, or the targeted use of pesticide to control
ghost shrimp around the perimeter of eelgrass meadows (probably by hand spraying) could
serve to enhance eelgrass bed size, which in turn might enhance the local abundance of
burrowing shrimp predators.

Chemical Control and Shell Pavement. Shell pavement applied over existing ghost shrimp
beds will rapidly sink into the sediment, which is softened as a result of bioturbation by the
shrimp. Application of a pesticide (carbaryl or suitable alternative) to eradicate the shr'imp' 'prior
to applying the shell will greatly increase the lifespan of the shell 'layef (B. Dumbauld and K.
Feldman, pers. comm.). '
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Chemical Control and Physical Barriers. As with shell pavement, application of a pesticide |
to remove burrowing shrimp prior to laying down a physical barrier (particularly a semi-
permeable barrier) would increase the lifespan of the barrier as well as simplify its installation.

Timing of Control Actions (Chemical, Biblogical, or Physical) with Recruitment of

~ Shrimp. As described in Section 6.3.3, burrowing shrimp may be most vulnerable to physical
disturbance or predation immediately following settlement of new YOY recruits, which is spring
for mud shrimp and fall for ghost shrimp (see Section 4.5). Recruitment may be the dominant
process controihng population growth of burrowung shrimp. Targeting control pract:ces to kill

. YOY shnmp may be more effective than targetlng adults.

Sedlment Compaction (or Harrowmg) and Shrimp Harvesting or Predation. Disruption of
the substrate by sediment compaction or harrowing can cause adult burrowing shrimp to
emerge onto the sediment surface. Mechanical harvesting of the shrimp (using ne_té) or
enhancement of predators might increase shrimp mortality. Timing this activity to follow
recruitment of shrimp would increase the duration of the control meas'ure. Methods of
enhancing predation could include release of predators onto beds folloWing substrate disruption
(YOY Dungeness crabs or staghorn sculpin probably offer the best chances of success),
attraction of predators to the site (this might be especially effective for birds), or conducting the
operation in close proximity to predators’ habitat (such as eelgrass beds). These methods
mfght be best applied to barren oyster ground (i.e., before dysters are placed on the substrate)
because of the damage the physical control methods would éau=se to the oysters.

Predator Habitat Enhancement and Cultural Practices.” Promoting the growth of eelgrass
meadows on or adjacent to bottom cuiture or longline oyster beds might enhance the local
abundance of burrowing shrimp predators (especially fish and crabs). Methods might be
developed to minimize eelgrass interferences with oyster culturing. For example, it may be
possible to “grow” strips of eelgrass meadows across oyster beds and to culture oysters
between the meadows. This is analogous to strip cropping or companion planting in terrestrial
agriculture. Studies would have to be conducted to determine if the presence of eelgrass beds
reduces bu'rrowing shrimp abundance (particuiaﬁy ghost shrimp), and if so, what diménsions of
oyster ground and eelgrass meadows maximizes the reduction of shrimp popuiatlons It should
be recognized that tidal currents movmg between eelgrass beds can erode sediments and
thereby create sloughs on the tideflats that are detrimental to bottom culture of oysters (L.
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Bennett, pers. obs.); thus, the spacing of eelgrass beds would need to set so that erosion is
minimized. '

Diking and Damming and Predator Enhancement. As described above, foraging by finfish
and crab predators is limited to when the tide flats are inundated with water. Creation of
artificial tide ponds by diking and damming intertidal oyster beds, thereby creating habitat that
might allow the fish and crabs more opportunity to prey on burrowing shrimp. The hydrostatic
pressure of water in the ponds would likely restrict the depth of such pools to a few inches, thus
fimiting this system to smali predators, such as staghorn sculpin and Dungeness crabs.
Additional actions might be needed to attract sufficient numbérs of predators to the ponds, such
as provision of favored habitat elements or baits with food or reproductive chemical attractants.
The effectiveness of these methods might be further enhanced if they were used during periods
of burrowing shrimp recruitment.

Diking and Damming and Low Salinity. Since neither species of burrowing shrimp can
tolerate IoW-salinity (<5%o), tidal ponds created by diking and damming might be used to retain
low-salinity or fresh water on the tide flat during low tide, thereby prolonging the period of time
that the shrimp are exposed to natural lethal conditions. Furthermore, the hydrostatic head of
the water in the ponds might help force low-salinity water into the burrows of the shrimp and |
increase their exposure to the lethal conditions. This method might be more readily used
against ghost shrimp than mud shrimp, because ghost shrimp are less tolerant of low salinity.
Unless growers had the means to pump large volumes of freshwater into these pools, use of
these methods would probably be limited to periods of fiooding and heavy rainfall, which might

not be especially convenient or safe times for oyster growers to be on the water.

Harrowing and Low Salinity. Similar to the previous integrated method, harrowing might heip
mix low-salinity water into the sediment, bringing the shrimp into greater contact with natural
lethal conditions. Obviously, this method would require that the salinity of the water overlying
the tide flat be low (<5%o), such as during freshets and floods. One major uncertainty is
whether harrowing could significantly alter the porewater salinity. This method might be more
effective against YOY shrimp than adult shrimp, because their burrows would not extend far
below the sediment surface; disruption of the sediment by the harrow would be greatest in the
upper few inches of the tide flat. As with diking and damming, this method might be more
effective against ghost shrimp than mud shrimp because of a lower tolerance to low-salinity
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conditions. Because harrowing can cause oysters to sink into the sediment (.. Bennett, pers.
obs.), this method might best be applied to oyster beds either just prior to harvesting (or
transplanting in the case of immature oysters) or on barren beds (prior to setting out oysters).
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A. Nahcotta (310 ghost shrimp/ m2)
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Figure 6.1 Comparison of mean percentage of shell cover (+ 1 SE) on “treated + shell” and
“untreated + shell” piots on (A) ghost-shrimp infested ground at Nahcotta and
(B) mud-shrimp infested ground at Cedar River, Willapa Bay. Values at top of
panels are mean shrimp density at start of experiments (K. Feldman, B.
Dumbauld, and D. Armstrong, unpubl. data).
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Figure 6.2  Mean densities m? (+ 1 SE) of young-of-the-year (YOY) ghost shrimp and YOY
mud shrimp on experimentai plots at Nahcotta, Willapa Bay, in June 1995. Note
that ghost shrimp were present in all treatments except “reated + shell” plots,
whereas mud shrimp were absent in all treatments except “ireated + shell”

(K. Feldman, B. Dumbauld, and D. Armstrong, unpubl. data).
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Figure 6.3  Mean densities m (:t: 1 SE) of cultch (shells covered with oyster spat) on
experimental piots on ghost shrimp ground at Nahcotta, Willapa Bay (K
Feldman, B. Dumbauld, and D. Armstrong, unpubl. data). _
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7.0 CRITERIA FOR INITIATING CONTROL PRACTICES

IPM requires that scientificaily based, objective criteria be uséd as the basis for deciding
when and where control tactics are to be deployed. in this chapter, we review and evaluate
existing criteria used to decide which oyster beds qualify for carbaryl pesticide treatment,
theoretical models used in IPM to develop decision criteria and thresholds, and the appi'icability
of those models to the control of burrowing shrimp on oyster beds. Critical thresholds of pest
densities are typically generated from these models, from which sampling plans are developed
to determine whether the abundance of the pest has reached or exceeded the threshold. At the
end of this chapter, we demonstrate how a sampling plan should be developed in order to
implement the decision criteria.

74 REVIEW OF EXISTING CRITERIA AND THRESHOLDS

Carbaryl pesticide has been the dominant method used to control burrowing shrém_p on
oyster beds since the 1960s and is the only control method for which treatment criteria or
thresholds have been formally developed. A threshold density of 10 burrows per square meter
(b/m?) has been used since 1978 (actually, 10 b/y? from 1978 to 1985) to determine whethér
there was sufficient need for carbaryl treatment (WDFNV DOE 1985). Beds with densities of
5 b/m? to 10 b/m® were evaluated on a case-by-case basis by regulatory agencies (WDFW)
until 1985. These thresholds were established based ona determmahon by WDFW staff that
some decision criteria were necessary and that growers typically did not apply for carbaryi -
permits when beds had an average density of fewer than 5 b/m® (D. Tufts and B. Dumbauld,
pers. comm.). . |

As was discussed in Chapter 4, oyster growers conduct burrow-count census surveys in
March and April so that these data can be included in applications for permits to treat beds with
carbaryl. The seasonéi timing of the surveys is dictated by the WDOE (and previously,
WDFW) which requires that the appilcataons be submitted no Iater than May. The May
deadline is required so that the agency has sufficient time to review the appllcattons and issue
permits prior to the mid-summer low tides when carbaryl spraying must be scheduled.
However, there is compelling evidence that burrow counts made in early spring bear no
relationship to the true number of burrowing shrimp that constructed the burrows (Fig. 4.8 top;
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see discussion in Section 4.6).' .Burrow' coUnts taken fro'm. May to October provide more
accurate predictions of burrowing shrimp population densities. However, the burrow/shrimp
relationship can also vary with location (Fi'g. 4.8 bottom). Thus, the accuracy of a treatment
threshold of 10 b/m? based on pre-May burrow counts is highty suspect. AIthodgh state
fisheries biologists have known about this for some time ('t'Uf_ts and Cooke 1983}, it is likely that'_
the current threshold has been reta_inecf because of the institutional co_n_straiht thst_growers |
must complete burrow-count census sorveys by April to meet the May filing d_eédline. Thus,
institutional and regulatory constraints force the _groWers and regulatory'biologists to rely on
inaccurate inforrhation to make decisions on which oyster beds merit treatrhent by _carbaryi.‘

We could not find any data relating the density of burrowtng shrimp (or their burrows)
and the damage caused to oysters. Dumbauld (1994) conducted several studies examining the
relationships between burrowing shrimp density, carbaryl treatment, and the survivai of oystors
{primarily seed) at different spatialhscales and in different locations within Willapa Bay. He
found rapld loss of seed in ghost shrimp beds associated with high shrimp densities, but could
not establish a densﬁy-damage relationship attrebutable to the ghost shrlmp occupymg his
expenmentai piots (i.e., sediment resuspensnon by shrimp on tide flats surroundlng the piots
interfered with the expenmental treatments on his piots). Dumbauld also found relatively lower
rates of seed burial assocsated with hlgh densities of mud shremp, but he was likewise unable to
measure an smpact that was unequwocalty caused by the mud shrsmp on the experimental plots
(see discussion in Section 4.7. 1). Armstrong et al. 1992) reported that oyster shell sank or
was buned when ghost shrlmp densntles exceeded 40/m but did not mvestigate iower densmes
other than 0/m?; thus, their data suggests a threshoid would be between 0/m? and 40/m2. There
is no doubt that ghost and mud shrimp have a deleterious effect on seed and adult oysters but
insufficient research has been conducted to objectively quantify the relationship between
shrimp density and oyster loss for either species.

Furthermore, the current critéria and threshoids do not diétihguish between ghost shtimp
and mud shrimp', even though growe:rs and biologists know that the two species have different |
impacts on oysters. As was previously discussed, ghost shrimp and mud shrimp have different
life histories hsbitat requiremerits, feeding behaviors, and eﬁects on other benthic organisms
(Chapter 4). Add|ttonally, mud shnmp typically construct fewer burrows/shnmp than do ghost
shrimp (Fig. 4.9), further obscuring the predlctwe accuracy of the burrcw«count census data

Burrowing Shrimp |PM Plan 7-2




Thus, the current threshold for carbaryl treatment does not distinguish between pest species
that have different capacities to harm oyster crops.

Clearly, there‘ are serious flaws in the current criteria and thresholds for deciding when
and where to apply carbaryl to control burrowing shrimp. institutional constraints and lack of
knowledge about cause-and-effect relationships (i.e., shrimp density and damage to oyster
yield) underlie the problems with the 10 b/m? threshold. Continued reliance on the existing
burrow count method may lead to failure to treat beds that need shrimp control (causing
economic impacts) or the treatment of beds that are not ih immediate need to treatment
(causing unnecessary short-term environmental impacts).

Obvious ways of remedying this situation involve directed studies to determine the
relationship between shrimp density and damage to oysters, improvemeﬁts to the methods to
census burrowing shrimp, and development of models to predict future (1-year hence) densities
of burrowing shrimp. These studies could be conducted over a 2-year period. Additionally,
regulatory agencies should change their permit review process to reduce the turnaround time
from application to'decision to enable a more reliable shrimp density data (i.e., collected in May

or June) to be used to assist the decision-making process.

7.2  OVERVIEW OF DECISION-CRITERIA MODELS IN TERRESTRIAL IPM

Integrated pest management (1PM) programs can provide individual pesticide users with
techniques proven to reduce pestidide use. Four general goals of IPM are to 1) reduce pest
status; 2) ensure producer profits; 3) attain environmental compatibility; and 4) produce
sustainable solutions to pest problems. Traditionally, IPM uses economic injury level (EIL) and
economic threshold (ET) models to establish objective criteria that are used to determine when
and where control tactics are deployed. The EIL and ET concepts emerged as an
encouragement for the more rational use of pesticides (Stern et al. 1959}, and to date, have

“been used only for chemical control tactics (L. Higley, Nebraska State University, pers. comm.).

The EIL indicates where management of a pest is economically justified. Thus, the EIL
is the density of pests that causes economic damage to the crop (per unit of production) that is
equal to the economic cost to manage the pest to that density or lower (Fig. 7.1). The term
“sconomic” in EIL implies the original intent of enabling the grower to save money by |
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eliminating unnecessary pesticide applications. Reduction of pesticide usage is a coincidental,
albeit highly important and desirable consequence of using EiLs (Flint and Van den Bosch
1981). Stern et al. (1959) defined ET as the population density at which control measures
should be implemented to prevent an increasing pest population from reaching the EIL. The ET
differs from the EIL in that it uses information about the population growth rate of the pest to
determine when control efforts should be initiated to prevent the pest population from reaching
the EIL density. Thus, the ET is the actual “trigger” for the initiation of control methods.

The EIL and ET concepts were originally designed as decision tools to be used within
the context of the IPM approach to controlling insect pests of agricuiturat crops. Stern et al.
{1959) envisioned these ideas as critical parts of the concept of integrated control, a new
approach at the time, recommended as a replacement for the overly simplistic plan of “ideﬁtify”
and “spray” (Pedigo 1989). The utility of the EIL and ET as pest management practices
assumes that control actions can be taken sufficiently quickly when the pest density reaches
the ET that the grower can actually prevent the pest density from reaching the EIL, thereby
preventing loss to the crop. '

7.2.1 Economic Damage and the Damage Boundary. Economic damage was originally
defined as the amount of injury that will justify the cost of artificial control measures. Pedigo
(1989) suggests distinguishing between injury and damage. He defines injury as the “effect of
pest activities on host physiology that is usually deleterious. Damage is a measurable loss of
host utility, most often including yield quantity, quality, or aesthetics. Therefore, injury is
centered on the pest and its activities, and damage is centered on the crop and its response to
injury” (Pedigo 1989, p. 244).

As the concept is applied in terrestrial pest management, economic damage begins to
occur when the cost of suppressing pest injury is equal to the potential monetary loss from a
pest population. Pedigo (1989) further defines the term “gain threshold” as the beginning point

of economic damage. The gain threshold can be expressed as follows:

Gain threshold = Manaqement costs ($/acre) = bushels/acre Equation 1
Market vaiue ($/bushel)

Gain threshold is expressed as a unit of measure of the marketable product per a
specified land area. Following from the previous example, if management costs for application
of an pesticide are $10 per acre and the harvested product is marketed for $2 per bushel, the
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gain threshold would be 5 bushels per acre. In other words, at least 5 bushels per acre would
need to be saved with a pesticide application for the activity to be profitable (Pedigo 1989,
p. 245).

Pedigo {1989) defines another important damage level: the “damage boundary,” which
is defined as the lowest leve! of injury at which damage can be measured (Fig. 7.2). The level
is reached before economic damage occurs and is a necessary complement to the idea of
economic damage; i.e., no injury level below the damage boundary merits control, and injury
estimated to rgsult in economic damage does.

7.2.2 Economic Injury Level. Stern et al. (1959) first proposed the EIL and defined it as the
pest level at which the cost of control is equal to the benefits derived by controlling the pest.
Pedigo (1989) later suggested an alternative definition, in which EIL is the lowest number of
pests that will cause economic damage. Simple terrestrial IPM models are based on
knowledge of the market value of the crop, the population density of the pest, and the
 relationship between the density of the pest and the economic damage it causes to the crop.
This can be expressed aé:

C Equaﬁdn 2
P e VxD | |
where' 'P = ‘density or intensity of pest population (for example, pests/acre)
C = cost of management per area (for exampte, $/acre)
4 = market value per unit of produce (for example, $/acre)
L = - loss per pest or the damage/density function (for example, (bushels/acre)
divided by (pests/acre).

Note also that C and V are the same variables that define the gain threshoid (Equation 1).' The
simplest EIL model therefore is

Gain Threshold
Loss per Pest

EIL =P = Equation 3

Burrowing Shrimp {PM Plan 7-5




Thus, the EIL population level is related to 'Io'ss to the crop (per unit area) fhrough the
damage/density function, and to the ratio of the cost of pest control to the value of the crop (pér |
unit area) through the gain threshold. A pest population is considered to cause an economic
loss when its density equals or exceeds the EIL, and management activities are economically
justified. Pest population densities below this level and whose potential growth will not allow
them to reach this leve! are considered sub-economic and no management is advised (Fig.
7.1}

7.2.3 Economic Threshold. The economic threshold (ET) is probably the best-known term
and most widely used index in making pest management decisions in terrestrial IPM. As
described above, the ET is the population density at which control measures shouid be used to
prevent an increasing pest population from reaching the EIL (Stern et al. 1959). Pedigo {1989)
and others sometimes refer to it as the action threshold. Although originally Stern et al. (1959)
expressed ET in pest numbers (or population density), the ET is really a time parameter, with
pest numbers being used as an index for when to Empiemént management (Fig. ‘7.3). That is,
pest numbers are used as an indicator of that time when future pest injury is likely to cause
economic damage (Halil Aand‘ Norgaard 1973). If a pest population is growing as the season
progresses,: growth rates are predicted, and the ET is set below the EIL. By setting the ET at a
lower value, one is essentially predicting that once the population reaches the ET, chances are
good that it will grow to exceed the EIL. Therefore itis appropnate to take acnon on an earlier
date, before [osses are mcurred from reaching the EIL (F’edlgo 1989).

The use of numbers as a temporal index requires substantial understanding of how a
pest population is changing over time. Pedigo (1989) suggests that because we can rarely be
certain about the population-time relationship, the ET aiWéys has been estimated and never
calculated. Furthermore, becauée the ET is set (often arbitrarily) at a level other than the EIL, it
is predictive; therefore, some degfee of uncertainty (usually a great deal) is involved in its use
(Pedigo et al. 1989). Contrary to Pedigo’s comments, other researchers (Onstad 1987;
Bechinski et al. 1989) suggest that ET can; in fact, be calculated. It remains to be seen,
however, the extent to which can be achieved for burrowing shrimp populations.

From this discussion, it should be clear that the ET is a complex value. It is based on
the EIL, a value of economics and a potential for injury, and it relies on an understanding of
population dynamics of the pest. In instances in which the population dynamics of the pest
species is poorly understood (i.e., population growth rate cannot be predicted), the ET may be
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set equal to the EIL or arbitrarily below it. An ET lower than the EIL has the great advantage of
giving growers time to respond to a problem deve!opmg in a field or other habitat.

7.2.4 Calcu!ation of Decnsnon Thresholds. In developing economic indices for pest -
management decisions, the principal level to estimate is the EIL, because it includes the basic
damage potential of a given pest population (Pedigo 1989). It can be used as the ET, oran ET
can be determined from knowledge of the EIL and population dynamics. In either situation, the
EIL must be known first {Pedigo 1989). The calculation of an ET for a pest is a continuing and
site-specific process, because new values are required with changes in the input variables:
Consequently, with changes in market values, management costs, and the susceptibility of the
crop to damage, recalculation is necessary. Additionally, several EiLs may be required to
account for different cultural conditions, seasonal or annual changes in crop development, and
" consequential changes in susceptibility to the pest. o

As discussed previously, the steps required to calculate the EIL are as follows:

1. Estimate the loss per pest or damage/density functlon (L)
2. Determine the gain threshold (Equation 1)
3. Calculate the EIL.

Of these stepé the first is by far the most difficult. Crude estimates of losses are
usually obtained from fleid observation and expenmentatlon with various-sized pest populations
on a crop at spec:fzc times. Subsequentiy, yields are measured and losses caused by the pests
are determined (See Pedigo 1989, p. 264 for an example). It should be noted that the
damage/density function need not bé linear and is, in fact, most likely to be non-linear {Onstad
1987).

