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OCEAN DRILLING RESEARCH AN ARCTIC PERSPECTIVE

The Polar Research Board, a Unit of the National Research Council
charged to promote excellence In polar sCience and enhance understanding of
polar regions, IS aware that cooperative international sCientific efforts for deep
earth sampling In the marine environment conducted under the auspices of the
Ocean Drilling Program (ODP) are scheduled to end In October 2003 In spring
1999, there will be a major international conference (Conference on the SCientific
Objectives of Ocean Drilling In the 21 st Century, to be held In Vancouver,
Canada) to examine whether ocean drilling should be continued and, If so,
define the sCientific objectives that might be accomplished should the program
be extended or another program begun The conference will target the sCientific
goals for non-riser drilling and will complement a recent conference focused on
ocean riser drilling, which defined the sCientific Initiatives for use of a rlser
equipped drilling vessel

Conference organizers have requested Input from the sCientific
community about the pOSSible objectives, Importance, and necessity of a
continued dnillng program This report contains comments from the Polar
Research Board to provide conference organizers and partiCipants with an arctic
perspective Like the planned conference Itself, we address the pOSSible
sCientific goals of a continued drilling program, we do not address funding or
pnonty-settlng, Issues that are beyond the scope of this short report We do
recognize that the cost Implications of factors such as high operating costs and
technology development needs would have to be conSidered In making a
decIsion to Include arctic ocean drilling In any future program

CONTEXT 1

The Ocean Dnillng Program IS the direct successor to the Deep Sea
Drilling Project (DSDP), which ran from 1968 to 1983 DSDP was the first broad
sCientific effort to sample the seafloor around the globe by conng and downhole
logging, and the research was cntlcalln supporting the then-new hypotheses of
seafloor spreading and plate tectonics Although DSDP began as a U S effort, It
evolved Into an international activity with five partners 2 By 1981, when the

1 All National Research Council reports are Intended as self-standing documents, so this report
contains some background information to Inform general readers of ItS context
2 France West Germany, Japan, the United Kingdon, and the USSR

1
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DSDP dnllshlp GLOMAR Challenger was reaching the end of Its useful life, many
of the world's leading earth sCientists met to plan the future of ocean dnillng and
recommended that a new program be formed-the Ocean Dnillng Program
(ODP) The ODP began In 1985 when the larger and more capable ship
JOIDES Resolution was modified to meet the special reqUirements of sCientific
ocean dnillng With thiS capacity, sCientists could then dnll deeper and Into more
difficult rock formations and use more sophisticated measunng tools

Since 1985, the Ocean Dnillng Program (ODP) has continued as an
international partnership of sCientists and research institutions orgamzed to
explore the evolution and structure of Earth Funding for the program IS proVided
by eight international partners representing 21 countnes 3 ODP prOVides
researchers around the world access to a vast repository of geological and
environmental information recorded far below the ocean surface In seafloor
sediments and rocks ThiS Information Yields inSights that Improve our
understanding of Earth's past, present, and future (NRC, 1998) As a result of
DSDP and ODP actiVities, thousands of seafloor sites have been occupied and
dnlled and thousands of kilometers of ocean sediment and crustal samples have
been obtained from every major ocean baSin except the ArctiC Ocean
Interpretation of these samples has prOVided a record of ocean crustal spreading
as well as inSights Into the ongln and history of different ocean baSinS In
addition, our knowledge of seawater chemistry, manne biology, manne geology,
and the ongln of submanne structures grew dramatically because of Ocean
Dnillng Program actiVIties, making thiS one of the most Important oceanographic
research projects of the 20th century

Although It has long been recogmzed as potentially valuable4
, techmcal

and logistical difficulties assOCiated With dnillng In an Ice covered ocean forced
the ODP, and the DSDP before It, to exclude the ArctiC Ocean In addition, lack
of sound geophySical surveys, crustal maps, and seismiC understanding of the
ArctiC Ocean have made It difficult to select sites for dnillng In the north ThiS
exclUSion has left a slgmficant gap In our understanding of the world's seafloors
and leaves an Important reservoir of information about global change untapped
If we Wish to understand the character and evolution of the ArctiC Oceans, It IS

3 Partners Include the AustrallalCanadalKorealChlnese Taipei Consortium for Ocean Drilling, the
European SCience Foundation Consortium for Ocean Drilling (which Includes Belgium, Denmark,
Finland, Iceland, Italy, Norway, Portugal, Spain, Sweden, SWitzerland, the Netherlands, and
Turkey), France, Germany, Japan, the People's Republic of China, the Unrted Kingdom, and the
Unrted States of America
4 In 1987, the Second Conference on SCientific Ocean Drilling (COSOD II) was held to set goals
that were then Incorporated Into the program's long-range plan At that time, sampling of the
ArCtiC Ocean BaSin was Identified as a major objective of future exploratory drilling (NRC, 1992)
5 ThiS brief report, by necessity, addresses ocean drilling only In the ArCtiC and does not address
Similar questions In the Antarctic The limitations of the ships GLOMAR Challenger and GLOMAR
Resolution for drilling In Ice-covered seas also have limited drilling efforts In the Antarctic region
Although several legs have drilled the deep sea floor around Antarctica, only two have
successfully sampled the Antarctic continental shelf where a direct stratigraphiC record of
glaCiation on the continent eXists The results of these two legs have Significantly altered our
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essential to recover a complete sedimentary sequence As discussed In the next
section, dnillng In the ArctiC could contnbute to geophysIcs, structural geology,
and our understanding of plate tectonics, including spreading rates and the onset
of spreading at vanous locations In addition, biogeochemical based studies of
orgamsms and their products preserved In the sediment can provide proxies for
past climate change Understanding current ecosystem processes influenCing
the state of biological and biogeochemical proxies In the sediment COinCident
with analyses of sediment from deep cores from the ArctiC Ocean Will enable
interpretation of past climatiC systems that have Influenced down core sediment
records

THE IMPORTANCE OF DRILLING IN THE ARCTIC

Any Justification for the perpetuation of sCientific ocean dnillng In general
should be based at least In part on the need for dnillng In the Arctic Ocean The
ArctiC Ocean IS the last frontier for SCientific ocean dnillng It alone of Earth's
oceans has never been dnlled, and as a consequence has a largely unknown
climatologiC and geologiC history or record In addition, It contains the largest
essentially unexplored geologiC feature on Earth, the Alpha-Mendeleyev Ridge
system (Weber and Sweeney, 1990) Because of these factors, the relationship
of the ArctiC Ocean to other Earth structures has never been more than partially
understood, and the ArctiC Ocean's precise role In Earth's climate and geologiC
development remains emgmatlc

What we do know about Earth's crust and paleoclimate In the ArctiC IS
limited Short sediment cores taken from floating Ice-Islands and, more recently,
multi-national Ice-breakers, have prOVided a partial view of ArctiC Ocean history
(Clark et al , 1980, Jackson et ai, 1985, Poore et al , 1994, Phillips and Grantz,
1997, Bischof and Darby, 1997) The only information on the older ArctiC Ocean
IS based on four piston cores taken from Ice-Islands over the Alpha Ridge Three
of these cores recovered Late Cretaceous (Maastnchtlan) sediment, while the
fourth IS Early CenozoIc (middle Eocene) The Cretaceous cores are the oldest
indigenous deep Arctic Ocean sediment known and In the absence of any other
data, alone define the minimum age of the ocean These Cretaceous cores
consist of biOSIliceous as well as organic nch palynomorph-beanng sediment,
indicating that the ArctiC Ocean of approXimately 70 million years ago had no Ice
cover and thus was relatively warmer than today (Dell'Agnese and Clark, 1994,
Firth and Clark, 1998) In addition, the fOSSils of these cores indicate that
vigorous upwelling conditions eXisted In at least one part of the Arctic Ocean
dunng the Late Cretaceous (Kitchell and Clark, 1982) The Early CenozoIc core
contains a nch biOSIliceous sediment and thiS suggests that the same climate

knowledge of Antarctica's glaCial history by extending the initiation of Ice sheet evolution back
many millions of years (Abru and Anderson, 1998) Many SCientists believe there IS stili a great
need for additional drilling on the Antarctic continental shelf uSing Ice-strengthened platforms
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and upwelling conditions as that of the Late Cretaceous eXisted dunng the
middle Eocene From these four cores we can conclude that from at least 73
million years ago to approximately 45 million years ago, the Arctic Ocean was
Ice-free With high production of algae and other protists nurtured by upwelling,
and must have been a major factor In Earth climate

