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Introduction

The Chesapeake Bay Program (CBP) "Characterization Report" described
trends, correlations, and factors Interacting 1n causal relationships
for water and sedlnent quality and biota of the Bay (U.S. EPA,
1983a; Mackiernan et al., 1985). The characterization provided an
assessment of the "ecological health" of the tidal system and was
the principal basis for considering additional pollution control
efforts.

Characterization of environmental factors and ecological processes
for Chesapeake Bay included relative ranking of specific areas, or
segments, for selected ecological variables. The relative status
of each segment was established in accordance with scientific
findings (U.S. EPA, 1983 a,b).

The process of characterization must be understood before relevant
aspects of the process can be transferred to other environments.
Described herein are representative examples of useful approaches
and difficulties encountered in data acquisition, organization,
analysis, and synthesis. Although scientific uncertainties still
exist regarding causes of observed ecological changes (Sun, 1986),
lessons learned from our experience will benefit others engaged in
or planning similar analyses.

The assessnent was divided topically Into three sections: 1) Hater
and Sediment Quality. Current Conditions (1977 to 1980) and Trends,
2) Living Resources: A History of Biological Change, and 3)
Relationships among Water and Sediment Quality and Living Resource
Trends.
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Management Context

Congress authorized the U.S. EPA in 1976 to form the CBP in response
to several important signs of environmental stress (e.g., widespread
decline of submerged aquatic vegetation [SAV], decline 1n landings
of most economically Important freshwater spawning fishes including
the striped bass, Morone saxatjlls. Increase in nuisance algal
blooms, and concern that other Kepone-like problems nay exist).
The EPA and the states of Maryland, Pennsylvania, and Virginia
selected three problem areas from a list of about ten concerns for
research and resource management attention: toxic chemicals, nutrient
enrichment, and decline of SAV. Studies were largely baseline In
scope and selected questions addressed ecological structure and
functional relationships.

Although we emphasized technical aspects of the characterization
process, management informational needs were also addressed (e.g.,
Elchbaun and Glotfelty, 19B5). For example, state resource
management officials helped define objectives of the characterization
by urging the CBP to expand beyond the concept of water quality to
biological considerations, especially factors that might explain
problems associated with the Bay's fisheries. Scientists, Including
those outside of the Bay region who served as peer reviewers,
critiqued the scientific approach and conclusions of the process.
Members of public Interest groups responded to briefings on findings
and served as a sounding board for program relevance.

Scope of Problem

The Bay and tributaries form the largest estuarine complex within
the contiguous states (Figure 1; Table 1). Its size, physical and
ecological complexity, and changing land use patterns contribute to
the need of simplification for scientific comprehension and effective
resource management.

A major analytical problem was assembly of the vast amount of data.
Few h stoncal and CBP-sponsored data were collected at the same
location and time. Lack of synoptic and simultaneous coverage in
(Green 1979) created d1ff,cuH1es with many statistical approaches

Although an ecosystem perspective was essential (Green, 1978;
Mackiernan et al.. 1982; U.S. EPA, 1982). It was obvious that
cause and effect relationships would be difficult to establish 1n
analysis of historical data. Multiple factors, whose spatial and
temporal scales are usually poorly known, limited the power of
?!, T.il ° 1!ffe!lCe (F,?mer eJ *'•• 1n Press! O'Connor and Flemer,in press). A fundamental problem impacted the over-all design,
namely, the CBP-sponsored research and analysis of historical data
were not organized initially around a conceptual model, making
Integration of the data base difficult.
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Figure 1. The Chesapeake Bay Drainage Basin
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Table 1. Chesapeake Bay - Physical Characteristics
(from Cronin 1986).

Length:

Width:

Depth:

Surface area:

Shoreline:

Volume:

Inflow:

Average:

Lowest annual average:

Highest annual average:

Extreme low:

Extreme high:

Biological species:

290 kn (180 mi)

8-48 km (5-30 mi)

53 m maximum (175 ft)

8.4 hi average open Bay (27.6 ft)

6.5 m average with tributaries
(21.2 ft)

6,500 km2 open Bay (2,50(J mi2)

11,500 km?, with tributaries
(4,400 mi2)

13,000 kn (8,100 mi)

52 billion n? open Bay, low tide

74 billion m3 total, low tide

2,178 n3/sec, 76,890 ft3/sec

1,387 n3/sec, 49,000 ft3/see

3,720 in3/soc, 131,800 ft3/sec

134 m3/scc, 4,720 ft3/sec

28,320 n3/sec, 1,000,000 + ft3/sec

> 2700



Segmentation

He divided the Bay and tributaries Into 4b segments based on long-
term salinity patterns, circulation, and geonorphology (Figure Z).
The basic assumption was that a comparable physical and geological
structure should support an approximately similar biology and major
differences would form the basis for hypotheses regarding human
intervention. This analytical procedure allowed extrapolation
from data-rich areas to data-poor areas.