7.3  LIMITATIONS OF THE BASIC Ei. CONCEPT

Mumford and Norton (1984) suggest that the use of conventi'onal Eil.s and ETs is “an
operational, if not an ideal, decision rule.” its simplicity is one reason that the EIL concept has
persisted for more than 25 years (Stefano'u 1984). However, some authors have criticized the
original EIL concept because it is too simple and overlooks the influence of other production
factors that can affect the crop/pest system (Regev et al. 1976). it has also been pointed out
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that other important externalities are left out by the decision makefs who use the original EIL
concept. Such exfernaiities include interseasonal dynamics, biological reiaticnships with other
pests and predators, environmental impacts due to control methods, resistance to pesticides,
effects of control in neighboring fields, and health problems re!eting to pesticides (Regev et al.
1978). In addition, decision levels for management of some types of pests cannot be
determined with ElLs. Many vectors, medical pests, and pathogens often do not have a
quantitative relationship between damage and injury. Consequently, they are not amenable to
calculated ElLs (Pedigo 1989). Finally, ElL.s are of limited use with preventative measures,
such as host-plant resistance and most forms of ecological management (Pedigo 1989). Two
of these shoricomings are discussed in more detail below. |

7.3;1 Dy'nemics'i'n Econom'iculniury”t_evéls. Ear!y't'hresholld models disregarded the dynamic
nature of pest populations, product markets, pest costs, and efficacy (Harper et al. 1994). Itis

. clear, however, that economic levels are very dynamic. They fluctuate with changes in costs,
values, and production environments. The major forces behind change in economic decesmn
levels, as shown in the previous equations, are 1) crop value, 2) management costs, 3) the
degree of injury per pest, and 4) crop susceptibility to injury (Pedigo 1989).

Crop value is one of the most vanable components of the EIL. It alone accounts for
much of the change in ElLs. The relatlonshrp between EIL and market values is inverse; as
market values mcrease EiL decreases and vice versa. As a general rule, estlmates for EIL
calculation are based on current or past records of crop value, Pedrgo (1989) suggests that
these values should be forecasted for the antrcrpated date of sale to reflect the expected
“increases or decreases in value. Note that the quality of a commodrty may be of overriding
importance in determining market values. In such situations, the value of’ the desired grade
should be used in EIL calculations (Pedigo 1989, p. 250),

Management costs must be estimated before the wisdom of an action can be assessed.
As management costs increase, the net benefit of control decreases. Consequently, Ell.s must
be raised to accommodate the higher gain thresholds. Most years, management costs tend to
be 'm.ore stable than crop market values. These costs include labor, materials, and equipment.
Management costs usually charige gradually depending on inflation and are therefore
reasonably predictable (Pedigo 1988, p. 250).

Burrowing Shrimp IPM Plan | 7-8




The degree of injury-per-pest is determined by both the pest and the host. For the
purpose of calculation, injury-per-pest hes usually been assumed to be linear. That is, injury is_
expected to double with tW|ce as many pests. However, high densities have been shown to
reduce injury-per-pest wath some species because of interference between mdmduale and
relative shortages of food. However, Pedigo (1989) recommends that _uniess_ there are other
indications to the contrary, pests should be considered in an additive manner in estimating
injury fer EILS. Such an approach vyields conservative estimates in decision makfng (Pedigo
1989, p. 255). | | h

The reiationship between injury and crop yield or utility is the most fundamental factor of
the EIL. This relationship provides the biological foundation on which economic and practical
constraints can be superimposed (Pedigo 1989). The four major factors involved in injury/crop-
response relationships are 1) time of injury with respect to host growth, 2) type of injury;

3) intensity of ir’tjury, and 4) environmental influences on the host’s ability to withstand injury
| (see Pedigo 1988, pp. 256-260 for more details).

Although the relationship among all these factors is relatively straightforward, complexity
is evident when attempting to predict variability in the factors themselves. The primary factors
are affected by complex secondary variables, such as the host-damage/pest-injuty relationship,

“and tertiary variables, such as weather, soil factors, biotic factors, and the human social
environment, that change the function of the secondary variables. Consequently, the primary
factors are not simple constraints; rather, they are complex processes that operate through time

- (Pedigo 1989). Some authors (Marper et al. 1994) have attempted to develop frameworks for

flexible ETs that can be implemented in the field. These thresholds take into account changes
in economic and production conditions and the dynamic and stochastic nature of pest
populations. ' '

7.3.2 Environmental Costs. Another major shortcoming of the EIL concept receiving recent
attention is that it does not explicitly address environmental concermns (Higley and Wintersteen
1992; Pedigo and Higley 1992) and, as such, does not take advantage of a means of
decreasing pesticide inputs. That is, it does not account for the externalities associated with the
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use of pesttc:des The existence of externainties resuit in higher prlvate Eevefs of peshc:de
usage compared wath the socnaliy optzmai levels. It has been recommended that in order to
most efficiently use peshcudes, the EIL must be elevated, proqumg incentives for less frequent
treatment and acceptance of marg:nal increase in damage equa! in value to the external costs
imposed. ElLs and other IPM criteria do not prov:de users with information on choosing the | _
least env:ronmentaily hazardous pestlcsde when a pestlczde must be used.? Expanding the EiL
concept to take into account environmental risks is an important objectwe and has the potentta!
to improve IPM decision making, potentially resulting in ever-decreasing pesticide inputs while |
maintaining production and profitability. Higley and Wintersteen (1892) point out that to include
environmental risks in ElLs, it is necessary to identify risks, rank their relative importance, and
make a monetary estimate of the value of avoiding these risks. However, the estimation of
environmental costs of pesticide use -- assigning monetary values to potential environmental
hazards posed by a single pesticide application -- has been particularly difficult,

Over the years, various economic techniques have been developed to estimate the cost
of nonmarket goods, such as environmental quality. Of the most common épproaches (travel
cost, hedonic price, and contingent valuation}, only contingent valuation seems applicable to the
problem of environmental césts associated with the use of a pesticide. The contingent
valuation approach is a procedure for directly eliciting, through surveys, people’s value of or
willingness to pay for nonmarket goods. The legitimacy of contingent valuation for estimating
costs of nonmarket goods has been debated recenﬂy; however, recent studies demonstrated
that contingent valuation works as well as alternative methods. The first use of the contingent
valuation approach in IPM was by Raupp et al. (1987) (although it was not identified as such).
Other entomolegical studies that have employed contingent valuation to assess the value of
managing medical insect pests include John et al. (1987) and Reiling et al. (1988).

! Some authors (Pimental and Perkins 1989) suggest that IPM context implicitly does address environmental concerns, Simply
because there is not an environmental component in the simple Eil. equations does not mean that IPM practioners do not make
allowances for environmental concems. Those allowances come in many forms: the choice of specific pesticides, application
method, timing, non-target considerations (drift), presence/absence of naturat anemies, the pest/enemy dynamics, and so on.

? On the other hand, ‘some authors (Pimentel and Perkins 1989) claim that IPM does provide contingencies on pesticide choice.
For example, in the treefruit industry of Washington state, apple growers have been enjoying the rewards of successiul IPM of
mites as a result of the voluntary avoidance of pyrethroid insecticides, which are highly toxic 1o predatory mites. Many growers
have not used & miticide in decades as a resull. In this sense Higley and Wintersteen (1992) would have one believe that nothing
has changed since the 1950s and 1960s, IPM, as practiced today, is actually faidy far advanced as far as environmental sensibility
is concermned, and that is one of the fundamental reasons why it has endured and will continue to evolve as our understanding
grows (T. Wildman, pers. obsv.}.
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More recently, Higley and Wintersteen (1992) have developed a model that considers
the risks to various environmental categories by specific pesticides and assigns a cost to those
risks. Environmental categories include specific aspects of water quality, effects on non-target
‘organisms, and human health. Key elements of the model are that risks are determined by
objective criteria and that the relative importance of risks to different categories and the
monetary values of avoiding different levels of risk are estimated through a contingent valuation
survey. This information is then used to calculate environmental costs for specific pesticides.
The environmental cost data are used to calculate environmental ElLs, which include both
economic and environmental criteria for making management decisions regarding pests. The
procedure is performed to:

. establish levels of risk (high, moderate, low, and none) for individual pesticides in
specific environmental categories

. use a contingent valuation survey to determine the relative importance of each
environmental category (the importance of an individual category divided by the
total importance for all categories), and risk costs (the monetary value of
avoiding high, moderate, and low levels of environmental risk)

. calculate the environmental cost of a pesticide in each environmental category
by multiplying the relative importance for the category by the risk cost
appropriate to the level of risk the pesticide poses to the category

. add the environmental costs for each environmental category to determine the
total environmental cost of a given pesticide

. incorporate costs for each environmental costs into.the conventional EIL
calculation by adding environmental costs (EC):

environmental EIL = (PC + EC)/(VxL) Equation 4

Higley and Wintersteen (1992) poiht out that esfablishing environméntal costs is
perhaps the most controversial aspect of their proposed method. The “true” environmental
costs need to reflect the opinions of all of society. Presently, however, use of ElLs is entirely
voluntary. Therefore, establishing environmental Eils based on environmental costs that are
greatly at odds with producers’ views could diminish their acceptability and ultimately limit the
use of environmental ElLs. Consequently, Higley and Wintersteen believe that establishing
environmental costs from producers’ opinions is a necessary and appropriate approach. In fact,
given that the current approaches to environmental risk assessment rely almost exclusively on
“expert” opinion, it is believed that there is a place and need for broader perspectives on
environmental risk (Higley and Wintersteen 1992). Resuits of the study performed by Higley
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and Wintersteen (1992) indicate substantial éoncerns by fieid crop producers regarding
environmental hazards from pesticide use, so opi_hions of growers and the public regarding
en\}iron,mentaﬁ risks may not be greatly differe'nt. They recommend that the only way to resolve
this issue is to survey the public to estimate society’s perception of environmental costs for a
single use of é pesticide. Avoiding strategic and hypotheﬁcal biasés in such a survey would be
difficult, given that most people are unfamiliar with the use, risks, and economics of agricultural
pesticides. If these biases can be avoidéd, however, any differences betWeen producers’ and

the public’s opinions regarding environmental costs could be 'quantified.

Higley and Wintersteen (1992) point out that when using the contingent valuation
method to estimate environmental costs, survey respbnses will differ with geographical location.
Therefoi'e, additional surveys are necessary for a national use of this apprbach. Also, because
pesticides and costs differ substantially among commedities, additional information would be
needed before environmental ElLs could be implemented for commodities other than field
crops. Nor should agricultural groups be the.oniy audience surveyed. Finally, since.
environmental cost estimates will vary through time, as a practical alternative to conducting
annual surveys, environmental costs could be indexed to inflation and recalculated each year.

Pedigo and Higley (1992) point out a fundamental question with regard to environmental
ElLs: who should pay for them? They suggest two solutions: 1) consumers and farmers, who
accrue the most benefits from pesticide use, should accept some costs associated with
avoiding environmental injury, perhaps through emitter taxes, the costs of which would be
passed on to the consumer; or 2} society should absorb costs of harmful effects of pesticide
use (through subsidies or tax inéentives) iri order to maintain an abundant and inexpensive food
supply. The alternative is, of course, to develop a system of cooperative use of elevated EilLs. .
_Thé ultimate solution to this question remains a subject of social and pqlitical debate.

Research into environmental costs associated with various control methods should be a
high priority project. Note, however, that any esitmate of environmental costs may be highly
contentious. A number of stakeholder groups may see these estimates as a threat to their
livelihood. In addition, while rnodeis to estimate the monetary value of environmental damages

- exist, there is some debate withih the academic community as to the reliability of estimates
generated by certain methodologies under certain circumstances. This may add fuel to the fire
of those that feel the addition of environmental costs to EIL will result in recommendations of
unnecessarily lower level of pesticide usage. |
Burrowing Shrimp IPM Plan 7-12




7.4  STATUS OF BURROWING SHRIMP EIL. AND ET MODELS

7.4.1 Mode! Selection. Review of the literature as well as discussions with oyster growers and
other professionals in the area, suggested to us that although the use of EIL models could be
useful to IPM in marine and estuarine agquaculture, there are no other examples of such
application. Therefore, it was difficult to decide which model would be most appropriate for
control of burrowing shrimp on oyster beds. Many aspects of the shrimp-oyster interaction and
oyster culture operation are quite different than the pest-crop and crop-culture relationships
found in terrestrial agriculture. For example, the damage done by the shrimp is incidental to
presence of oysters in the system, because the shrimp are not deliberately attacking, feedihg
on, or competing with the oysters. Second, the duration of the interaction can cover 210 3
years and differs with location and the productivity of the waters.

At the outset of the ‘study, we anticipated using terrestrial-agriculture EIL and ET
modeis. We aiso recognized that these models might not be entirely appropriate, and thus
designed our surveys and interviews to collect detailed information ébout_ the oyster growing
and shrimp control process, including detailed economic data that might be useful in more
complex models. However, it became apparent that the traditional models did not adequately
capture the unique aspects of oyster farming and the interactions between burrowing shrimp
and oysters. Some of these issues include the presence of mixed populations of pests,
uncertainty about the damage/density function for either shrimp species and various aspects of
oyster culture (e.g., seed-bed yield, fattening-bed yield, longline yield, etc.), seasonal changes
in the impacts of the shrimp on oysters (e.g., low bioturbation in winter, high activity in summer),
uncertainty of how to characterize or estimate seasonal changes in the impact of shrimp on
oysters, and the fluid schedule oyster growers follow for setting seed, maintenance,
transplanting, and harvesting.

7.4.2 Data. Twelve oyster growers from Willapa Bay and Grays Harbor were surveyed during
in-person interviews and given a take-home questionnaire to fill out on their own regarding the
economics of oyster farming and burrowing shrimp control. Six oyster growers returned the
economic survey to Battelle. The economic data obtained from these surveys were of mixed
quality. We were unable to collect a complete set of economic data in part because of the way
we framed the questions. In many cases, the econpmié data that we requested exists;
however, growers compile the information in a format different than the way we queried them.
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Thus, there were significant inconsistencies in ieporting, making it almost impossible to
compare responses.

From the survey, we were able to derive an estimate for C, cost of management, or the
- cost of applying carbaryl to oyster beds. The mean annual value equaled $1‘33.50 per acre
(n=5), with a range of $112.55/acre to $150/acre. An add-on phone survey yielded an annual
control cost estimate of $140/acre. The various components of the latter estimate were

1) $50/acre for 10 Ib/acre of carbaryl applied at $5/Ib (80% active); 2) $5 to $10/acre fee paid to -
Willapa-Grays Harbor Growers Association; 3) $70/acre for lease of helicopter services; and

4) $10/acre for burrow count survey. For the EIL model, we used the average value of $133.50.

Estimates derived from the survey of the annuaI: market_ value {)f_ oyéter pro'ductio'h per
acre ranged from $718/acre to $6,087/acre, with én average \)aiue of $3,314 per acre {n=6).2
These figures were based primarily on annual yield reported in either galions or bushels times
the 1996 market price, ranging from $15 to $16/galion. Growers reported average yields of
762 bu/acre (= 436 gal/acre) for bottom culture, and 274 bu/acre (= 156 gal/acre) for longline
culture. The per-acre values derived from our survey vary markedly from those reported in
Carkner and Harbell (1992). They report returns of $9,450 (675 gal/acre at 14/gal) for longline
oyster production (3-year rotation) and $8,400/acre (600 gal/acre at $1 4)'gai) for bottom cuiture
oyster production (3-year rotation), generally much higher values than those reported in this
study.” This may be a resuit of lower reported yields from our survey (156 to 436 gal/acre) than
those reported by Carkner and Harbell (600 to 675 gal/acre) for longline and bottom culture, -
respectively. Carkner and Harbell calculated yield and returns for fattening beds only, and itis
unclear whether growers responding to our survey inciuded acreage of both fattening and seed
beds in their calculation of production per acre. Based on our survey, we estimated that the
average market price for a bushel of oysters of $8.22/bu. This value was derived from the
market vaiue of oyster meat ($15.50/gal) muitiplied by the average yield of meat per bushel
(0.53 gat/bu)l__that_ oyster growers reported to us. | | |

At this time, we have no estimates for the loss or damage/denéity function. As
mentioned at the outset of this chapter, no reliable data exist for us to confidently determine the
shape of this function, nor the boundary values. Without this information, it is not possible to

* There is a wide variation in the reported estimates of yiéi'd per acre. This is in part because of significant variation between the
two primary growing techniques (longline and bottom culture) in volume of oysters harvested per acra. Other reasons are
discussed in the toxt,
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proceed with calculating the EIL. We cannot emphasfze strongly enough how fundamental this
information is to development of objective criteria for initiating burrowing shrimp control actions.
The damage/density function should be estimated for both species of shrimp, in different
substrate types, and for impacts to seed oysters, fattening bed oysters, and longline oysters. It
seems likely that this function wilt be different for each of those scenarios. |

7.4.3 Economic Threshold Model. The ET is based on the EiL and the growth rate of the
pest population. Thus, without either an EIL model or an adequate burrowing shrimp populaﬂbn
mode! (see Chapter 4), we cannot recommend an ET. Our inability to develop EIL and ET was
not due to limited data on economic variables (cost of management and value of yield) but to
lack of information on the actual injury caused by borrowing shrimp. In order to accurately
estimate these models we need to develop a reliable damage/density function and a population
grthh model for burrowing shrimp. The lack of this fundamental information ultimately
diminishes the utility of continuing the exercise of developing thresholds using the EIL or ET

concepts.

7.5 RESERVATIONS ABOUT USING TERRESTRIAL MODELS FOR BURROWING SHRIMP IPM

Several authors have noted that few EIL and ET models have actually been developed,
despite the exisience of the model framework since the late 1950s (Pedigo 1989; Higley and .
Wintersteen 1992). The reasons so few models have been developed are because of the
same difficulties as beset us: the lack of fundamental knowledge about the damage/density
relationship, lack of an adequate population model for the pest, the presence of multipie pest
species, and co'mplexities in the culture of the crop and the interactions between the crop and
the pest. As stated above, we have grave doubts about the utility of the basic EIL model,
because it does not account for some of the important features of oyster culture and the
interactions between oysters and .burrowing shrimp. We were also hamstrung by the lack of
quantitative information relating the loss of value of the crop to the density of the shrimp. We,
therefore, cannot recommend the use of the EIL model described here. Furthermore, we
believe that a new conceptual model, or a variant of the conventional model, is required for an
EIL/ET model of the oyster-burrowing shrimp relationship. Finally, we strongly advise that no
matter what model is selected in the future, rigorous field trials be conducted to demonstrate its
predictability before it is recommended for decision-making.
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Additionally, careful consideration should be given as to how the EIL and ET models will
be used. To date, ElLs and ETs have only been developed for pesticide application; they have
not been used to guidé the application of biological or physiéal controls, or ché"nges in cultural
practices (L. Higley, pers. comm.). Thus, oyster-growers and environmental regulators should
be cautious about using these models under new circumstances. One fundamentally important
asbect of to keep in mind is that traditional EllLs and ETs assume that the control practice can be
: Empleménted‘ immediately upon the pest density r_each'ing the ET. This would be true for
terrestrial application of pesticide, but not necessarily for the estuarine seiting where
enwronmentai and regulatory considerations can delay the opportumty to lmplement control
tactics for severai months Thus, this tlme Eag needs to be mcorporated 1nto the ET model.

The fundamental difference between the simplistic EILZET models discussed above and
the models that are ultimately needed for burrowing shrimp on oyster beds is the issue of
incorporating environmental costs and benefits resulting from control of the pests (i.e., the
externalities of shrimp control). In estuaries, farmers share certain ecosystem goods and -
services (such as clean water, plankton, finfish predators) with other stakeholders (i.e.,
commercial and recreational fishers, land owners and private citizens, resource agencies), and
concern about potential impacts of shrimp control to these resources underlies the regulation of
carbaryl and the need for an IPM plan. At the same time, oyster farming and control of
burrowing shrimp (particularly ghost shrimp) provides benefits to estuarine goods and services
(i.e., through promotion of clean water, creation of habitat for crabs, increasing biodiversity of
benthic invertebrates). Thus, both the costs and benefits of control practices must be included
in the EIL.

EIL mode!s that ex1st for terrestnai agncuiture are not wndeiy used and the oyster—
burrowing shrimp system presents a'host of unique and poorly understood propert:es which
prevent us from developing appropriate EIL or ET models at this time. It is therefore not
possible for us to recommend a economscaiiy—based dec:s:on threshold at this time. However, it
is clear that deveiopment of such a model should be a hsgh prtorety for the rational management
of burrowmg shrimp on commerc:lal oyster beds ‘ '
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7.6  OTHER APPROACHES FOR SETTING THRESHOLDS

As discussed above, ElLs and ETs have never been developed for pest control practices
other than pestlcldes (L. Higley, pers. comm.). Despite this, growers use some type of cntena to
decide when to implement other methods of controiling pests. Usually the grower or IPM
consultant will use a “rule of thumb” based on experierice with the pest and effectiveness of the
control agent under specific cultural and environmental conditions (T. Wildman, pers. obsv.). In
these cases, IPM becomes a philosophy and an art, rather than a rigorous science, in which
growers use their best professional judgement to choose the most effective and economical
method available that will not jeopardize other goals. For example, to control one pest on a
crop, the grower might elect to create habitat for a natural predator of the pest rather than use an
insecticide because the chemical might harm the predator. Later in the year, the grower might
elect to use the pesticide because the predators and other susceptible non-target species are no
longer present. Such decisions seem adequate and based on common-sense, but they are not
necessarily made with rigorously objective criteria, nor are they the only possible decisions.
However, objective guidelines for making these complex decisions are lacking. A fundamenial_
challenge for the science of IPM is to develop a process for addressing these real-world
complexities. |

7.7  SAMPLING PLAN FOR BURROWING SHRIMP IN OYSTER BEDS

The goal in developing a sampling plan is to construct a method that growers can use to
determine how many pest organisms are present and whether this number of pests equals the
economic threshold (ET). Thus, the sampling plan becomes the method by which the decision
criteria (discussed in previous sections) is implemented by the grower. In this chapter, we
evaluate two approaches for developing a sampling plan for burrowing shrimp in oyster beds.
This exercise demonstrates the manner in which a final sampling plan would be developed once
accurate census methods and control-treatment decision criteria (EIL/ET) for burrowing shrimp
are established.