But how did thiS "warm" Arctic Ocean form? Was It Ice-free throughout
the MesozoIc? How was ItS ongln related to that of the modem Pacific and
AtlantiC oceans? How did the temperature of the Arctic Ocean Influence Earth
climate dunng thiS warm geologiC Interval? And what were the climatiC and
oceanographic conditions that have resulted In the present permanent ICe
cover? No deep ArctiC Ocean sediment older than the Maastnchtlan or for the
Interval of approximately 45 million years to 5 million years has been recovered
From the sedimentary record, we only know that the ArctiC Ocean must have
formed sometime pnor to the Maastnchtlan GeophySical eVidence suggests an
earlier, perhaps JurassIc age for the ArctiC Ocean ongln (see geophySical
reviews by Grantz et ai, 1990, and Lawver and Scotese, 1990) In addition, It
was dunng the Eocene that Earth's warm climate began a dramatic change that
has led to the modem climate What was the ArctiC Ocean's role In thiS
Important transItion? Was the ArctiC Ocean Involved In the development of
Earth's present climate or did It only respond to the change (Alley, 1997)? A
sedimentary record of relationship of Earth's climatiC and oceanographic history

" In the ArctiC would be Invaluable for compansons and understanding of Similar
\. research In the North AtlantiC and elsewhere

Regardless of past Interactions between the ArctiC Ocean and the World
Ocean, modem thermohaline circulation In the North AtlantiC IS directly affected
by ArctiC Ocean water and ItS circulation, and may be the Immediate control for
major shifts In Earth's modem climate (Broecker and Peng, 1982, Broecker,
1998) ArctiC dnillng should proVide Important new inSights Into the ongln and
development of modem arctic circulation With ItS major vanatlons In fresh versus
sallne-nch water discharge, and the control It has exerted on the "conveyor belt"
thermohaline circulation of the World Ocean Recent studies that indicate
dramatic changes In the ArctiC's salinity and Ice-content (LeVI, 1998) can best be
understood In the context of the developmental history of the present condition,
and thiS information IS available only In the ArctiC Ocean sediments

The ongln and evolution of the ArctiC Ocean and ItS contnbutlon to, or
control of, Earth's modem climate can be Interpreted from the results of Arctic
Ocean dnillng For example

• Knowledge of how and when the ArctiC Ocean formed may be determined
from a study of systems such as the Alpha-Mendeleyev Ridge system

• Knowledge of ArctiC Ocean circulation, venting, and other oceanographic
factors may be gained from study of the Lomonosov Ridge, a high
standing bamer to oceanic circulation In the ArctiC
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Dnillng of broad arctic ndges at moderate depth should provide very hlgh
resolution stratigraphic records of arctic oceanographic and climatic history that
Will address the most fundamental Issues of paleoceanographic development of
the Arctic Ocean and Earth climate Such sites would be Isolated from the
strong turbidite depOSition found In all baSinal areas In the ArctiC, and would be
Isolated from strong currents that truncate the stratigraphic record on shallower
ndge crests, and above the CCD It IS clear that the ArctiC, the least studied of
Earth's oceans, IS key to understanding fundamental aspects of the geologiC,
oceanographic, and climatiC conditions of the modem Earth Without sCientific
dnillng, an enormous gap In our knowledge of Earth Will remain unfilled

Additional objectives of ArctiC Ocean dnillng are discussed In the Nansen
ArctIC Dnllmg ImplementatIon Plan (1997) and the NSF strategy document,
Manne SCIence m the ArctIC (Aagaard, 1999) Any Inclusion of ArctiC Ocean
dnillng as part of future sCientific ocean dnillng should be coordinated With the
plans of these projects

TECHNICAL CHALLENGES

The main obstacles preventing deep ocean dnillng at sites In the ArctiC
have been technical As noted In a 1991 PRB report (NRC, 1991), even With ICe
breaker support, eXisting dnll ships (inclUding the ODP's JOIDES ResolutIon) are
not suffiCiently Ice strengthened to maneuver safely Within the main polar Ice
pack In addition, many potentially Important arctic dnillng sites are In water
greater than 4 km deep In addition to expense, the semi-continuous movement
of the mainly wlnd-dnven Ice pack limits dnillng In deep water, because It
requires continuous conng and With that the necessrty of holding POSition against
the dnft of the Ice pack for Significant penods of time Such methods have been
developed for shallow areas of arctic shelves, but are lacking for the deep-water
areas of the baSin (NRC, 1991)

Now, however, arctic expenence suggests that an Ice-strengthened ship
with a dynamiC positioning system to maximize dniling time, In the company of
an Icebreaker, probably could maintain position In 2-3 m Ice for dniling
operations, at least In shallower depths The sites of the oldest known ArctiC
Ocean sediment on the Alpha Ridge Include some In water of less than 1500m
In addition, submersible dnillng ngs Similar to the RUSSian GNPP Sevmorgeo
might be usable In the ArctiC Ocean (Nansen ArctiC Dnillng Implementation Plan,
1997) Also, new technology IS being developed by some of our ScandinaVian
colleagues which could be available sometime early In the 21st Century, In time
for a new sCientific ocean dnillng program ThiS Includes dniling In maximum
water depth With antiCipated sub-bottom penetration If there IS a commitment to
Arctic Ocean dnillng as part of any new sCientific ocean dnillng program, the
technology should be available to accomplish many Important objectives For
example, the new USCGC Healy Will be available for support of deep ArctiC
Ocean dnillng after 2001 Also, It has an announced potential to recover 30m
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piston cores, WhiCh, If true, IS a good example of developing technology that will
benefit deep Arctic Ocean dnillng

Another problem IS related to the fact that deep ocean dnillng commonly IS
preceded by site surveys that Identify the optimum locations for meeting the
dnillng objectives Such surveys stili are lacking In the ArctiC Ocean baSin,
although some recent bathymetnc data may be available from the Navy While
traditional methods of site surveys would be difficult In an Ice-covered ocean,
alternatives are now available For example, the geophySical capabilities of the
Submanne Ice Expenment (SCICEX) proVide a novel but effective means of
survey, If the program IS continued More Important, seabed conng performed
dunng the past 20 years from the vanous Ice-platforms (T-3, CESAR, LOREX
Icebreakers) has recovered sediment cores that can provide much of the
information necessary for site selection From the prevIous piston conng, we
know four sites where there IS little CenozoIc sediment cover and would be Ideal
for conng Cretaceous and older sediment to the crust From the short 3-4 m
sediment cores (more than 500 of which are available from the T-3 project alone
and at least 150 more from U S Icebreakers), we also have learned the general
sedimentary faCies that Will be encountered In ArctiC Ocean dnillng These
Include the baSinal turbidite faCies, generally at depths In excess of 3000m, the
CenozoIc glaclal-manne sediment faCies, common at depths of 1000 to 3000 m
on most of the ArctiC Ocean ndges, and the mixed faCies, common In the
EuraSian BaSin but also inclUding some of the Chukchi Cap sediment ThiS
Information could be conSidered as preliminary site surveys The sCientific case
for ArctiC Ocean dnillng IS so compelling that It should proceed In spite of less
than perfect site survey information

CONCLUSION

The Polar Research Board believes that the continuation of an organized
international program of sCientific dnillng IS valuable because It Will continue to
prOVide Important InSights about Earth's past, present, and future If such a
program IS continued, we recommend that It Include dnll sites In the ArctiC
Ocean These would help us understand the ongln, age, and history of the only
ocean not Included In prevIous dnillng programs and fill Significant gaps In our
knowledge of Earth's ocean baSinS ThiS knowledge IS cntlcal to understanding
the role of the ArctiC Ocean In Earth's tectonic evolution, espeCially ItS
Involvement In the structural evolution of the North AtlantiC and North PaCific
Oceans In addition, the role of the Arctic Ocean In the evolution of Earth's
climate needs better definition In relationship to both thermohaline Circulation In
the North Atlantic-ArctiC Ocean tranSition area and the climatiC Impact of an
alternately Ice-free and Ice-covered ArctiC Ocean

Researchers dnillng at ArctiC Ocean sites Will face challenging conditions,
but recent technological developments, the conSiderable expenence gained In
shallow conng ,In the ArctiC, and advances that are likely In the next few years

I
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can provide solutions to many of these problems If there IS an International
I

commitment tol the task Much has changed In the past few decades since the
GLOMAR Challenger, with Icebreaker support, ventured Into the high southern
latitudes to dnll on Antarctica's continental shelf There IS more knowledge of the
pack Ice because of satellite photography, new technologies and dnillng
platforms, and even eVidence of thinning of the pack Ice The geopolitical and
national secunty climate has changed as well, With great relevance to the ArctiC
ThiS combination of factors strengthens the case for Incorporating some ArctiC
Ocean dnillng Into any new program that might evolve
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Executtve Summary

REVIEW OF THE GLEN CANYON
ENVIRONMENTAL STUDIES

Smce the turn of the century, water ISSues m the Southwest have
centered on the use of rrngauon to reclaim land for agnculture and,
more recently, the generauon of hydroelectnc power The Bureau of
Reclamation has a major responsibIlity for federal government mvolvement
In water resource development and, by most measures of progress, therr
actlVIues have been successfuL

In recent years, however, water quabty ISSues have assumed greater
attentIOn As the bmlts of the quanuty of water are reached and as the
populatIOn of the Southwest grows and changes, water users other than
agnculture and power generatIOn (e g, recreation and urban water supply)
have gamed more legal and pohtlcal standing As a result, the laws are
changmg and the Bureau of Reclamation Is adJustmg to major changes m
responsibility, Ie, from rrngation development and power generauon to
operations planmng and enVIronmental management