Those who would partition the Bay and its tributaries are faced
with a dilemma: fixed boundaries appear too rigid in dynamic aquatic
systems, while time or process-variable boundaries violate the _
criterion of simplicity. Faced with the need to assess the system s
environmental health within a relatively short period (e.g., several
years), we opted for an intermediate degree of compartmentallzation
with the potential of scaling up or down as required.

Assembling the Data Base

After defining segments, we obtained corresponding physical,
chemical, and biological data, especially fisheries data, from a
number of sources, including hard copy and computer files. Spatial
and temporal resolution, as well as analytical methods, were described
for each variable. We considered all relevant data for entry into
the computer file. This minimized the posslblUy of historical
data being Identified after analysis that might require extensive
reassessment. The large data base (approximately 4 million individual
items), which continues to be updated, required approximately two
years to assemble and verify. It provided a mechanism for scientific
cooperation and constructive debate.

Minimal Data Requirements

Because of the uneven temporal and spatial distribution of data
(especially nutrients and toxic materials), we established the
following criteria: three or more stations had to be sampled in
any month to calculate a monthly mean, seasonal means were calculated
for segments with at least two of three monthly means available,
and annual means were calculated for segments with two or more
seasonal means available in the sane year. The annual mean criteria
are considered the weakest component in terms of representing the
temporal pattern. Because more sampling was performed historically
during warm seasons. It was often possible to compare trends in
summer means when annual means were discontinuous or failed to
meet minimal data requirements.

The Importance of a Historical Perspective

Chesapeake Bay has changed greatly since the time of early settlers
(Figure 3). Population in the upper Bay watershed has Increased to
nearly four million over the past 400 years. Forests have been replaced
by fields and developed areas. Many changes, some beginning in the
early 1700s, were clearly well underway by the mid-1800's (Brush and
Davis, 1982). For example, the sedimentation rate has accelerated since
the Civil War, and peak runoff flow 1s higher and low flow is lower than
in earlier times (Biggs, 1981). This has affected the timing and
magnitude of the nutrient supply (Heinle et al., 1980; O'EHa, 1982).
The supply of toxic materials (e.g., trace metals and organic chemicals)
has similarly increased as industrialization has progressed (Helz et
al., 1981). The above suggests that many changes had occurred before
the first scientific surveys of the Bay 1n the late 1930s.
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Figure 2. Segments of Chesapeake Bay (see Figure 1 for description
of tributaries; codes Identify individual segments -
see U.S. EPA 1983a for dlscription).
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Figure 3. T1ne History of Northern Chesapeake Bay, 1600 to 1980.

159



160

Trends and Current Conditions in Water and Sediment Quality

Nutrients

Initial efforts focused on describing current conditions (1977 to
1980) and trends in environmental factors (e.g., climate, hydrography,
and water and sediment'quality) and living resources for each
segment. We then attempted to relate these trends in a causal
framework.

Trends 1n forms of nitrogen (e.g., ammonia, nitrite, nitrate and
total Kjeldahl nitrogen) and phosphorus (Inorganic filterable and
total phosphorus) were calculated seasonally and annually as depth-
averaged means and plotted by segment. This Information provided
the detailed back-up to a final synthesis In which trends 1n both
nitrogen and phosphorus were considered together, with increasing
trend in any form taking precedence over a decreasing trend. Most
segments showed an Increasing trend 1n at least one nutrient type
with the exception of the lower main-stem Bay, Eastern Bay, Lower
Choptank and York Rivers. Apparent trends were tested for statistical
significance.

Current status of nutrients for the period 1977-80 was assessed; the
four-year period allowed a relatively comprehensive picture of
nutrient enrichment (Table 2). Seasonal and annual trends in
chlorophyll a. were also established: the geographic pattern was
largely congruent with the nutrient profile (U.S. EPA, 1983a).
Nutrient concentrations were then related to dissolved oxygen
demand of organic material produced through photosynthesis, assuming
a carbon:nitrogen:phosphorus:oxygen ratio of 106:16:1:138 (Richards,
1965). An assumption of complete rem1nera11zation was made to
evaluate what might occur under least favorable conditions. This
allowed an overall assessment by segment of level of enrichment
and potential for oxygen depletion (Table 3). Class 1 Is envisioned
as a relatively pristine situation and Class 6 as most enriched.
Generally, the upper Bay, western shore tidal fresh, turbidity
maximum and local industralized areas showed highest nutrient
concentrations. This classification scheme does not account for
reaeratlon from the atmosphere or accumulation of organic material
in deep water and bottom sedments. These simplifying assumptions
and related uncertainties limit the classification scheme to a
relative expression of potential impacts on dissolved oxygen.
However, the Index simplifies Bay-wide comparison without overly
distorting the relationship to basic processes.