We invastigatéd two basic approaches o developing a sampling plan, sequential-
number and fixed-number sampiing plans, which are widely used in other IPM strategies (T.
Wildman, pers. obsv.). In sequential-number sampling plans, census samples are taken
continuously until pest densities exceed some critical threshold, or until sufficient number of
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samples have been collected to assure that the true density of pests is below the threshold. In
fixed-number sampling plans, a set number of census sémp!es is collected at each census
interval to‘ determine whether the mean density of pests exceeds the critical threshold. In -
general, the number of samples that is required under either sampling plan is affected by the
s‘p'atiatl= variability in the density of the pests: the higher the variance in pest density is relative to
the mean pest density, the more samples will be required to achieve or maintain the same level
of precision.

By way of analogy, consider if one were to sample an orchard to determine the number
of trees pér acre. Because orchards are planted in a uniform manner, the trees are evenly
distributed and only one sample (if it is large enough) is required to determine the population.
However, consider the case if the trees in a forest were to be sampled to determine that
population size. A greater number of samples would bé required, caused by the random and/or
clumped manner in which trees naturally grow, to achieve the same level of precision as the
orchard sample. Finally, consider the spatial distribution of insect or crustacean pests that are
difficult to see because of their size and reciusive habits. Their distributions may be clumped,
evenly-spaced (perhaps caused by territorial behavior), or randomly dEstributecf across the
landscape of the crop. Furthermore, this distribution could change seasonally or as pest
population size changes. If the pests are not easily seen, and the form of their spatial
distribution is not known, then censussing their populations haphazardly could be highly
inaccurate. These examples illustrate why the variance in the abundance and spatial distribution
of the pest species is so important in devising a sampling plan.

Precision is usually defined as plus or minus some measure of variation around the
estimate of the mean at a certain probabifity level. For example, suppose a sampling plan
indicates that if 50 samples are taken, the estimate of the mean will be within plus or minus 20%
of the true mean with 80% probability. Therefore, if 50 burrow count samples are taken from an
oyster bed and the calculated mean is 10 b/m?, with 90% confidence, the true mean number for
the population in that bed lies within the range of 8 b/m? and 12 b/im?.
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Taylor's power law (TPL) is useful for estimating the relationship between the mean and
the variance {Southwood 1978). It describes the relationship between the mean and variance
as the following:

v=am’ Equation 5

where v = the variance

m = the rﬁean

a = the intercept, and

b = the slope of the line.
This relationship becomeé a straight line when the mean and variance are converted to natural
logs:

In(v) = In(a) + b In{m) Equation 6

In practice, the means and variances from field counts are log-transformed and linear
regression is used to estimate “v." '

We analyzed historical burrow-count data that had been used by WDFW to evaluate
whether commercial oyster beds could qualify for carbary! treatment. These data were
collected by Dennis Tufts, who provided a cdpy of his field notes, which contained the raw data
from all site inspections. Initially, these burrow-count data were analyzed in two ways: first with
the individual-bed means and variances and then by combining counts from several beds into
one mean and variance. The linear regression of the individual beds was In(v) = -1.805 + 1530
In{m), with ¥ = 0.272 (df = 94). The low r* value indicates a poor relationship between the
mean and the variance, which was probably a resuit of the low numbers of quadrats having
been collected on each bed. '

In the second analysis, beds were grouped by mean burrow counts into 12 sets:
11.6 b/m? to 15 b/m?, 15 b/m? to 20 b/m?, 20 b/m? to 25 b/m?, etc... up to 73 b/m?, which was the
highest density recorded. Thué, there were 12 pairs of means and variances, and the
regression analysis was repeated. The results were: In(v) = -2.272 + 1.704 In(m), with =
0.713 (df = 10). This was a much better statistical fit than the analysis of individual counts, but
not as good as what was hoped.
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One good sign was that the y-axis intercepts and slopes were éimilar in value, which
indicates that grouping the data from différent'oyster beds did not subétantiaity change the
relationship between the mean and variance. Grouping the data did reduce the variation
around the regression line, but not sufficiently to justify proceeding further with development of
a sequential sampling method at this time, -

Finally, a fixed-number sampling plan was calculated using the TPL data from individual
beds and from the grouped data. The results from this analysis were enCGuraging. The
formuia for the fixed-number sampling pian is: B |

n=F+f)x (v+ E’I‘z) L Equation 8

where n = the number of burrow-count samples
t = Student's t
d = percentage of error as a decimal
v = the variance estimated from TPL

ET = Economic Threshold, or mean critical density (Ruesink and Kogan 1975).

For this analysis, a 5% probability level, t = 1.96, d = 0.20, and ET = 40 b/m® were used.
The value of 40 b/m? was chosen for demonstration purposes. For individual beds, v = 46.47,
and for the grouped data, v = 55.3. Therefore, using TPL for shrimp in individual beds, 3
samples (rounded from 2.785) would be required. Using the TPL from grouped data resuits in
4 samples (rounded from 3.323). - Thus, at an ET of 40 b/m?, a worker taking counts from four
1-m? quadrats would have 95% confidence that the estimate of the mean density is within 20%
of the true mean density in that bed.

In this example, the combination of low variance and large critical density (40 b/m?)
results in the small sample size. The low number of samples gives some leeway to counteract
the poor fit to TPL. For example, it would be prudent to recommended that 8 to 10 samples be
taken per bed to ensure a high degree of confidence that the resulting estimate of mean
burrow-count density would achieve sufficient precision to make defensible decisions about
burrowing shrimp control. From personal experience, 8 to 10 burrow-count quadrats could be
counted within 60 min, depending on the distances separating the placement of each quadrat.
Note that, from Equation 8, as the critical density (ET) decreases, the number of samples to
count (sample size) increases. For example, for ET = 20 b/m?, thirteen quadrats per oyster bed
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would be required to achieve the same precision that 4 quadrats provide when the ET = 40
b/m?, ' '

An additional consideration is the how the population sampling effort should be
dispersed over the oyster bed. Ideally, the samples should be taken from different.areas on
each bed so as to adequately characterize the burrowing shrimp population over the entire bed.
Ciearly, if the sampling effort was limited to one portion of an oyster bed, a grower would have
incomplete information about the densities of burrowing shrimp at more distant points on the
bed. Furthermore, since oyster beds are usually irregular in size and of widely differing areas,
the location of sampling sites must be tailored to each bed. The analysis presented above did
not take into account the size or shape of the oyster bed because appropriate data were not
available (i.e., variability in burrow density [or shrimp density] as a function of spatial scales
from one acre to multiple acres). However, as a starting point, and using the example
discussed above, we would recommend that 8 to 10 quadrats be taken per acre and that each

sample be taken ~50 ft apart.

At this point, it is doubtful that any further combinations or grouping of the existing data
~will improve this sampling plan. ltis fortuitous that the analysis supported using a fixed-number
sampling plan, as it is simpler to impiement than a sequential sampling plan. As noted at the
start of this chapter, the WDFW data set upon which this analysis was based contains burrow-
count data that were collected during early spring when the relationship between burrow-count
density and the density of burrowing shrimp can be quite poor. However, this data set was the
best one available for this analysis. Thus, the results from this analysis should be viewed only
as demonstrative of the pfocess to obtain a sampling plan. After a more reliable population
censussin'g method is established, and once the ET is estimated, this analysis should be
repeated to determine the minimum number of census samples needed to accurat_eiy,estimate
b'urrowing shrimp abundance. Note also that if separate ETs are calculated for different
species, habitats, or aspects of oyster culture, separaté sampling plans will have to be
generated. '
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8.0 !MPLEMENTING THE IPM PLAN

An IPM pian to manage damage caused by burrowing shrimp to oyster crops ideally
should contain all of the following elements: 1) knowledge of the population biology of the
shrimps and of the natural ecological factors that control their abundance and distribution, and
models to project their future population size in an oyster bed; 2) an integrated array of control

“tactics and cultural methods that can be used to reduce the size and growth rate of burrowing
shrimps while simultaneously minimizing risk to (or even enhancing) other natural resources;
3) use of accurate, scientifically based, and objective criteria for making decisions about when
and where to deploy controi tactics; and 4) accurate census methods and appropriate sampling
plans for monitoring changes in ghost- and mud-shrimp population sizes relative to critical
threého!d densities at which control tactics need to be applied. In this chapter, we discuss the
status of an IPM plan for burrowing shrimp, suggest ways to implement the [PM plan when one
is ready, identify and prioritize critical information gaps and research needs, and provide
guidelines for periodically updating the IPM plan. |

8.1 STATUS OF THE IPM PLAN

Some of the elements needed for an IPM plan are currently available, but critical
information is currently lacking that prevent a “true” IPM plan from being developed. As is
summarized below, much is known about the ecology of burrowing shrimp and methods of
culturing oysters, several methods of controlling burrowing shrimp have been suggested and
evaluated in the field (although not all with scientific rigor), and guidelines have been provided
for conducting benefit/cost evaluations of control methods and for developing sampling plans to
monitor populations of the shrimp. However, methods currently used to measure burrowing
shrimp densities on oyster beds are inaccurate and need to be revised, and it is not presently
possible to forecast changes in the abundance of the pests. The relationship between the
density of shrimp and the damage they cause to oysters is very poorly characterized. It is
therefore not possible to develop objective criteria with which to determine when and where to
apply control tactics, and new economic injury models for making such decisions must be
developed. Although few control methods have been rigorously tested in the field, farmers’
_have tested several approaches informally, and the only method that has been shown to work
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consistently and economically is aerial application of the pesticide carbaryl. Thus, an IPM plan
for burrowing shrimp is still a long way from being ready. These issues were developed in the
preceding chépters and are summarized below, followed by recommended actions to address
the work needed to develop an [PM pian. | .

In the interim, there is much the stakeholders can do to progress toward an IPM plan. .
tn addition to the recommendations outlined in Section 8.3, growers and regulators can take the -
following immediate steps. Growers should: |

. be more rigorous in collecting information on the costs to farm each of their beds and
the yields recovered from each bed, L ' co

.+ . track the abundance of burrowing shrimp on each bed, noting the relative abundances
of both species, and monitor changes in the coverage of eelgrass on these beds;

. invéstigate methods of ground appiiéatiOn of carbaryl, including border treatment and
more accurate delivery to shrimp burrow openings; and | |

. investigate the integrated control practices suggested in this report.
State and Federal regulatory agencies should:

. reduce the bureaucracy associated with carbaryl spray permits so that the permit-
evaluation process is shortened. If growers could submit their applications in mid-June,
they could conduct the census of shrimp burrows in May which would provide a more
accurate estimate of shrimp density; '

. help growers to develop alternative strategies for controlhng burrowmg shrzmp by easing
restrictions on tideland habitat manipulations on specnflc oyster beds as appropnate
Many growers expressed the concern that their :nvestlgatlon of aitematwe control
methods were hampered by such restrictions. Easing restrictions on a,hmt_tgzd number p_f
beds, while monitoring the efficacy of shrimp control and impacts to estuarine resources,
could provide growers with an incentive to conduct such studies.

. continue to support research into development of alternative control methods, improved
shrimp census methods, the damage/density relationship between oysters and
~ burrowing shrimp, and development of scientifically-sound decision criteria.
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Dialog between growers, regulators, the local community, and other interested people must
continue, and efforts must be re-doubled to increase trust among these parties. All of these
parties seem to share a serious interest to reduce the economic impacts of burrowing shrimp,
and maintain a sustainable oyster industry and a sustainable estuarine ecosystem. However,
mistrust and lack of communication hinders progress toward theée goals (Eng 1996). Forums
such as the Burrowing Shrimp Advisory Committee provide an excellent opportunity for
stakeholders to communicate their concerns and work on improving their inter-relationships.

8.2. SUMMARY OF FINDINGS

8.2.1 Ecology of Burrowing Shrimp We reviewed the population biology (life history,
recruitment, measurement, and modeling thereof), factors that regulate distribution and
abundance, and impacts on other benthic organisms (including oysters) of two species of
burrowing shrimp, Neotrypaea californiensis (ghost shrimp) and Upogebia pugettensis (mgd
shrimp). The two shrimp have different life histories (i.e., timing of reproduction, timing of
recruitment, growth rates, and probably natural mortality rates), different habitat prefererices
(i.e., ghost shrimp are more abundant in higher salinity, sandier environments; mud shrimp are
more abundant in lower salinity, muddier environments), have different burrowing and feedi_ng
habits (though the latter is debatable), and they have different effects upon other benthic
organisms, such as oysters (i.e., ghost shrimp cause more damage to oysters than do mud
shrimp). However, efforts to control these s.pecias treat them as if they were one species and
do not take use knowledge of their ecologies to develop targeted control tactics. '

The abundance and distribution of the shrimp (particularly ghost shrimp) can be -
significantly affected by salinity, shell substrate, and predators (especially staghorn sculpin and
Dungeness crabs). There are suggestions that dense stands of eelgrass and interspecific
competition between the two burrowing shrimp species can also inhibit population growth or
recruitment of ghost shrimp. Studies on processes that regulate shrimp colonization of oyster
beds, their interactions with eelgrass, and processes that affect the abundance of prédators
and rates of predation would provide information useful for enhancement of natural processes

to control burrowing shrimp.

Burrowing Shrimp 1PM Plan 8-3




~ Ghost shrlmp cause more damage to oyster culture operations than do mud shrimp, but
at very high densities, mud shrimp also cause damage to oyster yields. The predominant
mechanism of damage to oysters is by burial caused by sediments resuspended by the shrimp
during burrow excavation and feeding. Oyster growers and naturalists from Willapa Bay and
Grays Harbor recount that burrowing shrimp populations have increased dramatically since the
1940s, but no quantitative records could be found for independent verification. No studies have
been conducted to determine whether or why this population increase occurred, although a
number of mechanisms have been suggested. Understanding why burrowing shrimp
populations have increased could yield fundamental insight about methods to control the shrimp
within the two estuaries. '

The most widely used method of measuring the abundance of burrowing shrimp on
oyster beds (i.e., counts of burrow openings within fixed-area quadrats) lacks scientific rigor
and likely provides incorrect estimates of shrimp abundance. Burrow counts made during early
spring (before May) are poorly correlated to the true density of the shrimp. Additionally, it is hot :
possible to accurately determine the relative abundances of the two shrimp species using the
burrow count census method. Consequently, existing data are inadequate to determine the
relationship between the density of shrimp and damage to oyster crops or to predict rates of
shrimp population growth. We describe three approaches to develop population models for
burrowing shrimp, and we recommend that a simple population model should be developed that
would provide oyster growers and resource managers with scientifically-sound means to
forecast when oyster beds will requnre treatment to control burrowmg shnmp

Lack of these tools and knowledge profoundty affect attempts to predict future densities
of the burrowing shrimp and to evaluate whether an oyster bed is threatened with economic
damage from the shrimp. The consequences of these problems ripple through the IPM plan
and encumber the ability to set criteria and thresholds to initiate control tactics. Clearly, studies
are needed immediately to develop accurate population census methods, develop models to
forecast population growth rate, and to measure the relationship between the density of each
shrimp species and damage to oysters.

8.2.2 Oyster Culture We reviewed the major methods used to culture oysters in different
parts of the world and evaluated which ones were practical for use in culturing Pacific oysters
{Crassostrea gigas) in the Willapa Bay and Grays Harbor estuaries. We also evaiuated the
vulnerabilities of each culture method to damage from burrowing shrimp. The major methods
Burrowing Shrimp IPM Plan 8-4 ‘ :




include bottom culture, floating culture, stake culture, and rack culture. The latter three
methods suspend oysters above the substrate, there'by reducing the direct interaction between
burrowing shrimp and the bivalves. Each method has several variants; for example, rack
culture includes longline culture and rack and bag culture. Bottom culture, longiine culture, rack
and bag culture, and stake culture are the methods currently used in Willapa Bay and Grays
Harbor.

Atthbugh floating culture would be much less affected by burrowing shrimp than any of
the other oyster growing methods, floating culture is not practical for Willapa Bay or Grays
Harbor because of the paucity of deep water (required to keep lines of oysters above the
substrate) and the vulnerability of floating systems to damage from storms. Longline culture is
constrained to high-productivity, mid- to low-intertidal ground because workers must be able to
access th.e oysters on foot and transferring oysters between beds is impractical. Longiiné
culture (and other rack culture methods) are vulnerable to burrowing shrimp that can undermine
posts supporting the lines of oysters, soften the substrate, thereby hindering access to the
oysters, and bury oysters that fall off lines (up to 50% of the crop falls off lines and is grown and
harvested as bottom-cutured oysters). Rack and bag culture might use a slightly wider range
of oyster grounds than can Iongllne culture because oysters can be transferred between beds
but the necessity of keeping the bags supported above the sediment constrams rack and bag
culture to a smaller range of tidai elevations than that used by bottom-culture methods. Rack
and bag culture is also vuinerable to burrowing shrimp damage caused by their softening of the
substrate, which can cause the racks to sink into the sediment and can hinder access by
workers on foot to the cultures. Bottom cuiture is the most economical method‘ of growing
Pacific oysters. With the ability to transfer oysters between beds mechanically or manually, .
bottom culture can use lower-productivity ground for growing seed and premium-productivity
ground for producing Amarketab!e'oysters. Thus, bottom culture can make use of a wider range
of tide flats in Willapa Bay and Grays Harbor than can the off-bottom culture methods, which
would appear more practical. However, bottom culture is also more vulnerable to burrowing
shrimp damage than the other cuiture methods because the oysters are grown directly on the
sediment surface, and thus can sink into the softened substrate or be buried by sediments
resuspended into the water column by the shrimp.

8.2.3 Control Methods. We reviewed and evaluated 15 chemical, bio!ogical, and physicé!
methods of controlling burrowing shrimp and cultural methods of minimizing their damage to
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oyster crope, and suggested seVerai means of integrating control and cultural methods to
decrease damage caused by burroWihg shrimp to oysfers \}ery few rigorous or quantitati\}e
studies have been conducted to measure the eff:caoy or costs and benefits of the control |
methods (w:th the exception of carbaryl pestlolde) Evaluation of the other methods was based
on interviews with oyster growers and knowiedgeable experts, published research on related
topics, and our own professional judgement. Several methods were considered to be
technically infeasible or impractical: development of silt-resistant oysters, release of parasites
and pathogens of shrimp, release of sterile male shrimp, bioengineering faulty genes into the
burrowing shrimp poputaﬁon. use of expiosives. and growing oysters with floating culture
methods.

The only proven method for control!mg burrowmg shnmp on commerma! oyster beds is
the pestzcade carbaryl. However several methods show some promise, but need additlonal
research and field trials before they could be used on a commercial scale. These mclude other
pesticides (such as abamectin and tmldaciopnd), predator enhancement, shell pavementsng,
sediment compaction or sediment disturbance (i.e., harrowihg or dredge harvesting), and
sediment barriers. Cultural methods that might'reduce economic damage to oyster crops
include reinforcement of longline etEuctures, harvesting of burrowing shrimp, and culture of |
other species that are more tolerant of burial and softened sediments (such as Manila clams).
As with many of the potentlal control methods these cultural practtces have yet to be
demonstrated to be economtoai[y feassbie ona commercsal scale.

Oyster growers and non-grower experts (academi_o, public-sector, and private-sector.
estuarine ecologists, government regulators, resource agency representatives, and natural
resource harvesters) evaluated several control methods for Iong~term', non-target Empécts to
environmental and human resources. As a whole (and acknowledging that the ratings were not
unanimous), the growers and other experts felt that carbaryl pesticide, predator enhancement,
and shrimp harvest would have either no long-term detrimental impacts or long-term beneficial
impacts to environmental and human resources. All other methods were viewed as potentially
having long-term, negative impacts on one or more resource category; however, most were
viewed as having either no-effect or beneficial effects on most resource categories. Methods
that were judged to have the greatest potential for long-term negative impacts were other
pesticides, sediment barriers,. clay injection, water jets, and electroshocking/uitrasound. Not all
possible control methods or cultural practices were included in this evaluation because some
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were considered to be too impractical (listed above) and others we learned of after this
evaluation was compieted. These latter methods were dredge harvesting, diking and damming,
reinforcement of longline structures, and alternative crops.