The Bureau of ReclamatIOn's performance of the Glen canyon En
VIronmental Studies (GCES), In the penod from 1982 to 1987, IS one
mamfestatlOn of the change The GCES were mltlated m 1982 as a re
sponse to some of these new pressures, but now (1987) the Department
of Intenor would hke to use the GCES results to help make deCISIOns
about (1) long-term operatIOnal cntena for the dam, (2) opportunlues
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for managing the Colorado River, and, finally, (3) legal requirements for
environmental protection

In 1986, the Department of Intenor requested the Water SCience and
Thchnology Board (WSTB) of the NatIOnal Research CounCIl to reView the
Glen Canyon EnVironmental Studies (GCES) for the Bureau of Reclama
tIOn The WSTB agreed to proVide adVice to the bureau as It sought to
evaluate the effects of the operation of Glen Canyon Dam on downstream
resources

ThIS reView of the GCES IS focused on the July 1987 Glen Canyon
EnVironmental Studies Draft Report prepared by Bureau of ReclamatIOn
sCientists and the planmng and work leading to It The NRC's committee
was Involved WIth the GCES SCientISts throughout the penod when the
July GCES Draft Report was being prepared The committee had the
opportumty to dl<iCUSS vanous ISSues WIth them and to reView the indiVidual
research reports that underpin their Integrated draft (see AppendIX D)
Although the committee does not believe that the Bureau of Reclamation
can make long term decisions concerning the management of Glen Canyon
Dam based on the GCES, the studies have yielded some excellent Infor
mation In the areas of geomorphology, aquatic and terrestrial biology, and
recreation

Many of the indiVidual studies In the GCES resulted m publIShable
sClentlfic products useful to the bureau The shortfalls of the GCES
program can be placed In four general categones

• Insufficient attention to early planning and careful articulation of
objectives This lack of planning has led to an appearance that the bureau
Is not fully open to changes that might be suggested as a result of the
research done by the GCES Investigations, or, that by limiting the scope,
unwanted options would not be examined

• Inadequate consideration of management options For example,
questions to consider Include what are the costs of operational changes
In terms of lost power revenues and what are the gains from meeting
management goals In regard to downstream resources'J

• Uncertain conversion of the research results Into management
options

• Failure to Identity the rationale for assigning values to downstream
resources so management goals could be set Thus, the GCES researchers
have not reached (could not reach) firm conclusions about the operation
of the dam

Although the final draft GCES report recommends several optIOns, thIS
committee beheves that, only those calling for additional work are Justified
Therefore, the GCES effort was a mIX ofsuccess and failure The committee
beheves that, despite the obVIOUS inadequaCies of the GCES, useful new
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knowledge has been gained wluch can serve as the basis for future work by
the Department of the Intenor The committee beUeves that management
of resources IS feaSible but it demands ecological understandmg Such
understandmg m thIS case WIll require sustamed research because (1)
management of the Colorado RIVer wtlI make use of the control afforded
by the dam, (2) the rIver ecosystem IS m disequllibnum because of the
dam construction Itself, and thus (3) operatIOnal decISions wtlI require
contmuous checkmg to confirm that the desired effects are bemg achIeved

1b acmeve this level of understanding, managers must make new com
mitments to 1Ovolve SClentlsts 10 the development of management strategIes
SCientISts have been wtlImg to be involved, but unfortunately are often seen
by managers as "gadfhes » The margm for error is shrinkmg as management
goals become more complex: and the effects of mistakes extend further and
last longer Management, approached as If the plans were merely reform
actlons to solve specific problems, With no subsequent interest in whether
management goals were achieved, is unacceptable"" Careful planmng that
mcorporates ecosystem pnnciples accompanied by foDow up monitoring
effort IS essentlal

If the Bureau of Reclamation seeks to alter its mission from devel
opment to resource management, a major revision in perspective and skill
WIll be reqUired A possible approaCh might include establIShing, among
Department of InterIor agencies and leadmg sCientists, an oversight group
With the necessary breadth of perspective to meld science with natural
resource management

FINDINGS AND RECOMMENDATIONS

The committee's findmgs and recommendations provide advice to the
Department of the Intenor not only on the specific components of the
GCES but also for the design and conduct of future enVIronmental studIes
of a SimIlar nature These bnef abstracts of the major findmgs are followed
by recommendatIOns 10 bold pnnL

Valuable New Information

The results of the GCES represent a substantial increase in knowledge
of the Colorado RIver ecosystem as It exISts m the Glen Canyon and the
Grand Canyon Unfortunately, few data were avaIlable to desCrIbe the
character of the rIver system prior to the closure of Glen Canyon Dam
ThIS WIll remam a major ImpedlDlent to our fuD understand10g of the
changes that have occurred as a result of the construction of the dam,
although studymg reaches of the Colorado not affected by impoundment
may gIVe important clues Thus, the uncertamty about how the rIver
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contmues to change and how It might be managed wtlI be higher than If
pre-dam mformatlon had been avatIable Nevertheless, the GCES proVides
the begmmng of useful documentation at a tIMe when the Bureau of
Reclamation IS consldenng IMproved management of the Colorado River
as part of Its responsibtIlty

Although the committee does not belteve that the Bureau of Reclama
tion can make any long-term decisions concernmg the management of Glen
Canyon Dam based on the GCES, the studies have YIelded some excellent
mformatlon GCES SCientists should be encouraged to submit their work

-for publtcatlon Clearly, not all reports wtIl Yield publIShable manuscripts
In some cases the production of unpubllShable results Is testIMony to the
madequacy of the work and of the plannmg that led to It Many results,
however, represent new knowledge and Will contribute to the information
base about the Colorado River

Future work by the Department of the Intenor should seek to

• encourage publication of study results to gain credibility In the
scientific community and to assure accessibility of Information

• establish a data management, storage, and retrieval system to
provide easy access and quality assurance

• consider Investigations of southwestern rivers In other places where
Impoundment has not altered system Interaction

Aquatic Resources

The studies of aquatic resources have good breadth and touch on
most of the subJects that could have been considered of potenttal Slgmfi
cance when the studies began Program components that were particularly
outstandmg mclude extensIVe documentation of the abundance and dlStn
butlon of fishes, documentation of physical habitat characterIStics, growth
and condition factors in fishes, and determination of fish feedmg habits
The interpretation of these data provides numerous useful Insights con
cermng the mechanISms that regulate the fish resources of the Colorado
RIVer

The new mformatlon Improves our understandmg of the phYSlcalltml
tatlOns on indMdual fish species In the Colorado RIver However, the data
base and data analysis need to be expanded to support predlcbve modelmg
of cntlcal habitat space for fish Species In both adult and larval stages ThIS
requrres mtegratlon of research efforts With studies focused on sedIMent
deposition, particle size dlStnbutlon, and mvertebrate and algal producbVlty
m the rtver downstream from Glen Canyon

5

The Department of the Interior should

• support a monitoring program to evaluate future operations In the
context of a Colorado River ecosystem model with priority on sediments
and aquatic biota components

• evaluate the quality of the water that Is released or could be
released at different levels from Lake Powell, e g , temperature, nutrients,
particulate organic materials, and zooplankton

• Include algal and Invertebrate productivity In future aquatic study
• perform focused studies on sediment movement and deposition In

reaches between the dam and Lake Mead
• develop predictive, process oriented models to understand sed

Iments, water temperature, nutrient concentrations, and economics of
power production

Thrrestrlal Biology

The terrestnal researchers were faced With the difficult task of collect
mg enough data m a short penod of time, and under conditIOns for which
they had not planned, to be able to offer suggestions for nver manage
ment ThIS component of the GCES report sutlers from a fatIure to Itnk
rtvenne phenomena (e g, sediment erosIOn and deposition) to terrestnal
phenomena (e g, food of terrestnal vertebrates from the rtver) and from
a confusmg mIXture of sCience and value judgment Although It IS often
useful to remove references and lengthy explanations from the body of
the report, m thIS mstance the text became more confusmg because as
sumptIOns, values, and facts were not documented, dltlerenttated, and/or
explamed Even so, the recommendation made by the researchers to con
tmue the momtonng IS slgmflcant Willingness to adjust the flow pattern
in response to resource changes IS the key to managmg the system

The majonty of the mdlVldual GCES terrestnal bIOlogy research
projects were carefully executed The results contn1>ute valuable mfor
matlon AnalysIS, however, was Itmlted because some data were mlSSmg,
numbers were few, and replIcation was mmlmal Many of these problems
resulted from unexpected flood conditions dunng the study penod

Future work by the Department of the Intenor should seek to

• establish links to river productivity In future terrestrial studies
• plan for heterogeneity and match methods to the temporal and

spatial scales of the phenomena
• prepare for the unexpected In schedule and budget preparation,

think probablllstically
• document the process by which resource values are Judged
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Sediments and Hydrology