Based on these evaluations, we conclude that carbaryl pesticide is an effective and
reasonable control method, but that studies should be conducted to increase the precision of
delivery and reduce application rates. Furthermore, we conclude additional research is needed
to evaluate other promising control methods, such as shell pavementing, dredge harvesting,
sediment compaetion, and other pesticides. incentives may be needed fo encourage growers
to try these methods on their oyster grounds. Oyster growers and resource agencies should
actively support efforts to conserve and enhance natural populations of finfish p?edators of
burrowing shrimp, such as sturgeon, saimolnids, and staghom sculpin. Oyster growers and
other entrepreneurs could investigate expansion of existing markets or creation of new markets
{such as seafood products) for burrowing shrimp themseives. We suggest several ways in ]
which control methods and cultural practices might be integrated and recommend that studies
be conducted to investigate their efficacy and practicality; however, virtually no studies have
been conducted to evaluate the effectiveness of these integrated methods, and we recommend
that research be conducted to znvestlgate their efficacy, econom:c practicality, and
environmental benefits and costs.

8.2.4 Decision Criteria. The current threshold for application of carbaryl to control burrowing
shrimp on oyster beds (burrow hole count of 10 b/m?) has been used since the 1970s.

However, we found that the basis for this threshold is seriously compromlsed for blologlcal and
institutional reasons. First, the burrow-count data are collected in early spring when the
relationship between thé number of burrows and the abundan_ce of burrowing shrirﬁp is highly
unreliable. Dumbauid (1994) showed that, between eariy‘sp'ring and in summer, the density of
burrows on a bed can change two- to six-fold, even though the true abun;iance of shrimp did
not change. The need to sample in the early spring is a consequence of institutional '
requirements: growers must collect these data in early spring in order to submit applications for
carbaryl spray permits by May deadlines imposed by regulatory agencies. Second, the |
relationship between the density of burrowing shrimp and damage to oyster crops has not been
quantified. Third, the threshold does not distinguish between the numbers of burrows made by
each of the two species of shrimp, yet growers and biologists suspect that oyster yields are less
affected by mud shrimp than by ghost shrimp. Thus, the threshold of 10 b/m? is not an
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accurate predictor of the damage that burrowmg shrtmp cause to oyster crops and is
inappropriate for use as a decision criterion.

We were unable to estimate treatment thresholds using EIL or ET models for two
reasons. First, there are cr?ticel knowledge and data gepe that hiljde'r_using existing EIL and ET
models, including iack of information about the réfationships between bufrowing shrimp |
densities and the economic impacts' to the _oyster bed (i.e., the damage/density fonoti_on, which
is needed for the Elt_ model), and the ank of adequate data to devetop a rigorous burrowing
shrimp population model (needed for the 'ET model). Second, the ‘EI.L and 'ET models
developed for terrestrial IPM plans cannot be directly applied to the oyster-burrowing shrimp |
scenario because of uniooe aspects of t!_"ne' interactions between the 'e'cology of the shrimp and
the culture o_f oysters. These inolude the muttipie~year growing period"for oysters, the influence
of seasons on shrimp and oyster physioiogy and behavior, the inﬂuéhce of substrate-type"on
the interaction between shrimp and oysters, and the vanable schedule growers follow to grow
and harvest oysters. Furthermore tredlt:onal terrestnai EIL and ET models do not include
consideration of the costs of the control methods to other enwronmentai resources and
services, which are highly valued within the Wiltapa Bay and Grays Harbor estuaries. |

We demonstrated how to develop a sampling plan, which would be the tool used by
oyster growers or regulators to implement the EIL and ET models. Using the WDFW burrow-
count data set, we determined thet a fixed-number samp!ing plan oo'o:td provide the necessary
precision to determme whether burrow densmes equaied or exceeded some threshold density.
However, as the WDFW data set has numerous macouraoses our analysus should be used only
as an example of the process to develop a sampimg plan. Once better methads are devetoped
to census popuiat:ons of ghost and mud shnmp, and once decision cnterta are estabtlshed for
the control methods (for exampEe an ET model) a formal samphng plan could be developed |
using the process we describe. Separate sampieng plans will be necessary if dtstlnct control
thresholds are estabhshed for each species of burrowmg shnmp and for different aspects of the
oyster farming (i.e., seed beds, fattening beds, Iongllne culture, rack and bag culture).
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8.3

SUMMARY OF RECOMMENDATIONS

8.3.1 Ecology of Burrowing Shrimp

Current pest management practices treat the two species of burrowing shrimp as
if they had the same ecologies and impacts, yet biologists and growers know the

‘two species are different in these respects. Separate pest management

strategies should be developed for each species, or that at least take into
account critical differences between them, such as timing of recruitment and

impacts to oysters and eelgrass.

Understanding why burrowing shrimp populations have increased since the
1950s could yield fundamental insight about methods of controlling the shrimp
within the two estuaries. it is likely that the responsible process(es) operate on a

regional scale.

Studies on processes that regulate shrimp colonization of oyster beds, their
interactions with eelgrass, and processes that affect the abundance of predators
and rates of predation would provide information useful for enhancement of

natural processes to control burrowing shrimp.

Studies are needed immediately to develop accurate population census
methods, develop models to project population growth rate, and to measure the

relationship between the density of each shrimp species and damage to oysters.

We recommend that efforts be directed toward development of demographic
models that can be used to forecast future population densities of shrirﬁp on

_individual oyster beds, given site-specific information about the exiéting

populations and rates of recruitment.

8.3.2 Oyster Culture

We concluded that bottom culture, longline cuiture, rack and bag cuiture, stake
cuiture, and other variants of rack culture were the best methods to use in-
Willapa Bay and Grays Harbor on the basis of the physical constraints imposed
by the bathymetry of the estuaries and the frequency of strong storms that hit the

coast.
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. Although floating culture would be much less affected by burreWEng shtimpr than
any of the other oyster growing methods, floating cuiture is not practical for.
Willapa Bay or Grays Harbor because of the paucity of deep water (required to
keep lines of oysters above the substrate) and the vulnerab:hty of floating

- systems to damage from storms.

. Longitne culture operations could reduce some risk of damage from burrowing
shrimp by reinforcing the structures (i.e., increasing the length of posts, the
depth they are pushed into the sediment, strengthening the attachment of lines
to the posts and reducmg the spacing between posts)

8.3.3 Control Methods

. We ceneluded that carbaryi pesticide is the most effective and economically
practical control method currently available, but that studies should be conducted
to evaluate other control methods and the integration of potential control
methods. '

. The atnour_:t of carbaryl that is used to co_htrot shrimp might be reduced by
increasing the precision of delivery, such as by grou'nd delivery. Studies are
needed to investigate alternative carbaryl delivery systems and to evaluate the
benefits and costs of applying carbaryl in spring or fall, particularly just after
recruitment of young-of-the-year shrimp. .

«  Promotion of eelétaSS gt'owth”oh or adjacent to oyster beds might benefit oyster
culture by prowdmg refuge habitat for predators of burrowang shnmp However,
eelgrass can interfere with mechamcal harvest of bottom-cultured oysters
Growers need incentives to promete eelgrass growth on their private property;
possibilities include funding research to develop oyster farming tools, machinery,

or practlces that are more compatib!e with eetgrass, property trading or
purchasing, and tax mcentlves '

«  Oyster growers and resource agencies should actively support efforts to
conserve and enhance natural populations of finfish predators of burrowing
shrimp, such as sturgeon, salmonids, and staghorn sculpin.
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Oyster growers and other entrepreneurs should investigate expansion of existing

markets or creation of new markets {such as seafood products) for burrowing
shrimp.

Several control methods deserve further investigation, using new techniques or
timing of application. These include shell pavementing, dredge harvesting,
sediment compaction, and other pesticides. Rigorous scientific studies should
be designed to évaluate the eﬁicécy, costs, and non-target impacts of these
methods.

We suggest several ways in which control methods and cultural practices couid
be integrated and recommend that studies be conducted to investigate the
efficacy, costs, and non-target impacts of these practices. The following are
reviewed infegrated methods:

- shell pavement and predator enhancement,

- chemical control and predator habitat enhancement,
- -chemical control and shell pavement,

- chemical control and physical barriers,

- coordination of control actions (chemical, biological, or physical) with
recruitment of shrimp,

- sediment compaction {or harrowing) and shrimp harvesting or predator
‘ “enhancement, :

- predator habitat enhancement and cultural practices,
- diking and damming and predator enhancement, |
- diking and damming and low salinity, and

- harrowing and low salinity.

Growers may want to use the benefit/cost guidelines we provide to evaluate new
or integrated control methods. ‘

8.3.4 Decision Criteria

The existing decision criterion used to determine which oyster beds qualify for
carbaryl treatment (i.e., burrow counts > 10 b/m?) is not an accurate predictor of
the damage that burrowing shrimp cause to oyster crops, and is thus
inappropriate for use as a decision criterion. Studies should be undertaken
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immediately to resolve these problems. The research should identify accurate
methods to census shrimp populétioné, develop population models for ghost and
mud shrimp, and guantitatively characterize the damage/density relationship
between oyster yield and burrowing shrimp density.

. Objective decision criteria should be based dn EIL/ET models. These models
will require accurate methods to census the pest populations and guantitative
chafacterizations of damage/density functions. Unique EI/ET models must be
developed for burrowing shrimp on oyster beds that account for the temporal
complexities of oyster cuiture and ecology of burrowing shrimp, fluctuations in
production costs and market values of the product, and the costs of control

tactics to environmental resources and services.

. it is likely more than one EIL/ET model (and, consequently, more than one
critical threshold) will be required to characterize the oyster-shrimp-control
interactions for different aspects of oyster culture (i.e., seed beds, fattening
beds, longline beds, rack and bag beds). These will provide oyster growers and
environmental regulators with greater fiexibility in deploying and managing
control tactics.

. Once methods are developed for accurately censussing burrowing shrimp
populations and decision criteria are developed for deployment of control tactics,
sampling plans can be developed following the process described in this chapter.
If separate decision criteria are developed for the major aspects of oyster
culture, then separate sampling plans are likely to be needed to support each
critical pest threshold (i.e., for seed beds, fattening beds, longline beds, and rack
and bag beds). The sampling plans must take into consideration the size and
shape of oyster beds to ensure that sampling sites are distributed across the
whole bed, thereby accurately characterizing the abundance of ghost and mud
shrimp.
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8.4  CRITICAL INFORMATION AND RESEARCH NEEDS

Throughout this report, we have identified topics and issues in which additional

information is needed to make the IPM plan work. Below we identify those issues that we feel

are most crucial for the success of the IPM plan. The first section identifies the five most critical

needs, and briefly outlines approaches to obtaining the necessary information. After that, we

briefly outline the topics requiring further study within each of the major subject areas discussed

in this report.

8.4.1 The Five Most Critical Needs Based on their impacts to the development and

smplementation of an IPM plan for burrowmg shrimp, we have identified the following five topics

as the most critical areas in which additional research is needed. In our opinion, all five topics

are fundamental to any rational approach to the control of burrowing shrimp on oyster beds,

whether or not that approach is called IPM.

1.

Development of Accurate Shrimp Population Census Methods: Accurate

estimates of the population densities of ghost and mud shrimp are fundamental
to all aspects of decision making in the burrowing shrimp IPM plan. The current

~ practice of using burrow counts obtained in early spring provides very poor

estimates of the true density of burrowing shrimp on the tide fiat being inspected.
Burrow counts collected between May and October provide better predictions of
shrimp abundance, but have several drawbacks, including burrow-to-shrimp
ratios that vary among locations, lack of information about the demogfaphy of

the shrimp population (i.e., ages, sizes, sex ratio, reproductive condition), and
tack of information about the relative abundance of each species. Sediment
cores provide highly detailed measurements of the demographics and
abundances of each species, but are impractical because of the labor required to
coliect and process each sample. New approaches should be developed that '
are accurate, rapid, and inexpensive (in that order of importance). Possibilities
include side-scanning sonar, acoustical imaging, and a modification of the “boot
method” used informally by oyster growers. The latter method, described in
Chapter 4, would provide both an estimate to the shrimp population (albeit using
burrow counts), as well as an estimate of their damage to oysters. A multi-site
study should be conducted initially to compare data obtained from many habitats
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(different sediment types, tidal elevations, salinity regimes, eelgrass densities)
using the new method with data obtained from the sediment core sampling and
burrow count methods. Long-term studies should be conducted to determine the
utility of the data obtained from each sampling method.‘ |

2. Characterization of Damage/Density Function: Knowledge of the quantitative
. relationships between burrowing shrimp density and impacts to oyster production

is fundamental to developing objective criteria for deciding when and where to
initiate tactics to control burrowing shrimp. The mathematical formula that _
describes the relationship between the abundance of the pest a_nd the reduction
to the yield of the ér_o_p is known in IPM 'pz'artance as the da_mége/density function.
Separate damage/density functions will éxist'fof each speciés of pest, for each
major culturai practice (i.e., bottom, longline, and rack and bag cuiture), and
sometimes for different parts of the crop cycle (i.e., seed beds and fattening
beds in bottom cuiture). Furthermore, damage/density functions might vary with
habitat type (i.e., oysters rﬁight be more tolerant of burrowing shrimp on some
sediments or tidal elevations than on others) and possibly with season (i.e.,
inactive shrimp in the winter might not exert as much damage as shrimp in the
summer). There is insufficient information to Chara'cteriie damage/density
functions for any aspect of oyster culture. To generate damage/density

- functions, studies shouid be undertaken to measure the survival, growth, and
harvest yield of oysters on beds with different densities of burrowing shrimp, in
different habitats, and at different times of year, Studies should initially focus on
developing damage/density functions for the cuitural practices suffering the

: gréatest economic loss from burrowing shrimp. If those efforts are successful,
then additional field studies should be undertaken to develop damage/density

- functions for other aspects of oyster culture.

3. Development of Alternative Methods and Timing for Delivery of Carbaryl: The

current practice of aerial spraying of carbaryl does not accurately deliver the
'p_esticide to the burrowing shrimp; rather, it spfeads it across the byster bed, and
only a smalf proportion of the chemical actually ehtefs each burrdw. Studies to
evaluate more methods to more ;ﬁrecisely deliver Carba_ryl'_to the burrows couid
dramatically reduce the amount of pestiéide that is applied on each bed.
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Possible technologies were discussed in Section 6.1.2, involving ground
application. In addition, studies are needed to determine whether application of
carbaryl at seasons other than mid-summer would be 1) effective at controlling
shrimp, and 2) environmentally acceptable. Application of carbaryl in the Fall,
shortly after recruitment of YOY ghost shrimp, could add at least on year to the
frequency at which beds need to be sprayed. Evaluation of alternative methods
to deliver carbaryl should include effectiveness at controlling shrimp, the
economic benefits and costs, and the environmental benefits and costs.

4, Determination of Underlving Reasons for Increased Burrowing Shrimp

Poguiationsf Long-term reduction of the impact of burrowing shrimp on oysters
will require knowledge of, and the ability to change, the factors that led to the
expansion of burrowing shrimp populations in Willapa Bay and Grays Harbor.
Growers and resident biologists report that burrowing shrimp populations have
increased dramatically in Willapa Bay and Grays Harbor since the 1850s.
Stories of historical increases in shrimp populations are also reported for Oregon
estuaries. No studies have been conducted to determine why the populations
have expanded or to search for documentation of when, where, or how fast the
expansion occurred. Many hypotheses have been suggested, including El Nifio
climatic changes, sedimentation caused by upialnd land management, reductions
in the abundance of shrimp predators, damming of the Columbia River and other
rivers, changes in the salinity structure of the estuarine water column, or
aquaculture activities. Based on reports of population expansion in neighboring
states, it is plausible that the responsible process operates at a regional scale.
Studies to determine the responsible practice should start by searching historical
archives for physical evidence of changes in burrowing shrimp distributions and
changes in environmental conditions within Willapa Bay, Grays Harbor, and
other Pacific Northwest estuaries. Sediment cores and dating techniques may
provide additional evidence of historical changes in patterns of burrowing shrimp
bioturbation in different parts of the estuary. Oral histories of burrowing shrimp
distributions and estuarine conditions should be constructed from interviews with
oyster growers and loéal biologists. These three sources of information would
help identify when the shrimp populations expanded and what environmental
conditions might have accompanied (or precipitated) that event. Experiments
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couid then be conducted to measdre the responses of burrowing shrimp to these
environmental factors, from which the cause of population increase might be
identified. '

. 5. Development of Objective erisicn-Makinq Criteria for Use of Control Tactics:

The economic injury level (EIL) and economic threshold (ET) models underlie the
formal decision-making process for IPM. We found that the basic ElL. model
used in terrestrial IPM plans was too simplistic to describe the interactions
between burrowing shrimp and oyster culture. A fundamentally new EIL model
should be developed that includes proVisiOn'fbr the multi-year, mu}ti-saasdn crop
production cycle, seasonal changes in the damage caused 'b'y' the shrimp, and
the effects of other environmental factors on the p.hyéioiogy and growth of
oysters and shrimp. This ElL should build upon the damage/_de_nsity model
pfoposed_ in item 2 in this list, and the ET model! should use the recommended
'census method (item 1).

8.4.2 Additional Information Needs in Burrowing Shrimp Ecology

. Development of Burrowing Shrimp Population Models: Population models for

ghost and mud shrimp would provide oyster growers and other environmental
managers with the ability to forecast the size of burrowing shrimp populations
one or two years in the future. Coupled with the damage/dehsity function, a
population moder becomes a tool for predicting the p'roba_bi_iity of future damage
to the oyster crob. These coupled models would, in essénce, be the heart of any
future ElL or ET models. The data sets we evaluated were inadequate to
develop-a population model for either species of shrimp. Cteariy, separate
models will be required for ghost and mud shrimp. A prerequisite for
constructing a pdpuiation model is an accurate method of censussing population
size, and the population model should be built so that data from routine shrimp
censuses could be directly added to the population mode! database. We
recommend that efforts be directed toward development of stagé-»matrix
demographic models that can be used to forecast future popu!atibn densities of
shrimp on individual oyster beds, given site-specific information about the |

existing populations and rates of recruitment.
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. Recruitment and Colonization by Burrowing Shrimp: The rates at which ghost

and mud shrimp invade sediments, either as larvae or via above-ground
movements of 1+ and older shrimp, need to be measured. The temporal and
spatial components of colonization withih the estuaries and whether migration is
density-dependent or varies with gender or age class, also needs to be
determined. in addition, the spatial component of larval transport within the
estuaries (i.e., does differential larval transpdrt contribute to shrimp population
reguiation and variation among sites or with respect to shrimp density?), as well
as habitat preferences of larvae of ghost and mud shrimp, needs to be
examined. Methods are also needed to routinely monitor rates of shrimp
recruitment onto individual oyster beds, which would help growers predict the
abundance of shrimp in the following year. !nformatlon will support development
of population models and may provide suggestions for methods of mh:b:t;ng the

success of recruitment or colonization.

. Estimation of Mortality Rates: For each species of burrowing shrimp, the biotic
and abiotic factors that influence natural mortality (e.g., conspecific density,
environmental conditions, disturbance, predation risk) need to be quantified.

. Identification and Ecology of Predators of Burrowing Shrimp: The importance of

the major predators of ghost and mud shrimp (larvae, YOY, and 1+ adults), the
habitat and environmental requirements‘of the most important (quantitatively)
predators, and methods of aﬂgmenting predator populations on or near oyster
beds as a method of biological controf, need to be identified. |

. Competition Between Burrowing Shrimp: The intra- and interspecific interactions

between ghost shrimp and mud shrimp that can influence population density and
species composition on oyster beds need to be more fully examined.

8.4.3 Additional Information Needs for Cultural Practices

. _Ihteqrate Eelgrass into Oyster Farming: Methods need to be de\}eloped that
promote the growth of eelgrass on or immediately adjacent to oyster beds to
provide predators of burrowing shrimp with refuge habitat. Possibilities include
use of machinery or practices that are more compatible with eeigrass growth and
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alternate-strip planting of eeigrass and oystei' beds. Previding refuge habitat for
the predators could lead to slower populatlon growth rates for shnmp on the
oyster beds. -Other practices that control burrowsng shrimp populations (such as
pest:cldes) may help to promote growth of eelgrass.

» - New Markets for Burrowing Shrimp: Markets could be developed for the shrimp

as seafood items or components in seafood products. Potential customers
include Asian and ethnic diners. Products need not be limited to food items;
investigations should be made to deterr_hine whether burrowing shrimp have
value for medicinal or pharmaceutical products. |

. ShrtmD-ToFerant Crops Other crops should be sought that could be grown using

rack culture methods for which loss of the crop from the racks is minimal.
Hecent research demonstrates that Manila clams can be grown in cages within
mud shrimp habitat. Other pOSSIbIhtIeS include other bivalves or seaweeds.

8.4.4 Additional Information'Needs for Control Practices

. - Enhance Habitat for Predators: Similar to the call to increase eelgrass on oyster

beds, growers should enhance on beds the habitat features that will attract
shrimp predators to 'theilr'o'ys'ter beds (i.e., stagh'orn‘scuipin., white sturgeon,
~ cutthroat irout) 'This could include prOviding structures that allow predators
more time {o forage for burrowmg shnmp {i.e., using dikes and dams to create
| ponds on oyster beds) offer refuge from predatton or that encourage mating
(i.e., cover, crevices, vegetation). therature reviews should be conducted to
summarize current knowledge about the estuarine habitat requirements of these
- predators, followed by field studies to test whether manipulation of these habitat
elements increases the densities of predators and reduces burrowing shrimp
population density. ' | |

. Physical Control of Shrimp Recruits: Newly recruited shrimp (especially ghost

shrimp) might be more susceptible to disturbance of the sediment surface than
are adults. Physical control methods that might be effective include sediment
cdmpaction'and harrowing. Local enhancement of predators could increase the
effectiveness of this method by encouraging predators to forage on shrimp
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forced to the surface by the physical control. Application of physical controls
during periods of very low salinity might expose young shrimp to lethal conditions
(osmotic shock).

. Integrating Control Methods: The integration of chemical, biological, and physical
control methods needs to be further studied. Some suggestions are listed in
Chapter 6.

. Development of Other pesticides: New generation pesticides that have higher

toxicological specificity to arthropods should be investigated for use to control
burrowing shrimp. Progress on initial research is discussed in Chapter 8.
Research should be conducted to address concerns about impacts of new
pesticides to environmental and human resources identified by growers and
other experts (Chapter 6).

8.4.5 Additional Information Needs for Decision Criteria and Thresholds

. Economic Data for Qyster Beds: In order to better characterize the economic

impacts of burrowing shrimp, oyster growers should keep careful records of the
farming costs and vields on each of their oyster beds, as well as annual changes
in the abundance of burrowing shrimp on each bed. Growers should track the
density of oysters planted on the bed (as seed or juvenile oysters), the labor
effort to manag‘e the bed, the vield of oysters (as both bushels of oysters and
galions of meat) per acre, and the density and species of burrowing shrimp
occupying the beds. Much of these data are likely to be proprietary, and should
be made availabie to researchers only if assurances are made that the business
interests of the growers will be protected.

. Environmental Costs and Benefits: In order to make sound decisions within an
IPM framework, a better understanding is needed of the total costs and benefits
(both economic and environméntai) of alternative control practices (whether the
alternatives include different rates and methods of pesticide application or other
control methods). Estimation of environmental costs and benefits is a complex
task given the wide range of ecosystem functions and services that maiy be
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impacted and I:m:tatlons to the existing methods to assess the monetary value of
nonmarket and espec:aity non-use services provided by ecosystems

. Sampling Plan: After the development of an accurate shrimp population census
method, and after EIL and ET ‘Vmode_fs are developed, a new sampling plan must
be developed using the approach described in Chapter 8.

8.5  IMPLEMENTATION OF AN IPM PLAN

In order to move the ideas and tools described in this report from theory into practice,
we provide the following suggestions that oyster growers and resource agencies will need to
implement any IPM plan that is uitumateiy developed.

8.5.1 COmmumcatzon of the IPM Plan. In order for the growers and resource agencies to
evaluate and implément an IPM plan, they must know of its existence, be able to review it, and
have opportunities to discuss the suggestions contained in this report.  Thus, the first step
toward implementing this plan is to distribute this report as widely as possible. The report
should be printed in a durable format and published under the auspiceé of a credible scientific
ar natural resources organizatfon, s_uch as the American Fisheries Society, Publication costs
should be shared by the beneficiaries of the IPM plan (i.e., resource agencies and oyster
growers). The second step should be to hold pubilic m'eetings at which the éuthors of this study
and members of the Burrowing Shrimp Contro} Committee are present to review the IPM plan
and to discuss the suggestions with the audience. -

8.5.2 IPM Plan Coordinator. A process should be established to monitor the implementation
of the IPM plan, to incorporate new developments within'the IPM plan, and to identify and |
prioritize needs for new information, One such process would be to have the Burrowing Shrimp
Control Committee (BSCC) identify an individual Whose responsibility is to maintain the IPM
plan, to convene meetings of the BSCC or other grc'nups”as needed to discuss developments in
the IPM plan, direct the IPM research strategy, keep abreast of resear_ch on IPM-related topics,
and to brepare an annual report on the status of the IPM plan. This effort would require at least
20% of this Endividual'é time annually (probably more in the first year), and adequate resources
should be provided to compensate this level of effort.

8.5.3 A State-Owned and Grower-Operated Demonstration Farm. Many of the control

techniques and cultural practices suggested in Chapter 6 are new to oyster growers or have not
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been evaluated rigorously for their efficacy at conirolling burrowmg shrimp, costs, or impacts 1o
the environment. Given the economic and environmental uncertainties associated with some of
these practices and the benefits that might derive from successtul studies, oyster growers and
resource agencies should develop a partnership to test and refme shrimp control methods,
sharing the risks and benefits associated with the development efforts. A centerpiece for such
a partneréhip could be a demonstration farm, set up on state-owned oyster lands, farmed by -
oyster growers, and managed cooperatively by WDFW shellfisheries biologists and oyster
growers. As implied by the name, the purpose of the farm would be to test control and culture
methods in a setting that minimizes economic risk to the growers (their losses would be limited
to labor and materials used to grow the oysters and deploy the control tactics) and maximizes
iong-term benefits to the state’s interests (E.e., increasing benefits to natural resources and
economic development in the region). Management of the culture and control operation should -
be shared cooperatively between the growers and the state, and must be conducted ina
scientifically rigorous manner.

8.5. 4 lmprovement of Relationships Among Stakeholders Trust, respect and cooperatton
among stakeholders will strongly influence the mplementat:on and success of this IPM plan
Although most aspects of terrestrial agriculture iPM plans are not closely regulated, control of
burrowsng shrimp in oyster beds in estuar;es has attracted the concerns of state and federal
resource: agencies, tribes, citizens’ groups and oyster growers. Lack of Zrust stubbornness,
unwillingness to participate in constructive dialog, changing environmental values, and lack of
information have contributed to discord surrounding burrowing shrimp control practices {Eng
1995). One step toward reducing conflict among stakeholders would be to increase education
of staff in resource agencies, the public, and oyster growers as to the true benefits"(economic
and environmental) and costs (environmental) of burrowing shrimp control. Another step would
be to continue forums to openly discuss burrowing shrimp control practices, such as those
conducted by the BSCC, which includes representatives of resource agencies, oyster farmers,
academic scientists, tribes, and citizens’ groups.

8.5.5 Improved Respect for “Local” Knowledge. Many of our respondents felt that -
information that they provide to decision makers at the State level is not seriously considered
when decisions are made about pesticide applications, etc. For example, many feel that
decisions as to timing of application are not based on good science. Staff in resource agencies
and scientists in research institutions should learn to have greater reSpect the experience of
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oyster growers and local nat'ural'i's'ts' who !'ive and work on the estuariee in addition, oyster
growers and local naturalists need to mamtam written and photographic records and to take
quantitative measurements of envsronmentai varsabies and processes in order to better
substantiate the vatldlty of thelr observatlons and conclusions. '

8.5.6 Resources to Implement the IPM Plan. In order to implement the IPM plan and .
conduct research to address critical research needs, the State and the oyster growers will need
knowledge and financial resources.- Institutions that have expertise that could assist these
efforts include state resource agencies (WDFW, WDOE, WDNR, Washington Sea Grant),
federal resource agencies (USFW, USEPA, USACE, NMFS, USGS), private-sector research
institutions and consultants (such as Battelle, Aquatic Environmental Services), academic
institutions (University of Washington, Western Washington University, Oregon State
University, Grays Harbor College, Peninsula College, Washington State University), and non-
government organizations and foundations (Willapa Alliance, Olympic Natural Resources '
Center, Eco-Trust). Financial resources could be contracts or grants from private and
corﬁmercia! sources (oyster growers, seafood distributers, venture capitetists_), state agencies
(WD_OE; WDFW, WDNR, WDA, Washington Sea Grant, Washington State Commission on
Pes{icide Registration), and federal agencies (USEPA, USFW, NCRI USDA, and possibly
NSF). Cooperatsve~fund[ng partnershlps between commerc:af state and federal organtzatlons
are l|kely to be espemally productwe g:ven current tight budgets

8.6  FURTHER DEVELOPMENT OF THE IPM PLAN

The IPM plan must have the cepacity and capability to change and improve over time,
In particular, as the critical information needs are addressed (Section 9.2.1), improvements will
be more accurate methods of censussing ehrimp popu!atione, models of forecasting changes in
shrimp population size, objective criteria for deciding when and where to apply control tactics,
and insights to factors causing burrowing shrimp populations to expand in recent decades.
Additional mprovements are foreseen in burrowing shrimp control methods, with the
conservation and enhancement of natural poputatzons of shnmp predators and with studies to
integrate existing control practices. As suggested in Section 9.3.2, a cpordmator could be
responsible for tracking the research and upgrading the IPM plan. An oversight co'mmittee
{(such as the BSCC}) should review progress and implemeetation of the IPM plan on biennial
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basis and provide guidance to the IPM coordinator as to how efforts should be prioritized. By
regularly incorporating new knowlédge into the plan, and by regularly disseminating
improvements to the plan, the oyster growers and resource agencies will see steady progress
toward the IPM plan’s goal of maximizing profit from the production of oysters while minimizing

deleterious impacts to other environmental or human resources.
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Integrated Pest Management Plan
Opyster Growers Survey

I. Oyster Farming

A, Background Information

1. How do you grow oysters and what are your markets?

Culture Method Singles

_ Long-line i

____On-bottom

_Rack & Bag
Raft

e tr—————

Shucked Meat Other |

am——
e

Stake

Other

2. How long have you been growing oysters?

3. How long has your famﬂy been in the business of growing oysters?

Growing Schedule

1. What is your annual activity/grow_ing schedule? When are you involved in the following:

Setting seed

Transfer oysters to grow-out beds
Transfer oysters to fattening beds -
Harrowing

Harvesting

Sampling shrimp abundance or bed condition

Controlling shrimp

2. How long (months) does each phasé of growing the crop last?



a. On-Bottom Culture o
Seed to grow-out (fattening) transplant

Fattening to harvest

or Seed to harvest

b. Long-line Culture
Seed to harvest

- ¢. Other cuiture
Seed to harvest

3. Have you intentionally left any of your farmable acreage fallow? (Yes, No)

If yes:
a) Why?

b) What is the maximum time you have left a seed bed fallow ( months).
Did this affect your recovery of oysters from that bed the next time you farmed it?
~ a. Increased recovery
b. Decreased recovery
¢. No Observable difference

c) What is the maximum time you have left a fattening bed or long-line bed fallow
( months). Did this affect your recovery of oysters from that bed the next
time you farmed it? _

a. Increased production

b. Decreased production

¢. No Observable difference

4. Is Condition Index a useful value for you to predict the quality or yield of your crop?
a. Crop quality (Yes, No) .
b. Crop yield (Yes, No)
¢. Other




1D #

D. Geographic Differences

1) Aside from the impact of burrowing shrimp, which geographic areas are better or worse

for: '

Seed Beds On-Bottom Long-Line Beds
Fattening Beds '

Better

Worse

2. On a percentage basis, how much difference in production do you find between locations?

Between Best and Worst Seed Beds %
Between Best and Worst Fattening Beds %
. Between Best and Worst Long-line Beds %

3. Is oyster-bed classification a good predictor of yield (disregarding presence of burrowing
shrimp)?

II. Managing Burrowing Shrimp

A, Extent of Damage

1. Which species causes the most damage in your oyster beds?
a. Mud shrimp (Upogebia)
b. Ghost shrimp (Neotrypaea [=Callianassa])_
¢. Equal impact




ID #

2. How does each burrowing shrimp species affect your oyster crop? How do you measure
these impacts? '

Impact Ghost_ Mud Mgaggremgng'
Opysters sink

Oysters buried

Beds difficult to work

Competition for food

Other

I
i

3. What is the proportion of mud and ghost shrimp on 'your beds?

seed beds....ouvvuannns { % mud shrimp, % ghost shrimp)
fattening beds........ { % mud shrimp, % ghost shrimp)

long-line beds........ (. % mud Kshr-imp, % ghost shrimp)

B. Evaluating and Predicting Shrimp Dgn;ig

1. Who evaluates the density of burrowing shrimp on your oyster beds?
a. Self b, Co-worker/employee c. Expert
If “Expent”, skip down to C (pg. 5)

2. How do you currently evaluate present shrimp density?
1) burrow counts per quadrat
2) “eyeballed” number of burrow counts
3) sediment consistency (softness, compaction)
4) time since bed was last treated
35) condition of oysters
6) combination of #
7y other

3. Does this method give you accurate information to estimate future shrimp density (Yes,
No)?



D# _S

4. On what basis do you decide to spray a bed?
1) recommendation of expert |
2) burrow counts per quadrat
3) “eyeballed” number of burrow counts
4) sediment consistency
5) time since bed was last treated
6) condition of oysters
Ty combination of #
8) other

5. If you were taken to a bed that you were unfamiliar with, how many months or years into
the future could you judge whether or not that bed would need to be treated? '

a. 1-3 months d. 18-21 mo.
b. 6-9 months e. 2-2.5 years
¢. 12-15 mo. f. > 3 years

6. How much time must pass for burrowing shrimp density to double or increase 10-fold?

a. Ghost shrimp: increase . 2x 10x

b. Mud shrimp: increase ~ 2x s 10x

7. At what abundance of shrimp (or condition of oyster beds) is it neéessary to apply a
control tactic in order to produce a profitable crop?

a. Seed beds

b. Fattening beds
¢. Long-line beds
d. Other culture methods

C. Current Management Practicﬁ

1. What proportion of your oyster beds do you currently treat with carbaryl annually?

a. Seed beds %
b. Fattening beds %
c. Long line beds %




2. What proportion of your oyster beds would you like to treat w1th carbaryl every year”

a. Seed beds %
b. Fattening beds %
¢. Long line beds %

3. In your experience, how effective is aerial carbaryl application?
— % shrimp are killed on sprayed plot.

4. Which species of shnmp are best controlled by spraying carbary! (cu'cle one: mud ghost
both equally, neither)?

5. Has the effectiveness of carbaryl changed over the years?
a. Yes
b. No

¢. No opinion

6. What would be the optimum carbaryl—spraymg cycle (Spraymg frequency) that would
balance the needs of oyster growing and environmental management?

a. Spray seed beds every | __ years.
b. Spray fattening beds every _ years.
¢. Spray long-line beds every . years.

7. Should the application rate of carbaryl be changed? (Yes, No). If yes, why?

8. Should the application method (areal spraying) for cerbary! be chaﬁg’ed? (Yes, No). If yes,
why? .



D # 7

9. If use of carbaryl or other pesticides was banned in estuaries, how would oystcr farming be
affected in le!apa—Grays Harbor? .

III. Alternative Management Practices

1. Have you been involved in the design or implementation of any specific alternative
burrowing shrimp management practices?

A. Yes

B. No
If YES, Please describe the method:

If YES, Please describe how you tested the method
A. Area applied to

B. Duration and frequency of application -

C. How success was evaluated

D. Efficacy (% killed on plot, time for shrimp population to recovér)
E. Cost per acre (relative to cost of spraying with carbaryl: $150/acre)

If NO, Would you be willing to try experimental alternative methods (on a scale of acres)?

2. What alternative control methods or cultural practices do you think show the best promise
for future research or development? Why?



D # ‘ 8

3. Do you think that there are constraints (such as reguiatoty permits or public perceptioris)
that hinder the use or development of alternative methods to control burrowing shrimp (other
than those associated with carbaryl)? What are they?

4. Would you consider another, more environmentally bénign; pesﬁcide to be an acceptable
alternative to carbaryl for controlling burrowing shrimp? Why or why not?

5. If use of carbaryl (or other pesticides) was banned in estuaries, how would oyster farming
be affected in Willapa-Grays Harbor?

IV. Environmental Impacts of Burrowing Shrimp Management

1. What do you think are the short- and long-term benefits of burrowing shrimp management
using carbaryl?

A) Short-term benefits?
B) Long term benefits?

2. What do you think are the short- and long-term negative impacts of burrowing shrimp
management using carbaryl?

~ A) Short-term impacts?

B) Long term impacts?



ID¥#

3. Aside from impacts on oyster farming, how does wide-spread high density of burrowing
shrimp affect the overall environmental quality of the Willapa-Grays Harbor estuaries?

a) negative impact
b) positive impact
¢) neutral impact
d) do not know

4. Are both species of burrowing shrimp equally detrimental or beneficial?

5. What natural resources are negatively affected by high densities of burrowing shri_mp?

6. What natural resources benefit from high densities of burrowing shrimp?

7. In what ways does oyster farming have a beneficial impact on the overall environmental
quality or natural resources of the Willapa-Grays Harbor estuaries?

8. In what ways does oyster farming negatively impact the overall environmental 'quality or.
natural resources of the Willapa-Grays Harbor estuaries? '
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9. If oyster farming has any detrimental impact on the estuary what aspects of the farmmg
practices have the greatest negative impact?

On Bottom

Long-line

Rack and Bag

Other Method

10. In what ways can oyster farmmg change to improve its affects on the environmental
quality and natural resources of Willapa-Grays Harbor?

11. In what ways can the local community, the State, or Federal government help oyster
farmers reduce negative impacts they may exert in the estuary?

12. In what ways can the local community, the State, or Federal government help oyster
farmers control burrowing shrimp? _



Integrated Pest Management Plan
Opyster Growers Survey

~ Take Home Portion

1. Oyster Grower Costs and Revenues Survey

2. Survey on Effectiveness and Feasibility of
Methods to Control Burrowing Shrimp

3. Survey on Impacts of Control Methods

4. Carbaryl Risk Survey

By Novémber 9, Please Return to:

- Ted DeWitt -
Battelle Marine Science Laboratory
1529 W. Sequim Bay Rd.
Sequxm WA 98382

phone: (360) 6813656
fax: (360) 681-3681
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Oyster Grower Costs and Revenues Survey

Expanded list of questions. These questions are intended to help you better understand the data
we need to collect to conduct an econmic analysis of the impact of burrowing shrimp on oyster
farming and to develop economic threshold models for the IPM strategy. Please answer these
questions on the table provided. _

| 1. What is the total tideland acreage of your operation?

2. How many tideland acres do you own (not leased)?

3. How many tideland acres do you use for on-bottom oyster culture?

4. How many tideland acres do you use for long-line byster'éulmre?

5. How many tideland acres are used for seed beds for on-bottom culture?

6. How many tideland acres are used for other methods of oyster culture?

7. How many tideland acres are unfarmed on average per year?

8. List your total combined annual costs (labor, material and services, capital, other) of oyster
production in terms of $/bushels or $/acre (not both).

9. List your total costs for value-added activities in terms of $/bushels or $/acre {not both).
10. Of your total costs, please list all your variable costs of production (stake and mark, seeding,
transplanting, cut and set pipe, string oysters, setting lines, repair pipe and lines, rake

oysters, tribal, bookkeeping, equipment, permits, overhead, interest on operating capital)
in terms of $/bushel or $/acre (not both).

11. Of your total costs, please list all fixed costs of production (depreciation, interest, land
charge, shrimp treatment, establishment investment interest) in terms of $/bushels or
$/acre (not both).

12. List your total investment costs of production in terms of $/bushels or $/acre (not both).

13. How many acres were treated for 'burrowing shrimp each year (all control methods
combined)?

14. How many acres were treated with carbaryl?

15. How many of your farmed acres were untreated with carbaryl?



16. Of these farmed but untreated acres, how rriany should have received some sort of treatment
because burrowing shrimp density was (or would become) high enough to affect your
oyster crop within one year?

17. List the cost to control burrowmg shrimp (by all methods used) in terms of $/bushels or N
$/acre (not both).

18. List the cost to control burrowing shrimp using carbaryl in terms of $/bushels or $/acre (not
both). , -

19. List your annual economic losses due to the presence of burrowing shnmp in terms of
gallonis/acre or $/acre (not both).

20 . List your annual costs to sample burrowing shrimp abundance on your ojrstér beds in terms
of $/bushel or $/acre (not both).

21. What was your annual yield in terms of gallons/acre or bushels/acre (not both)?
22. What was your annual return in terms of gallons/acre or $/gallons (not both)?