The sediment and hydrology research effort has produced some ex
cellent new understandmg of certam cntlcal components of the complex
system of water and sedunent movement through the Grand Canyon The
mformatlon about mecharusms of sand erosion and depOSitIOn m reCir
culation zones, observations of changes m sedunent storage m the nver
channel, observation of the depoSition resultmg from debrIS flows, and
the phYSical analysIS of flow dynamiCS m rapidS are examples of thIS good
work. Integratmg these elements mto a fuller understandmg of sedunen
tary phenomena was hmdered, however, because the modehng study of
the sediment and water flow was conducted separately Also, msuffiCient
attentIOn was paid to sediment source, smles, and sedunent movement to
beaches and npanan zones These elements are now reahzed to be of
central Importance because they were the foCIIS of other portions of GCES

Future work by the Department of the Intenor should seek to

• look for connections between research disciplines In the planning
phases of the study

• Initiate studies of tributary processes because they are the main
source of sediment In the Colorado River malnstem

• Include In future hydrologic research empirical approaches as well
as modeling approaches

• link sediment studies to biological and hydrological monltormg
ond research

• Institute geomorphic studies to supplement the hydraulic studies
of the Colorado River system In the Grand Canyon

Recreation

The committee was well satisfied that the relevant questions 10 the
recreation study were approaChed gIVen the constramts 10 the scope of
analysIS embedded 10 the design of the GCES research program The
change 10 recreation value 10 response to changes m dam operations and m
terms of appropnate monetary umts of measure was evaluated successfully
The study IS notable first for the care that was taken to design a survey
research Instrument for each of the relevant recreation pOpulatiOns and
second for the care With which the statIStical mferences were drawn A
great deal of relevant mformatlon for management was obtamed from these
results The recreation reports prOVided a new dunenslon to plannmg for
dam operatIOns and an opportumty for further exploration and testmg of
the contmgency valuatIOn study

",
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Future work by the Department of the Interior should seek to

• clarify the costs, benefits, and tradeofFs between power generation
and recreation opportunities

• broaden the definition of constituencies to Include not only those
who enjoy the Grand Canyon's recreational opportunities, but all those
who care about the future of the resource

• avoid reliance on the use of hypothetical flows as the basis for
predicting user behavior

Operations

The matenal presented 10 the operations section of the final July 1987
draft GCES report IS a major Improvement over earlIer drafts seen by
the committee ThIs type of mformatlon would have been useful m the
plannmg phases of the GCES However, much of.1he matenal presented ID

the operations sectIOn of the final July draft GeES report IS more relevant
to revenue, customers, and the operation of the entire Western Area Power
AdmmlStratlon (WAPA) seMce area than it is to the operation of the dam
Itself The hydropower capacity of Glen Canyon Dam IS about 78 percent of
the total Colorado RIVer Storage Project (CRSP) capaCity, but CRSP IS but
a small percentage of WAPA The operations section would have been more
useful to the analysIS of Glen Canyon Dam operations If it had fOCIISed on
Lake PoweD (or at least on CRSP) to develop econoMIc mformatlon useful
to deCISIOns on changes m dam operations Furthermore, a comparISon of
lost revenues from power production and potential gams from management
operation of the dam Will be necessary at some time

The Department of the Intenor should

• accept options 1 and 2 of the final draft GCES report (1) Initiate a
feasibility study of possible changes In dam operations and non-operations
alternatives for protecting downstream resources Such studies comply with
National Environmental Policy Act (NEPA) requirements for Informing and
Involving Interested and affected publics and agencies (2) Continue with
research and monitoring of resources

• consider all management options (e g, base load hydroelectric
operations, discharge and timing of releases, Installation and operation
of multiple outlet structures, and strategies for conservation that use less
than maximum storage In Lake Powell)

The Integrated Final Report

The mtegrated final GCES report that was gwen to the committee m
July 1987 IS a readable document for the general publIc The committee
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suspects that thIS type of document was produced to achieve pohcy ob
jectlves The GCES SCientISts, however, have sacnficed scholarly ngor to
acmeve thIS breVity and readablhty By domg so, they have nsked confus
109 readers who do not take the time to read the supportlng reports The
comb1OatlOn of sacnficed scholarly ngor and apparent value Judgments 10
creases the rISk of mISlead109 managers ThIS mappropnate use of sCience
could lead to poor pohcy

The mtegratlon of the results from the biological, sediment, and recre
atIOnal studies is IOcomplete There IS httle drrect cross-referenc1Og, be
tween study components and many pohcy statements do not consider 10
teractlOns and 10drreet effects In short, it IS not clear how the authors
arnved at their bold, box-enclosed statements even after inspection of the
supportmg appendIXes

Unclear Objectives

The goals and ObjectIVes presented 10 the GCES were articulated
vaguely, they were inconSIStent across mdMdual Studies, and they often
confused SCIence and policy They seemed to be more strongly related to
the mISSIOns of the partiCipating agenCies than to understandmg how the
controlled hydrologiC regime of the rIVer lOftuenced downstream resources
For example, the Natlonal Park serVIce emphasIZed "naturalness," and
the Anzona Game and FISh Department emphasized a sport fishery based
on trout. The GCES did not carefUlly identlfy the resource uses and
the boundanes of the study, especmlly as related to the mISSIOns of the
agencies responsible for management. Potentlal management strategies
(called operatIOnal scenanos) were hmlted 10 the onglnal research design
and were stated 10 such a way that the GeES sCientISts assumed that only
one management strategy could be employed without adjustments through
tune (I e , management strategy IS assumed Immutable)

These shortcom1Ogs 10 the early planmng stages precluded orderly
progress toward mtegratlOn of 1Oformatlon The problems they caused
grew untll the GCES sCientISts expenenced great dlfftculty produClDg an
10tegrated report at the end of the study

Future work by the Department of the Interior should seek to

• establish speclftc obJectives, establish the geogmphlc zone or po
tential effects, and Identlf,y resource uses and values

• set proper boundaries ror the study

ExIstIng Inronnatlon Not Used In Planning

One feature of early planmng that seemed to be mlSS10g was the
recogmtlOn and use of eXlst10g research on the Colorado RIVer system For

9

example, information was available from parallel studies at the impound
ment 10 F1am1Og Gorge and Its tallwater fishery that mIght have led to early
IOslght about the conceptual scheme for the nver below Lake Powell An
early reView of thIS and other 1Oformation about the nver 10 the Grand
canyon mIght have led researchers to recognize the need for early plan
mng and the need to understand the 1Oteractlon of ecosystem components
ThIS might have preempted what turned out to be an over-rebance on the
mISSIOns of partlclpat10g agencies, theu budgets, their available "pool" of
researchers, and so on, as the mechanism of planmng that was apparently
used by default.

Future IOvestlgatlons should be preceded by

• a review or existing knowledge In the planning phase, and prepa
ration or a written report or the review as documentation

Conruslon Between Administrative
and Scientific Oversight

There was no clear separatlon of administratIVe and sCientlfic oversight
for the GCES project. Both functions suffered as a result. For example,
the GCES project manager was also one of the researchers, the contracts
manager, and the report 1Otegrator, and was looked to for general oversight
by many of the participant researchers Although the GCES project man
ager was energetic and enthusiastic about the tasks, the committee beheves
that no one person should have been asSigned such diverse responslbilitles
for research and management In such a large enVIronmental study

Furthermore, no semor sCientISt or group of expenenced sCience ad
VISOrs were involved 10 the early planmng or 10 help10g the researchers 10
analysis and mtegratlon dunng the study Had expenenced SCientISts been
1Ovolved, the results almost certalOly would have been more satISfactory and
useful Such an adVISOry group could have aided the researchers as therr
work progressed and might have been able to make smooth mid-course
corrections as opportumtles arose The committee was espeCIally aware of
thIS need because of the dlfftculty It encountered in its adVISOry capaCity at
the end of the GCES study penod

Future work by the Department of the Intenor should seek to

• bring senior scientists In at the beginning or environmental studIes
• establish a scientific oversight group
• sepamte agency administration rrom scientific oversight
• establish a report IntegratIon team at the beginning or such a

project rather than at the end
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Lack of Contingency Planning

In any environmental study of a rIVer, unexpected events may occur
and should be consIdered In the planning phase of the study During the
20 year penod preceding the study, the flow In the mer was controlled,
usualIy With low flows so Lake PoweIl would filI vanatlons In flows reflected
vanatlons In demand for hydroelectnc power With the reservoir at fuIl
storage capacIty, however, the probablhty of uncontrolled flow (spill or
flood) Increased dramatlcaIly
~- Extraordlnanly hIgh runoff from spnng thaw combined With late snows
and rains In 1983 produced an unexpected Inflow to an already full Lake
PoweIl Release of the water reqUIred the use of the bypass tubes and the
spJllways and produced hIgher flows In the rIVer than had been expenenced
for at least two decades

WIth few exceptIons the mdlvldual GCES reports refer to the effects
of the flooding, and so It IS clear that some analyses were conducted as the
opportunity forced Itself on the project The floodIng was seen by most
researchers, however, as a major Interference With the stated tasks Bureau
of ReclamatIOn adminIStrators conSIdered the flood to be a potentIal reason
for dIScontInuing the studIes

The lesson from thIS expenence IS that uncertainty charactenzes ecosys
tem processes and the unexpected should be consIdered In planning What
are the most hkely major events that would influence the conduct of the
research? What should be done If such an event occurred?