23. On average, how many gallons of oyster meat were produced per bushels of oysters?



ID#

Integrated Pest Management Plan
Non-Growers Survey

1. Have you farmed oysters? (Yes, No)
' If Yes,

a) For how long and when?

b) What culture methods: (Bottom, long-line, rack & bag,
other ' )

¢) Did you have to control burrowing shrimp?
d) What methods did you uée to control the shrimp?
2. Have you had direct experience working with burrowing shrimp, either to maﬁage their
abundance or to understand their biology? (Yes, No)
If Yes, continue with next section. Othenvisé, skip to Part III' (g 3)
. Burrowiﬁg Shrimp Inipact & Control

A. Extent of Damage

1. Which species causes the most damage in oyster beds?
a. Mud shrimp (Upogebia)

b. Ghost shrimp (Neotrypaea {=Callianassa)) |

¢. Equal impact

B. Evaluating and Predicting Shrimp Abundance

1. What is the best method to evaluate present shrimp density?
1) burrow counts per quadrat '
2) “eyeballed” number of burrow counts
3) sediment consistency
4) time since bed was last treated
3) condition of oysters
6) combination of #
7) other




ID# 2

2 Does this method give you accurate information to estimate future shrimp abundance
(Yes, No)

3. If you were taken to a bed that you were unfamiliar with, how many months or years into
the future could you judge whether or not that bed would need to be treated?

a. 1-3 months | d. 18-21 mo.
b. 6-9 months - e 2-2.5 years _
¢. 12-15 mo. f. > 3 years

3. How much time must pass for burrowing shrimp abundance to double or increase 10-fold?
a. Ghost shrimp: increase  2x 10x

b. Mud shrimp: increase  2x | 10x

6. At what abundance of shnmp (or condition of oyster beds) is it necessary to apply a control
tactic in order to produce a profitable crop?
a. Seed beds

b. Fattening beds
¢. Long line beds

C. Current Management Practices

1. In your experience, how effective is aerial carbaryl application?
% shrimp are killed on sprayed plot.

2. Which species of shrimp are best controiled by spraying carbaryl? (mud, ghost, both
equally, neither)

4. Has the effectiveness of carbaryl changed over the years?
a. Yes

b. No
¢. No opinion

d. Ask growers



ID# 3

5. What would be the optimum carbaryl—spraymg cycle (spraying frequency) that would
balance the needs of oyster growing and environmental management?

a. Spray seed beds every ' years.
b. Spray fattening beds every ‘ years.
c. Spray long-line beds every years.

6. Should the application rate of carbary! be changed? (Yes, No). If yes, why?

7. Should the application method (areal spraying) for carbaryl be changed? (Yes, No). If 'yes,
why?

II. Alternative Management Practices

1. What altematwe control methods do you think show the best promise for future research or
development? Why? :

2. Do you think that there are constraints (such as regulatory permits or public perceptions)
that hinder the use or development of alternative methods to control burrowing shrimp (other
than those associated with carbaryl)? What are they?

3. Would you consider another, more environmentally benign, pesticide to be an acceptable
alternative to carbaryl for controlling burrowing shrimp? Why or why not?



ID# 4

4. If use of carbaryl (or other pestic:des) was banned in cstuanes how would oystcr farmmg
be affected in Willapa-Grays Harbor?

IV. Environmenal Impacts of Burrowing Shrimp Management

1. What do you think are the short- and long-term benefits of burrowing shrimp management
using carbaryl?

A) Short-term benefits? -

B) Long term benefits?

2. What do you thxnk are the short- and long-term egatwg 1mpgc§§ of butrowmg shrimp
management using carbaryl?

A) Short-term impacts?
B) Long term .i'mpacts? :

3. Aside from impacts on oyster farming, how does wide-spread high density of burrowing
shrimp affect the overall environmental quality of the Willapa-Grays Harbor estuaries?
a) negative impact

- b) positive impact
¢) netural impact
d) do not know



D#

4. Are both species of burrowing shrimp equally detrimental or beneficial?

5. What natural resources are negatively affected by high densities of burrowing shrimp?

6. What natural resources benefit from high densities of burrowing shrimp?

7. In what ways does oyster farming have a beneficial impact on the overall environmental
quality or natural resources of the Willapa-Grays Harbor estuaries?

‘8. In what ways does oyster farming negatively impact the overall envuonmentai quality or
natural resources of the Willapa-Grays Harbor estuaries?



ID#

9. If dyster farming has any detrimental impéct on the eétﬁary, what aspects of the farming
practices have the greatest negative impact?

On Bottom

Long-line

Rack and Bag

Other Method

10. In what ways can oyster farming change to improve its affects on the environmental
quality and natural resources of Willapa-Grays Harbor?

11. In what ways can the local community, the State, or Federal government help oyster
farmers reduce negative impacts they may exert in the estuary?

12. In what ways can the local community, the State, or Federal government help oyster
farmers control burrowing shrimp? .



Integrated Pest Management Plan
Non-Growers Survey

Take Home Portion

1. Survey on Impacts of Control Methods
2. Carbaryl Risk Survey

By November 9, Please Return to:

‘Ted DeWitt ,
Battelle Marine Science Laboratory
1529 W. Sequim Bay Rd.
Sequim, WA 98382

phone: (360) 681-3656
fax: (360) 681-3681
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Carbaryl stk' Survey
I. Risk Ranking

Please rate how important you beheve it is to reduce or avoid risk from the use of ca.rbaryl in
each of the following areas. Please circle the appropnatc number.

Environmental Area at Risk : Importance (1-10)
Not Important Very Important _

1. Surface water 1 2 3 456728910
2. Fish (estuarine species) 123 45 6 7 89 10
3. Birds (waterfowl, birds of prey, seabirds) 123456789 10
4. Invertebrates (crabs, worms, benthic species) 1 23 45 6 78 _9. 10
5. Mammals (land and aquatic) 12345678910
6. Plants (eelgrass) 1234567829 10
7. Endangered species (threatened plantsand animals) 1 2 3 4 5 6 7.8 9 10
8. Yourself and others (poisoning) 123456789 10
9. Chronic (long term) health effécts toyourself/family 1 2 3 4 5 6 7 8 9 10

IL. Cost of Avoiding Risk

One way to address the environmental risks (in particular) from the use of carbaryl is to
understand how much people are willing to pay to avoid certain levels of risk. By putting a
dollar value on avoiding these risks, we can identify how much more people would be willing
to pay for the development of safer pesticides with less negative environmental impacts or how
much greater yield losses producers would be willing to tolerate to avoid carbaryl use.

The average cost of carbaryl treatment is $150 per acre (including application and material
costs). An oyster producer may be willing to spend additional amounts to reduce or avoid the

environmental unpacts of carbaryl application. In practice, these additional costs might take the

form of a premium for a more benign pesticide or as greater yield losses that would be tolerated
to avoid carbaryl use.

A. Oyster Growers
1) Approximately how much did you spend on carbaryl in 1994, including application costs?

$ Jacre




2) For one application of carbaryl, what would you be willing to spend or accept in yield losses
to avoid risk from carbaryl? Please provide an answer for each level of risk:

a. to avoid high risks to the environment '3 facre
b. to avoid moderate risks to the environment § facre

¢. to avoid low risks to the environment $ /acre

- 3) Who should pay for this cost and why?

a. Growers
b. Local community in Willapa Bay or Grays Harbor
c. State or Federal government

d. Shared among all of the above

B. Non-Growers |

1) For one application of carbaryl, what would you be willing to spend to avoid nsk from
carbaryl? Please provide an answer for each ievel of risk:

a. to avmd high nsks to the environment - § | __facre
b. to avmd moderate risks to the environment $ /acre

c. to avoid low risks to the environmert $  Jfacre

2) Who should pay for this cost?

a. Growers
b. Local community in Willapa Bay or Grays Harbor
_¢. State or Federal government

d. Shared among all of the above



IPM Project: Survey on Effectiveness and Feasibility of Methods to Control Burrowing Shrimp

{nstructions: For each method used (or proposed) to control burrowing shrimp, please rate:
1) Effectiveness at reducing’ burrowing shrimp density relative to the effectiveness of carbaryl.
+ : method is likely to be MORE effective as carbaryl '
: method is likely to be LESS effective than carbaryl
: method is likely to be ABOUT EQUALLY effective as carbaryl
t : Uncertain about how effective method would be
2) Technical feasibility of developing and using the control method on a large scale (100+ acres/yr).
0 : development of technology is highly unlikely and success is unlikely.
1 : development of technology is possible, but success is doubtful;
2 : technology exists and success is possible
3 : technology exists and success proven (carbaryl would = 3).
U : Uncertaln about availability of technology or likely success
3) Cost {per acre) of applying the control method relative to the cost of carbaryl.
: cost is likely to be MORE than carbaryl
-- : cost is likely to be LESS than carbaryl
: cost is likely to be ABOUT EQUAL to carbaryl
U : Uncertain about cost relative to carbaryl
4} Your experience working with the control method.
0 : No Experience
1 : Tried experimentallyon a smai! scale
2 : Used on some oyster beds
3: Used regularly on more than 1 bed

+

"

Control Method Effect on Shrimp | Technical Feasibility Cost Personal Experience

Pesticides {Other than Carbaryf)

Enhance Predators

Deve_iop Sit-resistant Oysters

Cover Beds with Plastic Sheet
or Mesh

Mechanical Compaction of
Substrate

inject Clay into Burrows

Shell or Gravel Pavement

Explosives

Harrowing

High or Low Pressurs Water
- Jets

Electroshocking or Ultrasound

Harvesting Shrimp .

Other:

Other:
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Carbaryl Risk Survey
L. Risk Ranking

Please rate how important you believe it is to reduce or avoid risk from the use of carbaryl in
each of the following areas. Please circle the appropriate number.

Environmental Area at Risk _ Imbortance (1;-10)

. Not Important Very Importauf ‘
1. Surface water 12345678910
2. Fish (estuarine species) 123 45 6 7 8 9 10
3. Birds (waterfowl, birds of prey, seabirds) 1 23 435 6 7 89 10
4. Invertebrates (crabs, worms, benthic species) 1 2 3 45 6 7 8 9 16
5. Mammals (land and aquatic) 123456789 10
6. Plants (eelgrass) 1 2 3 45 6 7 8 9 10
7. Endangered species (threatened plants and animals) 1 2 3 4 5 6 7 8 9 10
8. Yourself and others (poisoning) 123 456 7 89 10
9 1 23 456 78 9 10

. Chronic (long term) health effects to yourself/family

II. Cost of Avoiding Risk

One way to address the environmental risks (in particular) from the use of carbaryl is to
understand how much people are willing to pay to avoid certain levels of risk. By putting a
dollar value on avoiding these risks, we can identify how much more people would be willing
to pay for the development of safer pesticides with less negative environmental impacts or how
much greater yield losses producers would be willing to tolerate to avoid carbaryl use.

The average cost of carbaryl treatment is $150 per acre (including application and material
costs). An oyster producer may be willing to spend additional amounts to reduce or avoid the
environmental impacts of carbaryl application. In practice, these additional costs might take the

form of a premium for a more benign pesticide or as greater yield losses that would be tolerated
to avoid carbaryl use.

A. Oyster Growers

1) Approximately how much did you spend on carbaryl in 1994, including application costs?

$ facre




2) For one application of carbaryl, what would 'yb'u'be willing to spend or accept in yield losses
to avoid risk from carbaryl? Please provide an answer for each level of risk:

a. to avoid high risks to the environment $ __facre
b. to avoid moderate risks to the environment  § facre

¢. to avoid low risks to the environment $ lacre

3) Who should pay for this cost and why?

a. Growers
b. Local community in Willapa Bay or Grays Harbor -
c. State or Federal government |

d. Shared among all of the above .

B. Non-Growers

1) For one application of carbaryl, what would you be willing to spend to avoid risk from
carbaryl? Please provide an answer for each level of risk:

a. 'to avoid high risks to the environment 3 __Jacre
b. to avoid moderate risks to the environment  $ __facre .

¢. to avoid low risks to the environment = $- Jacre

- 2) Who should pay for this cost?

a. Growers
b. Local community in Willapa Bay or Grays Harbor
c. State or Federal government

d. Shared among all of the above



Appendix B. ,
Analysis of Interview Responses Given by Oyster Growers and Non-Grower Experts

Summary

Twelve oyster growers and eight non-growers from Willapa Bay and Grays Harbor were
surveyed during in-person interviews and given a follow-up questionnaire to fill out at their
leisure. Six of each type of take home survey were returned to Battelle. Growers and non-
growers were questioned regarding their involvement and practices in the oyster industry, in
particular dealing with their management of the pest species known as burrowing shrimp. Many
questions dealt specifically with the environmental and social impacts of the most common
management tool for controlfing the shrimp, the aerial spray application of the pesticide |
carbaryl. The vast range of responses indicated not only differences between growers and
non-growers, but differences within these groups as ‘well. Inconsistencies were also noted
between various aspects of the survey responses from certain individuals. However,
significant area of common ground among all respondents was found, as were areas where
knowledge gaps and uncertainties were the most common factor. The responses highlight a
great deal of frustration at the current state of affairs, with polarization and distrust a halimark of
most stakeholders, at least at some point in each discussion. The group of stakeholders is
rather large, encompassing the two surveyed groups, the focal community, state and federal
regulatory agencies, academic institutions, as well as seafood consumers and other interested
parties outside of the local region. The use of the pesticide carbaryl is a contentious issue, with
an uncertain future. However, no obvious replacement shows any real sign of playing a role in
controlling burrowing shrimp the near future. This survey is an important startin designing an
integrated pest management plan that can gain acceptance by a iarge percentage of the
stakeholder assembiage

1. Ovyster Farming

A. Background _information

Of the twelve growers surveyed, eight grow oysters using the on-bottom method, of
which six are only bottom growers and the other two have some long-line operations. Five
growers, including the two already mentioned used a long-line method; one grower used a rack
and bag technique. The majority of the bottom cultured oysters are harvested for shucked
meat, which is presumably shipped in bulk to canneries. Some singles are also harvested
using bottom culture. The majority of the long-line oysters are sold as singles (whole oysters)
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to the restaurant and carryout markets, however some long-line growers provide bulk and
bushels to the canneries. The rack and bag grower produces single shell stock. '

Four growers have been in business longer than 20 years, with two operations having a
fengthy family history in this business. One grower reports a family history of five generations,
dating back to 1874. Six growers have been in business for 10 - 20 years, with two having
family history of growing. The other two are relatively new to the industry, operating for less
than 10 years. More than half of the growers had no reported famﬂy history in the mdustry

B. Growing Schedule

‘On-bottom growers set seed during spring and summer, during the peribd_ of April' to
September. This may be done early if the grower is running a hatchefy. Late set seed will be
left to overwinter until the next spring. Weather conditions play a factor in determining wheh to
set out seed. Some growers use a mix of hatchery seed ahd. natural setting, while one grbwer |
indicates that aif his oyster prodUctidn is a result of nattiral seed set. The long-liners sfring
oysters on ropes starting in February when the weather permlts and most set seed durtng the
spring, although some will do this during the summer months as weli

Transfer of oysters to grow-out beds (planting) and fé_tténing beds (transplanting)
depends on the depth of water and the su'sceptibilify of the area to storms, according to one
grower. Others may be induced to transfer if shrimp density threatens pamcular beds with

large losses, or to allow oysters to fatten if high shrimp densities are compettng with the oyster _ )
crop for food. Some growers, espeCtaEly long-liners, do not transfer the oysters at alil. Plantzng
most often occurs in the spring the year foflowmg seed set, and may continue into the summer. .
Planted seed may be aliowed to lay over for two summers. Transfer to fattenlng beds occurs
when the oysters are large enough, by picking or dredging, mostly by the on- bottom growers.
This may be done year round. At this point the oysters are approximately two and a half years
old.

Harrowing may be done prior to harvest to get the oysters positioned on top of the sediment,
mostly in September to October. Harrowing may also be done to the newly set seed after’
approximately one month, and some on-bottom growers harrow in the spring. Long- lmers may
harrow after the structures are removed to smooth out collected sedtment

On—bottom and long-line harvesting is d'one throughout the year, but the peak season is
the fourth quarter, October through December. This coincides with the peak marketing season
which starts in early January. For some' long-liners the peak harvesting _timés are during the
winter and spring months. ' o |
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Many growers indicated that they sample shrimp abundance and monitor bed condition
on a continual basis, although the peak season is spring. This allows them to identify beds that
need spraying in time to spray in mid-summer. Growers prefered to spray beds before seed is |
set so that the young oyster will not be immediately lost. Other growers indicate that they spray
beds which have just been harvested, as the presence of oysters on the beds may serve to
mask the shrimp abundance. Growers note that they are forced to spray for shrimp in late June
and early July by the regulatory agencies. Many would prefer to spray in fall when the shrimp
are most active as well as recruiting to the beds, although some would like to spray in the
spring before they set seed. On-bottom culture takes approximately three to four years from
seed set to harvest. Long-line culture takes approximately one year less on average.

Only two growers reported leaving any farmable acreage fallow. One bottom grower left low
quality acreage with high shrimp density unused. A long-liner used crop rotation, leaving some
areas fallow, to increase crop productivity. Another grower, who skipped this question, later
indicated that he only farms 30% of his acreage because the rest was infested with shrimp.
This may indicate that infested areas are not considered “farmable”. |

The condition index is useful to less than half of the growers for predicting crop quality
or yield. However, those who do find it useful are predominantly the on-bottom growers, and
more so for quality than for yield. Two growers noted that the index is only useful for short term
predictions. It is primarily the long-liners who do not use the condition index either for yield or
quality. Three respondents had either never used the index or skipped the question. One
grower notes a long term deciine in the condition index, and wonders whether the chemical
treatment could be to blame. |

C. Geoqraphic Differences

According to one grower, as only two reported on this section completely, high ground in
the southern part of Willapa Bay is the best seed bed area as it catches natural set and has
warmer water temperatures. Seed beds may have variation in yields of 100%. Stony Point,
near South Bend, and areas near the mouth of the bay have the best fattening beds, while the
worst for this function is toward the center of the bay. Production yields may vary by 40%. '
Other research by this writer has indicated fattening beds are best in areas of high nutrient
availability, as this provides a rich food source. The best areas for long-line operations are
variable, although sometimes growers are driven to off-bottom culture by the unsuitability of the
bottom substrate for on-bottom cuiture. Long-line yields may vary by 456% depending on
location, as well as seasonal factors,

Four of the bottom gréwers thought that bed classification is a good predictor of oyster
yield, one did not. The long-liners either indicated that the classification is not a good predictor
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of yield, or'skipped the question, 'indieeting that this is not applicable to their operations. One
noted that marginal land receives low classification rank, and this i is a primary reason for usmg
long-line method ‘

Il._Managing Burrowing Shrimp

A. Extent of Damage

There is general agreement among growers that the ghost shnmp cause most of the
damage to the oyster beds, with one grower not sure and another indicating mud and ghost
cause equal damage, but in different ways. Some growers indicated that ghost shrlmp are
more active in bioturbation and tunnei excavetlon Others sndlcated that the presence of mud
shrimp is not mcompatrb!e with oyster growth, but may cause long -term productron decreases
Some thought that ghost shrtmp “follow” mud shrimp in colonfzsng beds.

Only half of the non-growers reSponde'd to this question, with responses split between
ghost shrimp and both species equally. Two non-growers strongly objected to this line of
questioning that distinguishes between “good” and “bad” classifications of organisms. To these
individuals, the shrimp represent ecosystem constituents that are evolut:onar:ty adapted to this
estuarine environment, and they are unwilling to take a “pest perspect{ve of the shrimp verses
the exotic cultivated F’acxf:c oyster. |

The proportional distribution of the two shrimp species is variable depending on location
and the proportion of beds used for different growing activities. Some growers reported that
mud shrimp predominates in the beds newly seeded, while ghost shrimp predominate in beds
used for fattening. This may relate to conditions and areas where growers choose to locate
various phases of their operations. Areas suitable for seed beds are often in locations of mud
shrimp habitat, while fattening beds are more often better habitat for ghost shrimp. (Ghost
shrimp prefer sandy, higher tidal elevation areas whereas mud shr;mp prefer lower tidal
elevation, muddy areas.) If a growers acreage is primarily composed of one habitat type, then
that particular species will be more abundant. More than half of the growers reported that mud
shrimp were the dominant pest species on their beds.

Problems caused by ghost shrsmp activity mostly involve oysters smkmg into the
substrate or becoming buried by silt, as well as creating difficult work:ng conditions on the beds
due to Ilquefymg the substrate. Some growers note that ghost shrimp may compete with the -
oysters for food, or decrease the growth of eelgrass. Sinking and buried oysters was also
noted in relation to mud shrimp, but to a lower extent than with ghost shrimp. More growers
indicated that mud shrimp coropete more with the oysters for food which results in skinnier
oystei?s. and create difficult working conditions on the beds for workers and equipment; Some
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respondents noted that mud shrimp presence is manageable, either by avoiding infested areas
or utilizing alternate techniques, such as long-lining. Overall long-liners are less affected by the
presence of either shrimp species.

B. Evaluating And Predicting Shrimp Density

Most of the growers (10} inspect for the presence of shrimp themselves, several also
allowed co-workers or employees to do this. Although experts inspect beds for 4 of the
growers, it is often after the grower has made an evaluation of the most infested areas. Shrimp |
density is most commonly evaluated on the basis of sediment consistency and burrow counts,
either by quadrat or through “eyebaiting” Half of those responding thought that this information
could be used to estimate shrimp density, others thought denSlty had more to do with location,
climatic factors or shrimp recruitment.