Future work by the Department of the Intenor should

• assume complexl~ Interactions, and Indirect effects In future
studies

• treat operations as manipulative experIments and, thus, monitor
Ing as experimental data collection

Need for Peer Review In Project Selection

The indIVIdual projects m the GCES were Identified at the begmnlng of
the study In the absence of a careful desIgn, speCIfic goals, and well-stated
objectIVes Project funds were committed early, and plannmg was added
as the project grew A conceptual scheme to gUIde the selectIon of cntlcal
research questIons and clear IdentificatIon of the reqUired research skills
was needed

The lead agency for the GCES-the Bureau of Reclamation-appar
ently dId not sohclt the talent to conduct the needed research through
a peer-reVIewed request for proposals The commIttee beheves that such
talent eXISts outsIde the agenCIes directly mvolved m the project, e g,
V S GeologIcal Survey, National Park SerVIce, ArIzona FISh and Game
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Department, V S Fish and Wildhfe Service A broad search for the best
and most expenenced researchers is a necessary effort for such a large
scale envrronmental study ThIS apphes to SCIentISts that are supported to
conduct the work and to the appomtment of any scientific oversight group

Future government research should

• solicit scientific talent for the work based on 8 research plan
• use merit competition to select researchers, Including 8 peer review

system outside the agency or agencies conducting the study
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Executive Summary

EPA's Environmental MOnltorrng and_Assessment Program
(EMAP) was established to provide a comprehensive report card
on the condition of the nation's ecological resources and to detect
trends In the condition of those resources At EPA's request, the
National Research Council's Board on Environmental Studies and
Toxicology and Water SCience and Technology Board established
the Committee to Review EPA's Environmental MOnltonng and
Assessment Program This fourth and final report IS the commit
tee's overall evaluation of the program

In 1988, the SCience Advisory Board of the U S Environmen
tal Protection Agency recommended that EPA "undertake
research on techniques that can be used to help antiCipate
environmental problems," and that "an office be created within
EPA for the purpose of evaluating environmental trends and
assessing other predictors of potential environmental problems
before they become acute"

FollOWing the SCience Advisory Board's advice, EPA estab
hshed the Environmental MOnltonng and Assessment Program
(EMAP) Pto mOnitor ecological status and trends, as well as to
develop innovative methods to anticipate emerging environmental
problems before they reach cnsls proportions" In 1993 EMAP's
stated goals were to
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• The EMAP samphng program may operate at too coarse a
scale In space and time to detect meaningful changes In the
condition of ecological resources

• EMAP's success Will be diminished If It does not develop
rehable, sCientifically defenSible indicators for measuring change
The development of Indicators of ecological health or integrity and
of aesthetiC quahty appear to be particularly challenging

• EMAP's success Will be diminished If It does not select the
right assessment end POints (I e , the end effect that IS the goal
of the mOnitoring program), something It has not done so far

• EMAP's success will be diminished If the retrospective or
prospective mOnitoring approach does not match the assessment
needs and the needs of pohcymakers

• EMAP needs to Incorporate the best SCIentifiC adVice In the
deSign, Implementation, and review of ItS program

• EMAP has not yet fulfilled ItS promise of Innovation and
national comprehensiveness because the programs to Integrate

As first conceived and presented to the committee In 1991,
EMAP was Significantly different than It IS today Several of ItS
central features and components seem to have less Importance
In mld-1994 than they did In 1991 The reverse IS also true the
resource groups have become much more Important and are
leading the program One of the major strengths of EMAP as
initially presented was that It planned to Integrate Information
across regions and across resource types, but the nature and
extent of that integration IS stili not clear

Given the need for 10 years or more of data to sample regions
and distingUish trends, nobody-includlnQ-the members of thiS
committee-can be certain whether, or how fully, EMAP Will
achieve ItS stated goals ThiS IS to be expected for a large,
ambitiOUS, and novel program hke EMAP However, the program
Wide concerns expressed In the committee's prevIous reports, In

Chapter 2 of thiS report, and summarized below, are so Important
that EMAP Will have httle chance of achieVing ItS goals If they are
not addressed Concerns revolve around the follOWing Issues

Executive Summary

1 Estimate the current status, trends, and changes In
selected indicators of condition of the nation's ecological re
sources on a regional basIs with known confidence

2 Estimate the geographic coverage and extent of the
nation's ecological resources with known confidence

3 Seek associations between selected indicators of natural
and human stresses and indicators of the condition of ecological
resources

4 Provide annual statistical summaries and periodic assess
ments of the nation's ecological resources

As desCribed by EPA, EMAP IS unified by ItS approach to land
scape characterization, the application of a coherent strategy for
the chOIce and the development of indicators, and the use of a
probability-based sampling approach that uses a hexagonal grid
for Identifying sampling sites There are eight resource groups
Identified by the program agroecosystems, arid (now rangeland)
ecosystems, forests, the Great Lakes, estuaries, Inland surface
waters, wetlands (recently subsumed under surface waters and
the Great Lakes), and landscape ecology These resource groups
are Intended to represent ecosystem types or resources of
national Interest, and to prOVide a basIs for Incorporating ecologi
cal knowledge Into the design of indicators and sampling pro
grams

The committee's reviews of other EMAP components such as
forests and estuaries and surface waters were published as
separate reports The executive summaries of these reports are
In Chapter 4

After four years of reView, the committee retains ItS belief
that EMAP's goals are laudable However, because achieVing the
goals of thiS ambitiOUS program Will reqUire that EMAP success
fully meet many difficult sCientifiC, practical, and management
challenges, the committee continues to question whether and
how well all these goals can be achieved ThiS final report
reiterates that general assessment

Executive Summary
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ExecutIve Summary

informatIOn across space, tIme and resource types have not been
developed The most Important of these are an Indlcator-develop
ment strategy, information management, and landscape charac
terization

• EMAP's Information management system must support
effiCient access to a large, dIstributed database and apphcatlon of
an approprrate range of information processIng tools

• Lack of continuIty In staffing at EMAP has InhIbited
development of the program EMAP cannot succeed unless the
government he, the adminIstration and the Congress) makes a
suffICIent financIal commItment to EMAP to support administra
tive and technical excellence, continUity, and effICIency In
program management That commitment IS necessary for EMAP
to Succeed, but IS not SUffiCIent by Itself

A September 1994 letter from EMAP dIrector Edward
MartInko (AppendIx A) descrrbes EMAP's recent responses to
earher NRC reports and provIdes addItIonal updates about the
program Many of the changes described appear to be In hne
WIth the earher commIttee recommendatIons EMAP has not
prOVIded more detailed documentatIon of these encouraging
changes, so thIS report has not been substantially altered
However, recommendations In thiS report that deal WIth matters
directly addressed by Dr Martinko's letter are Indicated With an
asterisk

RECOMMENDATIONS

StatIstics. Sampling. and DeSIgn

• EMAP should conSIder deSIgn changes that would increase
the probabilIty of detecting smaller-scale ecological changes
Some posslblhtles Include increasing revlsltatlon rates at a subset
of sample sItes. inClUSIon of a set of nonrandomly selected
sentinel sites With intensIve data-collectIon, such as the Long

ExecutIve Summary

Term Ecological Research (LTER)/Land Margin Ecosystems
Research (LMER) networks, and stratIfied random samphng by
ecoreglon WIth data-quality objectives speCIfIed for strata If
EMAP does not adopt these deSign changes Itself, then It should
become extremely closely and expliCitly coordinated WIth a
program that has these features

• EMAP should conSIder further combining effects-onented
and stressor-ortented mOnitoring approaches PredIctIve. or
stressor-orrented. monltorrng seeks to detect the cause of an
undeSirable effect (a stressor) before the effect occurs or
becomes serrous Retrospective, or effects-orrented, mOnitoring
seeks to detect the effect after It has occurred EMAP has rehed
mostly on the latter Stressor-orrented fllDnltorrng Will Increase
the probabIlity of detecting meaningful ecological changes As In
the above POint. If EMAP does not adopt these changes. It should
become closely coordinated WIth a program that mOnitors In thiS
way

• EMAP should undertake power analyses regarding the
effectiveness of the sampling design for each resource group •
A power analYSIS IS an analYSIS of the statistIcal strength of an
approach to detect change If a change eXists Different resource
groups have adopted different sampling approaches All the
resource groups should adopt the practIce of the EMAP lakes
component, which has aSSigned teams of statIstIcIans to assess
the effectiveness of EMAP for that partIcular resource

• EMAP should reconsider Its detection Crttenon of a 20
percent change over 10 years In some systems. such a large
change IS unhkely to occur In nature. while In other systems, a
much smaller change would ehclt concern EMAP should also
conSider systems or indicators for which a change In the vanance.
rather than mean or median. IS Important