The non-growers respondihg to this inquiry indicated that while burrow abundance and
sediment consistency could be used as density indicators, three individuals favored direct
sampling methods, such as the use of a fixed time/area pump, with the data correlated with
location, intertidal height and substrate type. Another non-grower suggested the use of ground
penetrating radar or other acoustical monitoring methods. Only two non-growers responded
regarding the predictive accuracy of methods, and only regarding burrow abundance
measurements. One indicated that this method could not be used to estimate shrimp density,
and the other did not know. -

Growers primarily base their decision to spray on the recommendation of an expeft',' who
mostly used burrow counts and sediment consistency as indicators of need. Several growers
base their spray decisions on the amount of time passed since last spraying or on the condition
of the oyster crop. Two growers indicated their basis was on whether they received a spray
allotment, and one grower reported that he does not spray based on the wishes of the land
owner. '

Only two growers indicated that they could judge the future spray needs of an unfamiliar
bed, and of these, only for approximately 1 year into the future. One non-grower thought spray
needs could be predicted for 12-15 months. One non-grower reported that prediction of the
need to spray is unnecessary for the reason that spraying itself is not needed when conditions
exist that are antithetical to shrimp, such as the presence of eelgrass. Eight growers had no
idea of the length of time required for populations of either species to double or increase by a
factor of ten. The other four thought it takes approximately 1-2 years for populations to double.
Only one non-grower would hazard a guess, of approximately one season. Other non-growers
thought the time needed for populations to double is based on environmental conditions, or
pointed out that the issue is recruitment not migration. No growers responded to the question
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of what shrimp abundance or oyster condition necessitated shrimp control. One noh-g‘row'er '
indicated that he did not know. Of the twelve growers, all reported some problems relating to .
shrimp infestation, and only one characterized the problem as “low infestation”. '

C. Current Management Practices.

‘The proportion of beds reported to receive annual treatment was quite variable. Four
farmers treat 25% or less of their seed beds annually, and two others indicating 3 'year c'ycl‘es
for treatment. One farmer reported that he treats 60-70% of his seed beds annually. One
grower treats 25% of his fattening beds annually, another only 5%, with several others notzng
these beds can't be sprayed as they contain oyster that are to be harvested within 1 year. '
Long-liners are also variable with two growers reporting no annual spraying, two at 10-20% o
annually, and 1 working a 3 year cycle. Four growers indicated that they would prefer to spray -
when the beds appeared to need it, rather than annually or on a predetermined cycle. Three
growers would like to spray 100% of their beds annually, and another three 33% or less
annually. One grower would like to see the whole bay treated to eradicate shrimp every 25
years.

Five growers thought that aerial spraying was effective at killing over 90% of shrimp |
present on a bed. Two thought the effectiveness was 70-90%. Three non-growers thought the
effectiveness was high. Three growers use hand application or other methods, and thought
that the effectiveness was significantly lower than aerial spraying. More than half of the
growers thought that both shrimp species are controlled equally well, two thought mud shrimp
are controited better than ghost by the spray, and two have no idea, Two non-growers thought
ghost shnmp are controlled best by spray, and one thought any shnmp near the surface will be )
impacted. All respondents who had an oprnron (11), thought that the effectiveness has not
changed over the past years of use. No growers responded to the question regarding the
optimum spray frequency to balance oyster production and environmental management. One
non-grower indicated that better methods of quantifying shrimp populations are necessary, as is
the quantification of pest densities sufficient to demand pesticide application. He expressed a
need to correlate treatment efforts and pest densities with oyster production, in order to
optrmlze the spray frequency. '

Six growers indicated that the application rate should not be _chahged. The"four who did
were‘split between one wanting to lower the rate, two to test whether a iower rate was effective,
and.one who wanted the rate increased. Half of the non-growers thought the application rate
shouid be changed, with three wanting it lowered, and one wanting the rate changed so that a
one time application would be most effective at kiiimg shrimp. At least three growers and two
non-growers noted that the timing of the appllcation is in need of change, which was not
addressed by the survey. Seven of the growers thought that aerial apphcatlon method should
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not be changed, while others thought that helicopter spraying shoulid be curtailed or application
methods be more suited to the size and location of beds. One non-grower strongly suggested
that all control efforts should be aimed at the juvenile shrimp only, and that many current
problems were the result of attempting to control adults.

Almost all growers thought that the industry would be negatively affected if carbaryl was
banned, although the severity of the response was variable. Some indicated that uninfested
areas would continue to be farmed, but with a loss of revenue and employment. Others
thought that the “industry as we know it" would vanish. Long-liners as well as ground growers '
indicated that they would be negatively affected. One respondent thought Grays Harbor would
be hit harder than Willapa Bay. |

At least half of the non-growers also thought that the industry would suffer if carbaryl
use was banned, with both farmable acreage and economic returns to the industry declining.
Overall, non-growers thought that the industry would continue, but at a decreased level. Some
who thought that the industry would lose growers indicated that the estuary would lose
“ecosystem guardians”, growers who supported high water quality conditions and a curb on
development. Banning the chemical would provide the incentive to develop alternative shrimp

control measures, as well as alternative growing methods, according to some. Two non-
~ growers cited Oregon as an example of what would occur should carbaryl be banned, although
one indicated that the Oregon industry was still viable, and the other pointing to the demise of
~ the industry in Tillamook Bay. One person suggested that with carbaryl banned the covert,
illegal use would skyrocket with the unregulated application rate also increased.

L. Alternative Management Practices

Six growers reported that they have been involved in alternative management practices
in the past. Activities included the use of ground cover such as plastic sheeting and mechanical
devices typically used to crush the shrimp on the beds. Some growers experimented with
alternative uses of carbary! both in the level of application as well as the method of delivery to
the beds. Another has experimented with alternative chemicals including nicotine. Some long-
liners indicated that off-bottom culture methods should be considered alternatives to the more
common ground culture teéhnique. All of the growers who answered(10) indicated that they are
willing to consider more benign alternatives to carbaryl, as long as both the effectiveness and
the benign character could be demonstrated. All eight of the non-growers indicated a similar
willingness aithough two noted that they thought that the use of carbaryl was not all that bad.

The growers had a wealth of ideas for possible alternative management strategies in
addition to the methods listed above, although one responded that he had not heard of anything
that could replace carbaryl. One grower indicated that this topic was one that growers
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discussed often. Alternative chemicals could be introduced, but they would necesseriiy have to
be of a narrow spectrum to only affect shrimp An example would be a substance that retards
the maturation of shrimp, or renders them sterile. Alternative delivery methods for the
application of carbaryl or other chemicals was suggested. Several growers thought that a long
term solution is preferable to treating the short term effects. They advocate an ecosystem
approach to the estuaries based on restormg a balance of predators such as several species of
finfish. To this end they advocate the eirmtnatton of the baitfish harvest, and the reductton of '
seal abundance to reduce pressure on the fish. Other forms of biological control were
suggested mc!udlng the mtroductlon of bio- agents such as diseases or paras:tes affect:ng
shrimp. Another alternative is the introduction of sterile shrimp or those with genettc
modifications that would affect the general shrimp populations. Only one or two growers had
confidence in mechanical eradication, suggesting that these methods caused considerable
damage to the benthic conditions. One grower suggested pumptng the shrimp out of the beds.
The shrimp could be left as food for gu[ls or sold for bait. Two growers suggested that shrlmp
control is needed less when oyster growing methods can coexist with the presence of shrimp.
They noted that off bottom methods such as floating pens or structures above the bottom are
less affected by shrimp presence.

Half of the non-growers advocate some form of biological controi often with the stated
purpose of re-establishing a measure of ecological balance they thought was currentiy lacking
in the estuarine system. Suggestlons included shrimp predator enhancement, shrtmp _ |
parasites, diseases, growth inhibitors and substances that might alter shrimp reproductlve
behavior, Alternative off-bottom growing methods were suggested by two respondents with
one noting a platform technique apparently successfully used in Australia. Substrate
enhancement was suggested for continued bottom culture farmers, either using a tarp or mesh
layer, or through the use of shell, which may also attract crabs. While two individuals
suggested mechanical methods that would crush the shrimp in the beds, another favored
reducing the level of disturbance, especially to any eelgrass that may occur on the beds. Other
suggestions include the development of a more narrow spectrum of chemacals and the -
pumping of live shrimp from the beds to use as batt

The most common hindrance to the d_eve!opment of alternative manegement practices
cited by the growers was the actions and attitodes of government agencies responsible for
regulations in the estuarine areas. Growers noted that the permitting process for alternative
management methods restricts their implementation, and suggested that the agenczes do not
give the growers much priority for experimenting with alternative control methods, relative to
concerns for the protection of habitat or eelgrass beds. Another factor hindering alternatives
development is the overall cost of new technlques especially in relation to the marginal
economics of the oyster market. Other hindrances include a lack of research into alternatives - _
and the reaction of neighbors and the public to new control methods, which often can not be
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predicted until they are implemented. Perhaps the most insightful observation is that a major
obstacle to the development of alternatives is a lack of an open-minded attitude by the various
stakeholders. This grower stated that a lack of consideration for other points of view creates an
atmosphere of intolerance that perpetuates the current situation. Only one of the non-growers
thought that there are no constraints to the development of alternatives to carbaryl. Others
agree that the level of funding and technical or research knowledge was too low, due to the
economics of the industry. Two non-growers agree that the regulatory agencies constrain the
development of alternatives through their process of regulation, permitting, and general inertia. -
Public opinion and government scrutiny of alternative methods was mentioned, as was the
domination of the pesticide application procedure by the oyster industry.

V. Environmental Impacts Of Shrimp Management

Only four growers responded to questions regarding the short and long term benefits
and negative impacts of using carbaryl for the control of burrowing shrimp. The short term
benefits reported were the immediate mortality of shrimp in the treated areas, which in turn
limits oyster loss. Growers listed as a benefit that the application method was a good one to
treat large areas. They also indicated that carbaryl application allowes for the growth of
eelgrass. Several non-growers noted that in the short term the carbaryll application kills shrimp,
allowing the substrate to harden, whlch beneflts the oyster mdustry ‘Oniy one thought that
there are no short term benefits.

Over the long term, growers indicated that carbaryl treatment boosts the yield of oysters
in the estuarine beds. This keeps the industry economically healthy and saves jobs and related
employment in the industry. At least some growers believe that carbaryl treatment reduces the
shrimp abundance and distribution in the bay. '

Non-growers agree that the mdustry benefits in the long term through the use of
carbaryl, with some noting that water quality benefits both from the presence of the growers, as
well as through the filtering of the oysters. Severai noted that the decrease in the abundance of
shrimp is good for the ecosystem, through enhanced species diversity and lower sediment
movement rates, as well as the maintenance of functional habitat for non-shrimp species.
Several thought there are no benefits to carbaryl use, or declined to answer.

Two of the four responding growers reportéd negative impacts resulting from carbaryl
treatment. Only one short term aspect was noted, the toxic effect on non-target animals and
oyster beds. One grower indicated uncertainty regarding whether the chemical could bind to
the clay soils of the estuarine bottom, or whether there was negative effects on the oysters or
water quality over the long term. One grower listed a loss of species diversity as a long term
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negative impact from spraying. The other two growers who responded to this questton _
indicated that there were no negative short or !ong term smpacts from the spraying of carbaryl

Non-growers are more vocal regarding the negative aspects of carbaryt use. Their _
primary concern is the non-target species mortailty especially the elimination of crustaceans
Water quality may be impacted in the short term, a possible human health issue, although one
noted that a general fear of the chemlcats in the water was exacerbated by the treatment. Non-_
growers expressed some uncertainty as to the long term effects of carbaryl use. The negatlve
public perception of chemical use may harm the 1_ndustry_, et_ther d:rect{y or through a decreased
market image of the oyster product. Long term effects may include the polerization of the local

- community as people line up on opposing sides of this fractious issue. One non-grower thought
the short term impact is insignificant, while another ergoed that the sprayable acreage allowed
is too small, limiting the effectiveness of shrimp control. Another noted that this type of
management involving peshctdes in an aquatic setting would not be altowed in other similar -
estuarine systems.

Growers listed several impacts related to areas of highéhrimp abundance in the bay.
One grower thought that high densities of shrimp only negatively affected oysters by reduCtng
the amount of food available, however the general consensus was a lower overall level of
estuarine biodiversity. Several described a condition of a “shrimp monoculture” that created a
“marine desert” condition in the benthic community. Among the negative impacts are a
reduction in benthic habitat for eeigrass, other benthic plants, shelifish including cockles,
scallops and several types of clams, burrowing worms, waterfowl such as Brandt's Geese and
pelicans, and fish. Some growers indicated that the high densities of shrlmp has altered the
estuarine ecosystem in general, lowering its overall productivity. '

More than half of the non-growers agreed that high shrimp densities lowers the level of
ecological diversity through the reduction of habitat suitable for the above mentioned species.
High rates of sediment s_us'pension mey decrease the photic levels necessary for benthic plant
grthh Two non-growers think that high shrimp densities have a positive ecological effect,
either by providing a positive effect on water quahty or by provedmg fooct to their predators.
These same individuals were adamant that the shrimp are a natural component in the estuarine
ecosystem and that defining environmental quality in relation to the abundance of specific
tndtgenous species was not possible. They maintain that managers should not be attemptmg to
regulate the components of a highly complex env:ronmental system.

Growers indicated that high shrimp densities benefited some community species,
espemalty those that are shrimp predators These include finfish such as sturgeon, some
salmonids and perch, as well as gutis. Two growers thought there are no benefits to natural
resources from high shrimp densities, another thought baitfishermen who harvest the shrimp
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derive some benefit, and another believes eelgrass receive some benefit from the shrimp -
contradicting at least six other growers. Non-growers noted that in addition to the species listed
by growers, grey whale, other finfish species such as trout and anchovy, as well as crabs
benefit from high shrimp densities.

The survey asked growers whether the impacts of both species of shrimp were equal,
repeating a question asked earlier in section |, Managing Burrowing Shrimp. However, the
answers were not exactly identical, perhaps indicating some level of uncertainty in the growers’
minds. Overall, the majority thought that the ghost shrimp provides more detrimental impacts,
although two growers thought the impacts from the two species are the same, and two were
unclear which has the greater impact. More than half of the non-growers indicated uncertainty
or declined to answer. Those that did indicated that ghost shrimp are the most detrimental, but
noted that while these shrimp destabilize the sediment most, they think the mud shrimp provide
the most competition for food in the estuary.

Growers indicated that the primary estuarine environmentai benefit associated with the
oyster farming industry is the control of burrowing shrimp. This may be because many of them
feel benthic habitat is created for other species with the control of the shrimp. The increase in
biodiversity includes invertebrates such as crabs, shelifish and sponges, as well as eels, shiner
and other finfish. Growers also regard themseives as an important safeguard for water quality
in the estuary. Several noted that growers function as a “watchdog” for incompatible estuarine
uses, or nearby land uses, that might serve to degrade the water quality. In addition, growers
- keep the notion of water quality a high priority, sometimes filing lawsuits against other parties.

One grower suggested that the oysters themselves improve water quality through their action
as filters of the bay waters. While two growers thought that oyster growing creates conditions
benefiting the growth of eelgrass, another thought that oyster growing reduces eelgrass growth.
This grower indicated that this reduction is a good thing as eelgrass reduces water flow and
could lead to stagnant water conditions. One grower noted that the oyster industry provides
“state revenue and employment, although it is difficult to construe this as an environmental
impact.

The dominant environmental benefit from oyster farming noted by non-growers is the
increase in biodiversity through the enhancement of habitat for benthic plants and animals.
Non-growers also noted the promotion and support of water quality by the growers through
political and social pressure, as well as through the physical aspects of the oysters filtering
water. One non-grower raised a particularly salient point in this regard: the presence of oyster
growers and their crop is on the whole a positive aspect, however the disturbance involved in
the culture methods, especially bottom culture, is usually bad. '
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Almost half of the growers responded that there were no negative environmental
impacts from oyster farming. This question was asked effectively twice; some growers took this
opportunity to comment on oyster methods that they did not persona!ly use but which they |
thought causes negative impacts. The main negative impact for ground cuiture methods is the
effect of dredging on the benthic habitat and associated species. This is mostly due to the
turbidity caused by disruption of the sediment, but also to direct medhanical stress and
mortality. There are two types of negative impacts associated with off-bottorn culture methods,
plastic and other debris such as ropes and mesh bags, and changes in the water flow as a
~ result of the structures in the water. Changing the flow of the water may result in sedimentation

~ deposits around the structures, which several growers noted is a temporary effect, reversed
when the structures are removed. One grower noted off-bottom methods may deplete food
levels in the water column. Another noted the pollution caused by outboard motors on the
growers’ boats.

Non-growers echoed the criticism of dredging and other mechanical disturbance on the
substrate, especially its effect on eelgrass and the resuspension of sediments. As carbaryl
remains integral to some growers' operations the non-target mortality was listed by some non-
growers. Marine debris from off-bottom culture was noted as was the aesthetics of the growing
structures. One person noted that since the oyster is an exotic component'of the ecosystem,
its presence is thus a negative aspect. Additionally, the monoculture of oysters may displace
other benthic species that would naturally occur. Two non-growers could find no major
negative impacts from oyster farming operations. The non-growers are fairly united in the belief
that the greatest negative impact of oyster farming is the disruption of the bottom substrate by
mechanical operations, but several questioned whether this was worse than the effect higher
shrimp densities might cause. Debris from off-bottom operations was also noted, possibly
causing animal entanglement, and causing general ugliness. Others noted the farmers’ impact’
on eelgrass through dredging or mowing, and questfoned whether farmers’ impacts in this
regard might actually promote shrimp infestation.

Three growers thought that no changes are needed to improve estuarine environmental
impacts, two did not know of any helpfui changes and two did not answer. One off-bottom
grower suggested reducing the acreage of ground culture to lower the amount of impact
associated with dredging. One bottom grower suggested a reduction in long-line operations to
curb associated debris problems, while a long-liner thought this could be accomplished through
better maintenance of equipment. Another suggested increasing the acreage of ground
production, noting that this would increase the provision of crab habitat from oyster beds. One
grower suggested eliminating the use of carbaryl.

Non-growers would like to see the overall intensity of disturbance decreased, as three
requested a decrease in dredging or other manipulation of the substrate, and another a
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decrease in eelgrass mowing. Two suggested more off-bottom culture efforts, including long
lining, rack and bag, and the previously mentioned platforms above the bottom. Two suggested
a reduction in carbaryl application, and another wotil"d decrease marine debris through the use
of biodegradable seed bags. |n'dustry expansion is viewed as favorable by one respondeht,
along with a wish that the industry maintain its consciousness as environmental stewards.

Regarding the efforts of the local community, state or federal government to heip'
farmers reduce negative impacts to the estuarine environment, atrost half the growers thought
these groups have no role to play, aside from possibly forcing the farmers out, according to
one. Two growers suggested more rigorous control of sewage inputs from local development,
either through new sewage treatment _facilities or enforcement of existing regulations. One
suggested the development of alternative shrimp control and another thought new regulations
could provide additional protection for shrimp predators in the eétuary. One grower thought
regulatory agencies shouid permit an expansion of suspended culture in new areas.

Several of the non-growers thought that these groups could play a progressive role in
the development of alternatives to growers* current operating methods. Alternative cultural
methods, or research, could be subsidized, as could the development of better application
methods and other means of pest control. Other research could focus on shrirmp recruitment or
reproductive dynamics. Regulatory agencies should maintain flexibility in dealing with the
growers, and concentrate on monitoring the negative impacts of septic pollution and

-development. Although one non-grower thought that the continued use of carbaryl should be
allowed, another suggested no expansion of the current allowable acreage. Among the non-
growers there was some consensus that growers are not the source of problems in the
estuaries, rather much blame could be laid on the regulatory agencies.

The growers were considerably more vocal on how these same groups could aid the
efforts of farmers in burrowing shrimp control. There were several responses relating to the
regulation of carbary! spraying. Some growers want the agencies to maintain the.permitting
process, because of the legitimacy this gives to there shrimp control activities. Several offered
suggestions to improve the spray permitting process including relaxing or expanding both area
allotments and the rate of application, or allow growers more flexibility in general. One
suggested that the permitting agencies base the spray allotments on scientific information (i.e.
based on need to control shrimp). This individual maintained that allotments are based on the
acreage requested to be sprayed, meaning that a grower who asked for a larger spray area got
a higher percentage of his request than if he requested to spray a small area. Growers also
requested that they be given more flexibility on the seasonal timing of the spray, based on the
life cycles of the shrimp, rather than to reduce non-target effects.
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_ One grower suggested that the state could spray currently lnfested areas at state -
expense to ailow for the expansion of farmable acreage This person reported that the state is
not a good neighbor in the sense that state lands adjacent to some farmed areas are infested
and remained untreated, However, there is aiso some sentiment for limited government help,
as some growers responded that the govemment and local groups should “stay out of our way’
to aid the growers.

Some growers thought that a way to help thetr efforts is for government and local
groups to adjust thelr attitudes in favor of the oyster mdustry and growers. Agencres and the
public, according to this view, shou!d be more supporttve of the growers and the use of
chemrca!s and increase pubtlc awareness and educatlon regard:ng the concerns of the hea!th
of the endustry, and the safety of the current sprayrng actlwtles ‘

Other roles of the govemment agencies include more research and deveIObment into
alternative shrimp control strategies, including new regulations protecting biological predators of
burrowing shrimp. One suggestion is to modify the marine mammal protection act to reduce
the abundance of seals which prey oh finfish predators'of shrimp. One grower also suggested
conducting an environmental lmpact study reiatmg to growers’ activities in the estuaries.
Another endorsed the lmplementatzon of a true and comprehensive mtegrated pest
management plan for the control of shrimp.