-RecommendatIOns marked With an asterrsk are addressed In
Dr Martlnko's 9/20/94 letter deSCribing recent changes In EMAP
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Indicators

• EMAP should Initiate a major, focused research program on
indicator development· Indicator development IS at the heart of
the EMAP program Without a well-considered set of indicators
for each resource group, EMAP will not fulfill Its goal of present
Ing an evaluation of the nation's ecological resources The
difficulty and Importance of Indicator development reqUires EPA
to attract the highest quahty researchers In the environmental
sCiences to thiS program The program should Include a combina
tIOn of Internal research (by EMAP sCientists) and external
research Involving open announcements of funding availability
with peer-reviewed grants

• Each EMAP resource group should develop one or more
mechanistic conceptual models of Its resource, based on current
sCientific knOWledge· These models should serve as expliCit
hypotheses about those aspects of ecosystem structure and
functioning relevant to the assessment end POints the group has
chosen The models must be detailed enough to Include potential
indicators, assessment end POints, and key variables

• EMAP should provide program-wide gUidance for numerous
evaluation Issues If the indicator-selection strategy Is going to
Yield the nationally applicable set of Indicators EMAP envisions
The committee recommends as a high Priority the expliCit and
early evaluation of the statistical properties of all potential
Indicators Such evaluations should Include analyses of the
properties of the mean, variance, and behaVior of the Index In
power tests If thiS cannot be done analytically, then Simulation
analyses should be performed

• EMAP should carefully evaluate each potentia' Indicator at
Incrementally 'arger spatial sca'es EMAP needs to make sure
that It has information on the domains of usefulness of ItS
indicators-at what spatial and temporal scales are they reliable,
and at what scales are they less rehable? The ways In which the
various resource groups deal With thiS problem Will have Impor
tant consequences for the selection of nationally Implemented

indicator metrlcs Program-wide strategies for dealing With thiS
Issue should be developed now, In time to be applied With some
Uniformity across the resource groups

Integration

• EMAP should develop key Integration and assessment
questions that cross resources ThiS would help focus the
program and Significantly extend ItS value nationWide

• EMAP should designate resources for Integration As EMAP
now stands, there are relatively few financial or other resources
directed speCifically at Integration Such resources could be
directed In various ways, but several Iml10rtant needs must be
met IndiVidual resource programs directed at Integration must
have access to the information management system, and must
have computer and software resources to generate and test
generalizations One approach would support a team of IndIVIdu
als who focus on developing and addreSSing the Integration and
assessment questions, and who either work together at one
phYSical location or were coordinated among resource groups by
a central office Key members of thiS group must be partiCipants
of the Landscape Characterization, Landscape Ecology, and
Indicator Development groups The new Integration and Assess
ment Program IS a positive step In thiS direction, but we do not
have a good description of the actiVities of thiS program

• EMAP should develop coordinated sampling between
terrestnal, aquatic, and atmospheriC resources' Resources

,One committee memberhas been deeply concernedabout the
apparent lack of commUnicatIon between senior adminIstrators
and pOSSIbly senior SCientists, In the A" and Deposition Section
of EMAP and those In major federal, state, and international
agencies (e g , Canada and MexIco) who are also heaVily Involved
In ecological fisk assessments andenVironmentalprotectIon ThiS

(continued on p B)



Coordination And Management

EMAP should reconsider the scale and boundanes of Units for
which the national program summarizes and reports data

• EMAP IS unlikely to succeed unless EPA commits perma
nent, semor-level pOSItions to the program, and recruits qualified
people to fill them Commitment and continuity are cruCial for the
Implementation of such an innovative national program Too
many Important responsibilities In EMAP have been assigned to
people on temporary Interagency Personnel Agreements (lPAs) or
to contractors _

• The committee recommends that EPA semor admlmstrators
faCilitate close working relationships between EMAP and appropri
ate offices and diVIsions of EPA, Including other research pro
grams In the Office of Research and Development In particular,
EMAP should continue In ItS efforts to develop close working
relationships With the EPA Office of Water to capture the benefits
of EPA's past experience In collecting data on surface waters
Continued reliance on the experience of such programs leverages
EMAP's resources and bnngs complementary expertise to the
program

• EMAP should develop and maintain an adminIstrative
structure that demands close communication and Interaction
among EMAP-LC (Landscape Charactenzatlon), EMAP-IM
(Information Management), and each of the resource groups
ThiS structure could take several forms, such as locating lead
personnel of each of these groups at a central office or some
other mechanism that requires regular commUnication among
these groups

• The committee recommends that EMAP continue Its efforts
to coordinate Its activities with those of other agencies The
Memorandum of Understanding, Signed by National Biological
Service director H Ron Pulliam and EPA Office of Research and
Development director Robert Huggett (MOU, September 30,

8
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appeanng to have very Important ecological connections due to
hydrologic linkages are now being sampled In separate locations
The design would be enhanced by a cooperative sampling scheme
between resource groups In which lakes and streams were
sampled In watersheds whose terrestnal systems (forests,
agroecosystems, and systems) also were being sampled A
stratified random system such as this would not compromise

~ EMAP's ability to make regional-scale generalizations based on
probability-based samples The data sets would be considerably
stronger because the spatial covanance of the data sets could be
used to test hypotheses related to cause and effect relationships

Possible examples Include Indicators reflecting net pnmary
productivity, biological diversity, and aesthetiC value At present,
It IS unclear whether or not the assessment questions In each
resource group are Similar enough to lead to parallel sets of
indicators Such symmetry among resource groups, while not
essential to baSIC EMAP obJectives, would greatly enhance the
sCientific and analytical value of the data collected

Appropriate Scale and Boundanes Of Regions

• EMAP should choose ecologically meamngful units as the
primary scale for summarizing and reporting data Ecologically
meaningful Units, such as Bailey's or Omernlk's ecoreglons,
should be the pnmary objects of statistical analYSIS and data
reporting rather than political Units or EPA regions In general,

member feels strongly that such Inter- and Indeed Intra-agency
interactions are essential for effective coordination ofmOnitoring
and assessment efforts involVing the atmospheriC transport,
transformations, and depOSition (as wellas assOCiatedmtermedla
transport) of a Wide range of hazardous gaseous and particulate
air pollutants

ExecutIVe Summary
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1994) IS an excellent example of such coordinatIOn The
committee encourages further efforts with programs like the
National Water Quality Assessment of the U S Geological
Survey

External Scientific Review

• The current external review structure of EMAP should be
modified so that Its core IS 8 permanent panel. with rotating
membership. to prOVide continUity A permanent board of
accomplished SCientists may prOVide more expertise and conSIs
tency of viewpoint than EMAP has had access to heretofore The
panel should advise both at the level of resource groups, such as
the forests or estuary resource level, and at the level of the entire
EMAP program

Information Management

• While top-down planning for EMAP's Information system Is
Important, EMAP should base such planning on the viewpoint that
the Information system Is a sCientific database system. rather
than an mformatlon system focused on the needs of management
If the Information Management System Is to function and
faCIlitate Integration among research groups as enviSioned by
EMAP In particular, the plannrng should focus on the deslg_n of
an environment that IS senSitive to user reqUirements and that
prOVides excellent hardware, software, and support personnel
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( Executive Summary

Marine fisheries provide a vital contribution to food supplies, employment, and culture worldwide. There
fore, matching fishing activities with natural fluctuations so as to avoid unsustainable harvests and population
crashes is an important goal. In an ideal world, accurate and precise estimates of the abundance of fish stocks and
their dynamics (how and why population levels change) would be available to set sustainable harvest levels to
accommodate commercial and recreational demand. In reality, fishery management is based on imperfect estirna-

"tion of the number, biomass, productivity, and age 'structure of fish populations and incomplete knowledge of
population dynamics. The ocean is relatively opaque to light, and acoustic techniques of remote sensing are not
yet sufficiently developed for general use in estimating fish populations. Thus, it is difficult to count fish through
nondestructive means and fish usually must be caught to be counted, weighed, and measured. Standardized
techniques have been developed to sample a relatively small proportion of fish from a population and to combine
such data with commercial and recreational catch information to estimate population characteristics. These
techniques yield stock assessments used by managers at state, regional, nati~nal, and international levels.

In addition to monitoring the abundance and productivity of exploited fish populations, stock assessments can
provide a quantitative prediction of the consequences of possible alternative management actions. The mecha
nisms that cause fish populations to change are poorly understood but include environmental and ecosystem
effects, interactions among multiple species, and effects of humans through harvesting, pollution, habitat disrup
tion, and other factors. Without accurate stock assessments and their proper use in management, exploited fish
populations can collapse, creating severe economic, social, and ecological problems. Therefore, ensuring that
stock assessment research progresses and that operational stock assessments use the best techniques for a given
stock are fundamental for ensuring the sustainability of commercial and recreational marine fisheries.

Stock assessment is a multistage process. Steps include (I) definition of the geographic and biological extent
of the stock, (2) choice of data collection procedures and collection of data, (3) choice of an assessment model and
its parameters and conduct of assessments, (4) specification of performance indicators and evaluation of alterna
tive actions, and (5) presentation of results. This report concentrates on evaluating assessment models, with less
extensive treatment of the other steps. Chapter 1 discusses these steps in greater detail. Techniques of stock
assessment range from informal estimates to more sophisticated modeling approaches used to combine data of
various types. Assessment models predict rates of change in biomass and productivity based on information about
yield from fisheries and the rates at which fish enter the harvestable population (recruitment), grow in size, and
exit the population (natural andfishing monality).
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Stock assessments for fish hv10g 10 the U S exclusive economic zone (3 to 200 nautical miles from shore) and
for some highly migratory Species are conducted by sCientists from the NatIOnal OCeanlC and Atmosphenc
Admlmstratlon's (NOAA's) National Manne Flshenes Service (NMFS) and 10dependent species group commis
sions (e g , the International Paclfic Halibut Comrmsslon and the Inter-Amencan Tropical Tuna COIDlDlsslOn) In
addition, 10terstate fishery management comrmsslons were created to facllitate the coordmation of state assess
ment sCientists 10 working With each other and With federal sCientists to assess and manage stocks shared among
states 10 therr coastal waters (wltb1n 3 nautical mlles from shore on open coasts, as well as bays and estuanes)
These orgamzatlons 10clude the Atlantic States, Gulf States, and Paclfic States Manne Flshenes ComrmsslOns
Some states (e g ,Alaska, Oregon, and Flonda) also perform assessments for fishenes conducted 10 therr own state
waters

Fishery management orgamzatlons use the results of stock assessments to deSign and Implement vanous
controls for the total catch that can be removed from fish populations under their Junsdictlons Commercial catch
can be managed by spec1fy1Og the amount of barvestlDg allowed, the areas of fishing and times of the year that
fishing can take place, the gear that can be used, mlDlmum fish size hmlts, and 10 some cases, the amount of fish
that any s10gle fisher, commuDlty, company, or other entity can catch Recreational fishenes more often lIDpose
nuDlmum SIZe hnuts, daIly catch hnuts, seasons, and sometlmes gear restnctlons and reqUIrements to release fish
that are caught

STUDY PROCESS

The Natlonal Research Councll (NRC) Comrmttee on FISh Stock Assessment Methods was formed 10 early
1996 to review eXlstlDg stock assessment methods and to conSider alternative approaches for the futlrre The
comrmttee's statement of task was two-fold

I Conduct a sclentlfic review of stock assessment methods and models for marme fishenes management
2 Compare models us10g actual and Simulated data bav10g a vanety of charactenstlcs, to test the sensitiVity

and robustness of the models to data quahty and type

As part of thIS study, the comrmttee asked selected stock assessment sClentlsts to conduct bhnd runs of Simulated
data sets us10g five different models Models tested 10cluded a production model, a delay-difference model, and
three age-struct1rred methods (descnbed 10 deta1l1O Chapter 3) The goal of the slIDulation study was to evaluate
the performance of stock assessment methods for slIDulated fish populations for which the true population param
eters were known (to the comrmttee, but not to the analysts) and some of the assumptions usually made 10 stock
assessments were Violated One type of data set was typiCal of the catch biomass, age composItion of the catch,
and catch per umt effort (CPUE) that are obtamed from commercial and recreational fishenes The other type of
data set was typiCal of that collected by fishery-mdependent surveys

Each analyst was asked to evaluate five 30-year sets of slIDulated commercial and survey data, alone and 10

combmatlon The five data sets proVided different combmatlons of parameters 10 terms of the followmg

• Increasmg or decreasmg stock Size over tlme (populatIon trend)
• Constant versus changmg age of fish caught (fishery selectiVIty) over tlme
• Accuracy of catch reported by fishers
• Ablhty of fishery and survey vessels to catch fish (fishery and survey catchab,l,ty)

The analysts were given essential mformatlon about fish growth and matunty,)the probablhty of nus-estimating
fish ages, and selected mformatlon about the slrUctlrre of the populations and the data Analysts were not prOVided
mformatlon about natural mortality, catchablhty, selectiVity, recruitment, or the amount of underreportmg (al
though they were warned that underreportmg might have occurred)

In addition to the results of these basiC analyses, (1) some analysts repeated therr model runs With the true
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(
\ average natuml mortahty (provIded by the cOmmIttee), (2) key management vanables were calculated by analysts

and the COmmIttee, and (3) retrospectIve analyses were conducted by the COmmIttee to determme the persIstence
of over- or underestImatIon of populatIon parameters over tIme by the dIfferent models Greater detaIl about the
study process IS gIven m Chapter 5 and AppendIx E

hNnINGS AND RECOMMENDATIONS

The COmmIttee focused Its exammatIon on the data that are used m assessments, model performance, use of
harvest StrategIes, new assessment technIques, penodIc revIew and quality control of assessments and assessment
methods, and educatton and trammg of stock assessment SCientIsts The COmmIttee based Its recommendatIons on
the results of the SimulatIons and on Its collectIve expenence Caveats about how the analyses conducted for thIs
study compare to actual stock assessments are gIven m Chapter 5 AccomplIshIng the recommendatIons of thIs
report wIll reqUIre concerted and cooperatIve actIon by all Interested parties (academIC and government SCIentIsts,
fishery managers, user groups, and envIronmental nongovernmental organIZatIons) to Improve the stock assess
ment process and products

Data Collection and Assessment Methods

The COmmIttee concludes that stock assessments do not always prOVide enough InformatIon to evaluate data
qualIty and to estImate model parameters, and It recommends a checklIst that would promote more complete data
collectIon for use In stock assessments The results of the COmmIttee's SimulatIons demonstrated that the avaIlabIl
Ity of contInuous sets of data collected by usmg standardIzed and calIbrated methods IS Important for the use of
eXIStIng stock assessment models The best mdex of fish abundance IS one for which extraneous mfluences (e g ,
changes m gear and seasonal coverage, changes m fishers' behaVIOr) can be controlled The COmmIttee recom
mends that at least one relIable abundance Index should be avaIlable for each SIgnificant stock CPUE data from
commercIal fishenes, If not properly standardIzed, dp not usually prOVIde the most appropnate Index LIkeWIse,
CPUE data from recreatIonal fishenes requIre standardizatIon to serve as a good mdex of abundance

FIshery-Independent surveys offer the best opportunIty for controllmg samplIng condItIons over tIme and the
best chOIce for achIevmg a relIable Index If they are deSIgned well WIth respect to locatIon, bmIDg, samplIng gear,
and other conSIderatIons of statIstIcally valId survey deSIgn NMFS should support the long-term collectIon of
fishery-Independent data, usmg eIther the NOAA fleet or calibrated mdependent vessels DlmIDlShIng the qualIty
of fishery-mdependent data by faIlIng to modermze NOAA fishery research vessels or by changmg samplIng
methods and gear WIthout proper calIbratIon could reduce the usefulness o{ eXIStIng and future data sets

The SImulatIon study demonstrated that assessments are sensItIve to underlymg structural features of fish
stocks and fishery practIces, such as natural mortalIty, age selectIVIty, catch reportIng, and vanatIons m these or
other quantItIes AUXIlIary InformatIon 10 the form of IndIces or survey estimates of abundance, populatIon
structure InformatIon, and accurate estImates of other populatIon parameters (e g , natural or fishIng mortalIty,
growth, catchabIlIty) Improves the accuracy of assessments

Formally reVIewed samplIng protocols for collectIon of commercIal fishenes statIstIcs have not been Imple
mented In many geographIc regIOns The lack of formalIzed, peer-revIewed data collectIon methods In commer
CIal fishenes IS problematIc because bIas and Improper survey conduct may eXIst, WIth unknown Impact on data
relIabIlIty Greater attentIon should be devoted to samplIng deSIgn based on an understandIng of the statIstIcal
properttes of the estImators for catch at age and other factors SamplIng and subsequent analysIS should also
conSIder the Issue of systematIc bIases that emerge WIth factors such as mIsreportIng FormalIzed samplIng
protocols have been developed for recreatIonal fishenes In the form of the Manne RecreatIonal Fishenes StatIStIcs
Survey (MRFSS) MRFSS data and methods, albeIt Imperfect, have undergone mdependent peer reVIew, are
readIly avaIlable, and could serve as a model for commercIal fishenes The committee recommends that a
standardized and formalIzed data collectIon protocol be establIshed for commercIal fishenes natIonWIde
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Both harvestmg strategtes and declSlon rules for regulatory actIons have to be evaluated sunultaneously to
determme therr combmed abilIty to sustaIn stocks SunulatIon models should be realIstIc and encompass a Wide
range of pOSSible stock responses to management actIons and natural fluctuatIons consistent With expenence The
COmmIttee recommends that fIsh stock assessments present realIstIc measures of the uncertaInty 10 model outputs
whenever feasible Although a sunple model can be a useful management tool, more complex models are needed
to better quantIfy the unknown aspects of the system and to address the long-term consequences of specifIc
decISion rules adequately RetrospectIve analyses performed by the COmmIttee showed that persistent over- or
underestunatIon can occur over a number of years of assessment, regardless of whIch model IS used The
COmmIttee recommends the use of Bayesian methods both for creatmg dIstnbutIons of lOput vanables and for
evaluatmg alternatIve management polICies Other methods for 10cludmg realIstIc levels of uncertaInty 10 models
also should be 10vestIgated