Non-growers generally agree that an important role for local and governmental groups is
the financial support for applled research into IPM measures, alternative cuiturmg methods, and
other basic biological research such as shrimp predation, Regulatory agencnes and the’ pubtlc _
should acknowledge the role of growers in the protection and promotlon of estuarine water
quality, according to some non-growers. Another indicated that the agencies should continue to
maintain a reguiatory basss for continued carbaryl use, and one mdtvrduat voaced support for the
encouragement of shrsmp harvestmg
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Appendix C.

A Benefit-Cost Approach for Evaiuatin_g New Control Methods

BENEFIT-COST ANALYSIS FOR EVALUATING NEW CONTROL METHODS

Benefit-cost analysis provides an objective means for comparing new control methods
with those currently in use. in this section, we provide general guidelines for conducting
benefit-cost analyses. Before developing a more specific benefit-cost model, oyster growers
and resource agencies will need to agree on the major factors to be weighed in the analysis, for
example, the yield of oysters and impacts to environmental and human resources.

I. Background: Decision-making in pest management, like in other economic problems,
involves allocating scarce resources to meet human needs. Initially, there is the choice of _
whether, when, and how to attempt to manage pests with minimum labor and capital. Other |
resources may also be scarce, such as an uncontaminated environment or information on the
extent of pest infestation. These issues will affect particular choices. '

A number or authors have used traditional benefit-cost modeling in an attempt to
evaluate the economics (i.e., the efficient allocation of resources) of specific control programs
(John et al. 1987; Grundy 1989; Greer and Sheppard 1990; Radke 1993}, and much can be
learned from these examples. However, no studies have been conducted to date that consider
the costs and benefits of burrowing shrimp management pregrams or that assess the
comparative economic efficiency of alternative control practices.

2. The Basic Model: Benefit-cost analysis is a method that compares ex ante the present
values of all social benefits and all opportunity costs of using resources. It is a means of
determining the economic efficiency of management and regulatory actions. A project or action
adds to the welfare of society and is economically efficient if its net present value (present value
benefits minus present value costs) is greater than zero.

Benefit-cost analysis is the major tool for the economic evaiuation of public programs in
naturai resource management. It is an integral part of the Environmental impact Analysis
process, meant to evaluate the impacts of public and private developments on environmental
resources. As the name implies, a benefit-cost analysis involves measuring, adding up, and
comparing all the benefits and all the costs of a particular public project or program.
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There are essentially four steps in a benefit-cost analysis:

1. Specify clearly the project or program.

2. Describe quantitatively the inputs and outputs of the program.
3. Estimate the s_o;:iai costs and benefits of inputs and outputs.
4, Compare benefits and costs.

In a benefit-cost analysis, the first step is to decide on the perspective from which the
study is {0 be done Beneﬂt—cost analysis is typlcaiiy a tool used in pubhc analysis, but there
are actually many pubhcs For exampie oyster growers might have the perspective that the

_sole consideration of the benefit-cost analysis for a control tactic is the yield of the crop; an
environmental regulator might have a different perspective, such as impacts to non-target
species. ‘It is possible to include more than one perspective in a benefit-cost study by
conducting separate benefit-cost evaiuations for each goal (i.e., oyster yield and non-target
toxicity) and comparing the results for each goal. If the goals are completely different, then
some independent criteria should be established prior to starting the analyses as to how to
weigh the relative importance of each goal. The first step also specifies all the main elements

of the project or program: location, timing, groups involved, connections with other programs,
etc. S - '

Once the basic project or program has been defined,the next step is to determine the
relevant flows of inputs and outputs. For example, assuming the scenario of conducting an
analysis of a control tactic from the perspective of increasing yield to oysters, inputs couid
include cost of the control method, cost of damage by the shrimp, efficacy of the control method
(number of shrimp eliminated per unit time), frequency of application of the control method,
relationship between density.of shrimp and loss to oyster yield, cost of sampling shrimp, and
other considerations. Qutputs could include changes in shrimp density, changes in oyster yield,
and changes to other economic aspects of oyster growing. It is in this step that importance of
time must be recognized. The job of spécifying inputs and outputs involves predictions of future
events, often quite remote in time. This puts a premium on having a good understanding of
factors such as population growth rate of the shnmp, the rate of growth of the oysters, costs of
production, and market value of the crop.

The next step is to put vaiues on input and output flows, that is, to measure costs and
benefits. This can be done in any units desired, but normally benefits and costs dre measured
in monetary terms. A number of nonmarket techniques currently employed by environmental
economists can also be considered for assessing those elements of a program not as easily
measured in monetary terms.
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Finally, benefits and costs are compared. This can be done in several ways. One way
is to subtract the total costs from total benefits to get "net benefits." Another criterion is the
benefit-cost ratio, which measures the ratio between the cost of a project versus the benefits
derived form such a project. Any benefit-cost ratio less than 1.00 means that it costs more to
carry out the program than is derived from it. In private business, any operation with a ratio less
than 1 would not stay in business very long. For public investments, any benefit-cost ratio less
than 1 means that the benefits {if properly evaluated) are not enough to cover the costs of
carrying out such a program.

3. Assumptions Undetlying the Benefit-Cost Analysis: Assumptions important to the
burrowing shrimp benefit-cost analysis include the time frame of the analysis, the varymg costs
of a program, factors of uncertainty, and cost to the environment.

Time of Evaluation: Unlike some control programs {(Radke 1993), the burrowing shrimp control
program has been financed by the oyster growers themselves over the last 30 years. Interms
of a time frame for the benefit-cost analysis, we can ask one of two questions. First, are
potential control strategies financed by the growers greater than the costs to the growers (and
to the public in the case of environmental costs)? Or, in the event of a publicly sponsored
program, do the benefits of an investment in a plan outweigh the public and private costs at this
point in time, taking into account that some benefits and some costs may not accrue untit some
time in the future? '

Cost of the Control Program: If the control plan is financed by an oyster grower, the specifics
of that grower’s business must be identified. For example, are there eXpectations of decreases
in future costs to produce the crop (such as plans to purchase new equipment or to grow
oysters on different beds), are there expectations of changes in the frequency of applying a .
control tactic (i.e., does some other practice reduce the rate of shrimp population growth, thus
reducing the necessity of application), or are there other external factors that can reduce or
increase the need for management? In addition, it must be identified whether the burrowing
shrimp control program is a single program or part of some larger total program addressing
other pests affecting the oyster industry. :

Uncertainty and Control: Assumptions about the effectiveness of control methods are based-
on surveys and on observations. In most cases, such evaluations must be used to make
predictions about future events. There are many uncertainties involved in the use of most
alternative control measures. Probabilities of success and failures must, therefore, be included
in the analysis. Other considerations, such as probably rates of burrowing shrimp spreading
into other areas with and without any control programs, must also be included. Such
probabilities-can be based on statistical models, experience, or on expert opinions (Radke
1993). To properly evaluate the program, the likelihood of success of the program must then
be taken into account; i.e., potential benefits of a program must be weighted in in ralationship to
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the probability of them being attained. A decis_ion-théory approaéh can be a useful method for
accounting for-the uncertainties involved ina control program (Grundy 1989, pp. 31-33).

Environmental Costs: As indicated below, there are both market and non-market costs and
benefits associated with the control of burrowing shrimp. One example of the non-market.
environmental value of the control of burrowing shrimp is potential improvements to critical
eelgrass habitats. A value of many alternative control measures might be the decreased use
and associated costs of pesticides, along with reduced environmental risks. Clearly, market
benefits and costs are more readily adaptable to a benefit cost framework. However, uniike
goods and services traded in markets the benefits of many natural resource and environmental
amenities are not always measurable in monetary terms. Economists have non -market = |
measurement techniques available to estimate these costs (or lost benefits). A number of
studies addressing the economic evaluation of pest control have used non-market
measurement techniques in the estimation of the benefits of the control program. Greerand .
Sheppard (1990) use the contingent valuation method to assess the benefits of the biological
control of Clematis Vitalba. Reiling et al. (1988} also use the contingent valuation method to
assess the value of biological agents to control black flies. Resources may limit the extent to
which these costs can be estimated, however. :

4. Net Economic Benefits: The following factors must be considered in caiculating or
modeling net economic benefits and losses:

Costs of Burrowmg Shrimp Management As part of an ;ntegrated program to address the
damage caused by burrowing shrtmp, the costs associated with controlling burrowrng shrimp
must be identified. Three main areas of costs have been identified: _

1) Loss of oyster y:etd (e.g., number of bushels lost x conversron factor x pnce/gal )

2} The cost of spraying pestlcrdes

3) Other environmental Iosses (e. g loss of eelgrass beds or oyster sheil habitat for

Dungeness crabs)
Effectiveness of the Control Method: Although effectiveness of an alternative control
measure can be based on a number of variables, Radke (1993) suggests that observed
reduction in population is probably the most logical criterion to use. Estimates may range from
0% to 100%.

Benefits of Reduced Control Costs: This entails the estimation of the costs of past means of
control (e.g., spraying with Sevin). By multiplying the effectiveness of the control measure in.
question by the alternative control cost, the benefits of reduced control costs can be estimated. .

Estimated Value of Yield Loss Caused by Burrowing Shrimp: The estimated loss of the ...
annual value of oyster yield multiplied by the effectiveness of the control measure in question
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results in an estimate of benefits of control in terms of losses avoided as a result of using the
control measure. Total estimated benefits of a control measure are thus equal to the sum of
the gain from reduced control costs plus the gain from avoided losses as a result of the control

measure,

Net Annual Benefits of the Control Program: The net annual benefits of the control program
in question is measured as the difference between the annual cost of the control program and

the net annual benefit of the program.

- Present Value of Net Benefits: The net present value is the worth of the incremental net
benefit stream discounted at an appropriate interest or discount rate. Often, a range of
discount rates are employed in a sensitivity analysis. Discount rates of 3% to 10% are
recommended to estimate the present value of the stream of net benefits over a specified
period of time (i.e., the life of the program). The cumulative net present value is then estimated

as the sum of this stream of net values.

Benefit-Cost Ratio of Various Control Measq:'es: The benefit-cost ratio is the present worth
of the benefits divided by the present worth of the costs. Both benefit and cost st-reams are
discounted at an appropriate discount rate. Then the ratio of the present worth of the benefits
and the present worth of the costs is calculated.
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Appendix D.

Selection and Field Testing of Other Pesticides'

The Wi!lapa—Gréys Marbor Qyster Growers Association and the Washington State
Commission on Pesticide Registration funded a project to screen less-toxic alternatives for
control of burrowing shrimp in oyster beds. The project, consisting of two sets of trials, began
in April 1996 and was completed in September 1996. The objective of the first trial was to
determine whether selected reduced-risk compounds were capable of controlling burrowing
shrimp. The objective of the second trial was to collect data to aid development of a cost-
effective use pattern for the control of burrowing shrimp.

The first trial was designed to measure the relative effectiveness of four compounds at
killing burrowing shrimp. ‘These compounds included two new generation neurotoxins,
abamectin (Agri-Mek) and imidactoprid (Provado), a chitin inhibitor, diflubenzuron (Dimilin), and B
a juvenile hormone mimic, fenoxycarb (Comply), which were selected for trial based on the -
criteria outlined in the previous section. The four compounds were each applied at three rates.
Including a control, the experiment consisted of 13 treatments. Each treatment was randomly
assigned to plots and replicated three times, for a total of 36 plots. Three additional plots were
included as controls. The plots, measuring 100 square feet, were arrayed in more orless a
straight line paralle! to the incoming tide. The compounds were applied on May 6, 1996. Tq
quantify impacts to burrowing shrimp, researchers counted burrows one day prior to pesticide
application (initial density) and 15 days, 30 days, and approximately 60 days after application.
Burrow counts were obtained by counting the number of burrow openings in a 0.25-m? quadrat
at two locations within each treatment plot.

Based on samples taken by Dr. Dumbauld, the burrowing shrimp population consis_téd
of ghost shrimp only. Burrow counts on control plots did not change over time, suggesting that
shrimp populations remained stable during the experiment. Reéutts of the first field trial are
presented in Table D.1.. Diflubenzuron and fenoxycarb had no negative influence on shrimp
populations. Abamectin applied at the low- and medium-application rate also had no negative
impacts on shrimp populations. Abarﬁectin reduced the number of burrows from 7.7 b/m? to
0.2 b/m? (38.5-fold reduction) at the high-application rate. Imidacloprid had no negative
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influence on shrimp populations at the Iow-appiicétion rates. Imidacloprid reduced the number
of burrows from 14.8b/m? to 1.8b/m? (8- foid reduétion) and from 12.8b/m? to 0.3/m? (42.6-fold
reduction} at the medium- and high-application rates, respectively. This information suggests
that applications of abamectin and imidacloprid are capable of reducing ghost shrimp
poputations. The three treatments that reduced burrow densities also caused a noticeable
stabilization of the tidal ground. Furthermore, deposition of organic matter (evident as an
orange film on the sediment surface) occurred on shrimp-defaunated plots in contrast to plots -
with uncontrolled shrimp populatioris. No visual evidence of negative impacts o non-target
species were observed immediately post application, or at the 15-day or 30-day assessments.

Based on resulits of the first trial, a second field experifnént was conducted to determine
the efficacy of imidacloprid and abamectin relative to carbaryl for control of burrom}ing shrimp.
The goal of the second experiment was to establish a feasible use pattern using the lowest
effective application rate of imidacloprid and abamectin. This experiment was conducted near
the western tip of the North Beach Peninsula near Stackpole, north of Oysterville, Washington.
The second set of applications was similar to those used in the first experiment, with major
differences being the exclusion. of diflubenzuron and fenoxycarb and the inclusion of carbaryl
for comparative purposes. Rates tested were lower than those used in the previous trial, the
number of replications was increased, plot size was expanded, and the influence of carrier
volume on efficacy was examined. As in the previous trial, ghost shrimp was the dominant
burrowing shrimp species on the experimental plots. Two other pesticides were each applied at
three rates: abamectin at 0.06, 0.1, and 0.2 pounds active ingredient per acre; and imidacloprid
at 0.25, 0.5, and 1.0 pounds active ingredient per acre. Each application was delivered at two
different carrier volumes: 10 and 50 gallons of water per acre. The 10-gallon applications
approximated aerial application, whereas 50-gallon applications approximated possible |
commercial ground application. Carbaryl was appléed at two rates: 4 and 8 pounds of active
ingredient per acre and at two volumes: 10 and 50 gallons of carrier per acre. Including a
control, there were a total of 17 treatments, Each treatment was replicated four times, for a
total of 68 plots. Each plot measured 20 ft by 20 ft, plots were separated by >20 ft, and the
plots were arrayed approximately parallel to the incoming tide. This 'arrangenﬁent was designed
to minimize drift of chemicals from one plot to another. No plot was within 20 feet of a channel
or other body of water. Plots were established on July 29, 1996, and applications occurred on
July 30 and 31. Four replicate burrow counts (using 0.25-m? quadrats) were made on each piot
one day before the first set of applications, and approximately 30 and 60 days after application.
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Water samples for carbaryl and imidacloprid were collected at high tide approximately 5 hours
following immersion of plots by the incoming tide on the day of pesticide application. Sediment
samples for carbaryl and imidacloprid were collected at 24 hours after application. Chemical
analyses were conducted at the Washington State University Food and Environmental Quality
Laboratory, Richland, Washington. Abamectin was not included in the residue analyses
because of an inability to locate a lab with analytical capability to measure the compound.

“The impact results from the second trial are presented in Table D.2. On all treatment
plots, burrow counts after pesticide application declined precipitously from the pre-application
counts. However, the number of burrows did not vary among treatments, regardless of which
pesticide was applied, the application rate, or the volume of application. Burrow counts on very
few of the treated plots were significantly different from those on the control plots. This all
suggests that a strong external factor caused blurrowing shrimp populations to decrease on all
of the experimental plots. A possible explanation for these results may be the proximity of the |
. experimental area to an oyster bed that had been treated with carbaryl approximately 4 weeks
prior to the study. This bed, just south of the experimental site, was treated with carbaryt during
the first week of July 1996. The closest experimental plots were approximately 350 ft from any
area previously treated with carbaryl. Tufts (1989) reported reduction in burrow counts up to
300 ft from areas treated with carbaryl.

Additional insight may be obtained from examination of environmental monitoring data
(Table D.3). Carbaryl residues were detected in all samples of water, including the control
sample that was taken from water that had not yet interacted with carbaryl-treated experimental
plots. Carbaryl residues were detected in sediment samples at levels higher than in the water
samples. A significant amount of carbaryl was detected within a plot that had been treated with
carbaryl 24 hours earlier. It is interesting to note that, in an earlier study by WSDA (1988),
carbaryl was also found in control samples at somewhat similar concentrations; however,
contamination of samples was suggested as a cause. The residue concentration is consistent
with data reported previously by WDF/WDOE (1992).

Imidacloprid residues were detected in all samples of water, including the field-collected
control sample. Concentrations in several samples, including the control sample, were at or
below the limit of analytical detection; the accuracy of these measurements is thus limited to the
detection limit. Although imidacloprid was detected in three sediment samples, the only sample ~
in which the concentration was above the detection limit was from the experimental plot that
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was treated with imidac!bprid. Based on the fimited_ 'analytical chemistry, it would appear that
carbaryl was present throughout thé study area and moved onto the experimental plots.
Imidacloprid was present in anaiyticaﬂy' Ibw levels bnty in the test area after application. In all
cases, the concentrations of carbaryl and imidacloprid were low outside of the plots, both in
water and sediment samples.

In the first trial, Schreiber and Wildman found that abamectin and imidacloprid were
capable of controlling burrowmg shnmp However results from the second trial were
inconclusive. Chemistry data and the proxumsty of recemly treated oyster beds suggested that
carbaryl from an outside source entered the second-trial study area, contaminated the water or
sediment, caused a wide-spread reduction in burrowing shrimp popuiat:ons throughout the
study s;te and thereby interfered with the field trial. Thus, the cost-effective application rate
and volume of abamectin and imidacloprid remain unce_rtam.
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Table D.1. - Results of the First Field Trial of Alternative Pesticides Showing Burrow Counts per
m? Before and Afier_ Treatment of Oyster Beds with Four Pesticides at Several |

Different 'Appiicatidn Rates

Pretreatment 15-day post treatm.  30-day post treatm.
o o - & May 22 May 6 June

Compound Rate (Ibfac) -~ Aveb/0.25m? -~ Ave b/0.25 m*. Ave b/0.25 m*
Abamectin 0.02 - 153 217 ' 21.5
0.1 12.0 9.0 ' 9.0
05 7.7 2.7 o 0.2
Imidacloprid 0.1 13.7 11.2 12.8
0.5 14.8 7.0 1.8
2 128 0.3 0.3
Diflubenzuron 0.25 105 17 12,0
1 9.8 10.2 ' 11.2
5 15.2 14.3 o 13.0
Fenoxycarb 0.2 155 17.7 157
1 13.0 13.0 "10.3
5 15.7 9.3 _. 16.7
Control | | 170 178

*Burrow counts are a mean of three replicate 0.25 m* quadrat counts per treatment; each quadrat was

double counted for precision.
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Table D.2, Results of the Second Field Trial of Alternative F’estsmdes Showmg Burrow Counts
| per m? Before and After Treatment of Oyster Beds wuth Three Pest:c:des at
Several Different Application Rates ' '

B - Pretreatment 30-d§y post treatm.  60-day post treatm,
| Compound ___Rate (ib/ac) _...Ave b/0.25 m’ Avebl025m? ____ Aveb/0.25m?

Carbaryl . 8 @ 50gal 82 15 | 0.4

- 8@ 10gal - 82 ' 05 - 0.1

4 @ 50gal 9.6 0.8 0.4

4 @ 10gal 9.4 1.6 0.9

Abamectin = 0.2 @ 50 gal 7.4 0.5 0.8

. 0.2@ 10gal 8.2 0.6 0.4

0.1 @ 50 gal 12.3 1.1 04

0.1 @ 10gal 12.2 17 0.6

0.06 @ 50 gal 10.5 1.8 15

0.06 @ 10 gal 8.8 2.1 1.4

Imidacloprid 1.0 @ 50 gal 8.5 2.0 0.7

1.0 @ 10 gal : 18.5 1.8 1.6

0.5 @ 50 gal 11.9 1.4 1.0

0.5 @ 10 gal 8.1 1.7 1.7

0.25 @ 50 gal : 7.8 2.9 2.7

0.25 @ 10 gal 12.1 . 6.9 26

Contro! 0 T 114 27 1.0

~Burrow counts are a mean of four 0.25 m? counts per treatment (each counted four imes for
precision) ‘
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Table D.3. Pesticides Concentrations 24-h after Application During fhe Second Trial

Distance from site of Carbaryl (pbpm) Imidacloprid (ppmj}
__application (ft) Water Sediment Water Sediment
Control (background) 0.0092 na <0.0005*
0 (test plot) 0.0025 0.332 <0.0005 0.111
50 0.0077 0.018 0.0012 <0.003
150 0.0044 0.001** <0.0005 0.002**
350 0.0029 0.027 <0.0005 0.004**
750 0.0039 0.021 <0.0005 <0.003
Detection Limit 0.0001 0.004 0.0005 0.003

* Residues at or lower than the limit of detection are marked with a < sign.

** The accuracy of values below or close to detection limits should not be considered reliable.
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