In the sunulatIons, model performance became erratIC as more vanabllIty or errors were 1Otroduced to data
sets Newer modelIng methods offer promIse for reduc10g bias 10 key parameter estImates, although uslOg
mathematIcally sophIstIcated assessment models dId not mItIgate poor data qualIty DIfferent assessment models
should be used to analyze the same data to help recognIZe poor data and to unprove the qualIty of assessment
results Results from such compansons can be used to dIrect survey programs to unprove data qualIty and to assess
the degree of unprovement 10 data achIeved over tIme Greater attentIon should also be devoted to lOcludlOg
10dependent estImates of natural mortality and Its vanabllIty 10 assessment models Further SimulatIon work of
thIs land IS also needed to determIne whether the sunulatIon results and the conclUSIOns based on these results
remam the same over multIple replIcatIons

The COmmIttee belIeves that s1Ogle-specles assessments prOVide the best approach at present for assess10g
populatIon parameters and provldmg short-term forecastmg and management adVice Recent 10terest 10 bnnglOg
ecological and enVIronmental consideratIons and multI-species lOteractIons lOto stock assessments should be

\ encouraged, but not at the expense of a reductIon 10 the qualIty of stock assessments

----
Harvest Strategies

Although the COmmIttee did not evaluate alternatIve harvest strategies, It belIeves that assessment methods
and harvest strategtes should be evaluated together because harvest strategtes can affect stock assessments and the
uncertaInty mherent 10 stock assessments should be reflected 10 harvest strategies DeSPite the uncertaInty 10 stock
assessments, fIshery SCientIsts may be able to IdentIfy robust management measures that can at least prevent
overfIshmg, even If they cannot optumze performance ConservatIve management procedures lOclude manage
ment tools specIfic to the Species managed, such as mIDunum bIOmass levels, Size hmIts, gear restnctlons, and area
closures (for sedentary Species) Management procedures by whIch the allowable catch IS set as a constant fractIon
of biOmass (used for many US fIshenes) generally perform better than many alternatIve procedures However,
errors 10 ImplementatIon due to assessment uncertaIntIes could result 10 substantIal reductIons 10 long-term
average harvests 10 some years If bIOmass estImates are hIghly uncertam Assessment methods and harvest
strategies need to be evaluated Simultaneously to determme therr ability to achIeve management goals ApplIca
tIon of nsk-ad]usted reference po1Ots (based on flShmg mortalIty or biOmass) would ImmedIately lead to reduced
total allowable catch and thus create an econOmIC 10centIve for 10vestment 10 unproved data gathenng and
assessment procedures to reduce the coeffiCient of vanatIon of biomass estImates

There are at least four alternatIves to harvestmg a constant fractIon of explOitable biomass that may result 10

levels of total mortalIty that are consIStent With malOtaInmg a fIsh stock Frrstl target fIshmg mortality can be
reduced as a stock decreases 10 Size to reduce nslcs Second, a mIDunum biOmass level can be establIshed, below
whIch fIshmg would be halted (thIs IS done for some US fIshenes) ThIrd, the sIZe of fISh captured can be
10creased by changmg requrrements for harvest gear ThIs restnctIon mIght allow smaller fIsh to escape and
spawn, but could be lOeffectIve If harvesters apply more effort to the larger fIsh Fmally, geographIc areas can be
closed to hmIt mortalIty for sedentary species If the dIstnbutIon of orgamsms IS well known and If the fIshmg
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mortahty m other areas IS not mcreased Area closures have been Implemented or proposed for many fishenes
worldwide m the form of manne reserves and sanctuanes

New Approaches

NMFS and other orgamzauoDf responsible for fishenes management should support the development of new
technIques that can better accommodate mcomplete and vanable data and can account for the effects of enVIrOn
mental fluctuauons on fishenes Such technIques should allow the speclficauon of uncertamty m key parameters
(rather than assummg constant, known values), should be robust to measurement error, and should mclude the
ability to show the nsks asSOCiated With esumated uncertamty

A few promment recommendaUons for new approaches emerged from the study SClenUsts that conduct stock
assessments and orgarnzauons that depend on assessments should

• mcorporate BayeSian methods and other technIques to mclude rea1Isuc uncertamty m stock assessment
models,

• develop better assessment models for recreaUonal fishenes and methods to evaluate the Impacts of the
qualIty of recreauonal data on stock assessments,

• account for effects of dIrecuonal changes m enVIronmental vanables (e g, those that would accompany
chmate change) m new models, and

• develop new means to esumate changes m average catchabulty, selecuvlty, and mortahty over ume, rather
than assummg that these parameters remam constant

The results from the sImulaUon exercise should be sobermg to sClenUSts, managers, and the users of fishery
resources The maJonty of the esumates of explOitable bIOmass exceeded true values by more than 25%, assess
ments that used accurate abundance mlices performed roughly twice as well as those that use faulty mlices A
listurbmg feature of the assessment methods IS theIr tendency to lag m theIr detecuon of trends m the SImulated
populauon abundance over Ume For example, some methods With some types of data consIStently overesumate
explOitable biOmass dunng penods of decreasmg Simulated abundance and underesumate explOitable biomass
durmg penods of mcreasmg SImulated abundance

Although no stock assessment model was free from signIficant error m the sImulauons, It IS also true that few
of the models faIled consistently Hence, the message of this report IS not that stock assessment models should not
be used, but rather that data collecuon, stock assessment technIques, and management procedures need to be
Improved m terms of theIr ablhty to detect and respond to populaUon declmes The slmulauon results and some
actual fishery management examples suggest that overesumaUon of stock biomass and overfishmg of a populauon
can occur due to maccurate stock assessments and that the overesumauon can persiSt over ume The COmmIttee
beheves that the two most Important management acUons to mIUgate this problem are (I) to model and express
uncertamty m stock assessments exphcltly, and (2) to mcorporate uncertamty exphcltly mto management acUons
such as harvesung strategies

The absence of adequate data IS the pnmary factor constrammg accurate stock assessments The lifferences
between esumated and true values denved from the SImulated data were most hkely not mtroduced by any
mIstakes made by the analysts Rather, the large lifferences that occurred under some scenanos were pnmanly
the result of poor data and model mIsspeclficauon stemmIng from mcomplete knowledge of the true SltuaUon by
the analysts The surplus producUon and delay dIfference models lid not mclude the ability to account for changes
over Ume m key parameters for the SImulated populauons The Simulated data sets were better structured for
analysIs by age-structured methods, hence, these kinds of models performed better When they lid not perform
well It was generally because the models used biased mformauon (e g , the fishery CPUE mdex) or did not
account for changes m selectiVity and catchability over ume Had the analysts been told about these data features,
It IS hkely that they could have compensated for them and obtamed better assessments Some of the newer models
appear to be able to achieve such compensauon through the mtroducuon of process errors Nevertheless, modelmg
will never be able to prOVide esumates that are as accurate as dIrect knowledge obtamed by measurement and
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expenmentabon Thus, If future stock assessments are to avoid some of the past problems, management agencies
must devote the necessary resources to momtor and mvestIgate fish populatIOns m a stable research enVIronment
that fosters creatIve approaches

Peer ReVIew

It IS ImperatIve that stock assessment procedures and results be understood better and trusted more by all
stakeholders One means to acIneve such trust IS to conduct mdependent peer review of fishery management
methods and results mcludmg (1) the survey samplmg methods used m data collectIon, (2) stock assessment
procedures, and (3) nsk assessment and management strategies When apphed properly to stock assessments, peer
reVIew yields an ImpartIal evaluation of the qualIty ofassessments as well as constructIve suggestIons for Improve
ment Such reviews are most benefiCial when conducted penodlcally, for example, every 5 to 10 years, as new
mformabon and practIces develop In additIon, a complete review of methods for collectIon of data from commer
Cial fishenes should be conducted m the near future by an mdependent panel of experts, wInch could lead to the
adoption of formal protocols

Education and Trammg

Reduction m the supply of stock assessment sCientists would endanger the conduct of fishery assessments by
the federal government, mterstate COmmISSiOnS, and mtematIonal management orgamzatIons and would Innder
progress m the development and ImplementatIon of new stock assessment methods NMFS and other bodIes that
conduct and depend on fish stock assessments should cooperate to ensure a steady s.rpply of well-tramed stock
assessment sCIentIsts by usmg mechanISms such as personnel exchanges among UDlversltIes, government labora
tones, and mdustry and by funding stock assessment research actIVIties The tralmng of stock assessment scien
tIsts should endow them With skills m apphed mathematICS,'fishenes biology, and oceanography Education of
fishenes SCIentIsts should be orgamzed and executed m such a way that It complements and augments the NMFS
research mISSion and leads to Improved management strategies for fishenes m the future
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