Dissolved Oxygen

Dissolved oxygen [DO] plays a pivotal role in the ecology of aquatic
systems. The trend in Bay DO of increasing volumes of anoxic or
hypoxic deep waters was consistent with the widespread notion of a
degrading water quality (Figure 4). The volume of bottom water
with 0.0b ml/liter (0.07 ng/liter) or less DO was about 15
times greater In 1980 than In 1950. We attempted to characterize
the uncertainties associated with the apparent trend 1n DO, mostly
through indirect evidence. Two major questions were posed: was
the trend representative of actual conditions? and if it was, to
what extent did it result from anthropogenic stress on the Bay
ecosystem?



Table 2. Oepth-Averaged Means of All Ifears From 1977 to 1980 of Total
Mitrogen (TH) and Total Phosphorus (TP) For All Bay Segments
Meeting Data Minimum Criteria. Note: Some Means Represent
Fewer Than Four Years (n^Yoars Represented in Means) (From
US EPA, 1983a).

Segment TN n TP n Segment TH n TP n

CB-1 1.508 2 0.094 3 TF-3 0.916 2 0.151 2

CB-2 1.240 4 0.109 4 RET-3 0.556 1 0.109 2
CB-3 1.231 4 0.095 4 LE-3 0.563 1 0.U78 2
CB-4 0.923 3 0.078 4 TF-4 0.617 2 0.123 2
CB-5 0.970 3 0.065 3 RET-4 . - - -

WT-2 1.456 1 0.062 1 LE-4 . . 0.085 2
TF-5 1.138 1 0.184 2

WT-S 1.790 3 0.110 3

WT-b 0.57U 1 U.076 1 LE-5 0.624 2 0.101 2
WT-8 0.803 1 0.10U 1 ET-2 1.229 1 0.101 1
TF-1 2.188 2 0.420 2 ET-4 0.9U9 2 0.178 2
RET-1 1.U41 1 0.147 2 ET-5 1.U9 2 0.106 2
LE-1 0.959 1 0.126 1 ET-6 1.U66 1 0.081
TF-2 0.666 4 0.140 4 ET-7 1.440 1 0.132
RET-2 1.208 4 0.131 4 ET-10 0.942 1 O.O90
LE-2 0.515 1 0.062 2 EE-1

EE-3
0.589
0.696

1

1
0.091
0.064

Table 3. Classification of Chesapeake Bay Water Using Total Hitrogen
(TH) and Total Phosphorus (TP) (From U.S. EPA, 1983a).

Class
™ irag L"* TL-1ng

Potential
OU Demand

tnq

1 0 -0.40 0 -0.056 8

2 0.41-0.60 0.057-0.084 12

3 0.61-0.80 0.085-0.112 16

4 0.81-1.00 0.113-0.140 20

5 1.01-1.75 0.141-0.245 35

6 1.76+ 0.246+ 36+
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Figure 4. Volumes of water 1n Chesapeake Bay over the deep channel
containing dissolved oxygen concentrations of 2.0 mg/1iter
of less (total bars) and 0.5 ml/liter of less (open
portions of bars) (U.S. EPA 1983a). Values are for
selected years from 1950 to 1980 based on summer
conditions typically represented by July or August
cruises. (The 1965 value for 0.5 ml/liter is extrapolated
from the 0.8-ml/l1ter level.)



Factors that add and remove 00 in aquatic systems are generally
known (U.S. EPA, 1983a). Short-term changes (e.g., 2.0 mg/1iter)
can occur on a time scale of minutes (Flemer and Biggs, 1971) and
on the scale of days, weeks, and decades at deep water areas (Cargo
and Biggs, 1969; Biggs, 1967). Spring tide breakdown of the halocllne
as occurs In the York River estuary (Haas et al., 1981) did not
appear to be a major phenomenon in the main-stem of the Bay. Wind
patterns did not correlate with the observed incidence of hypoxia.
Other data (e.g., increasing nutrient and chlorophyll concentrations)
were consistent with the 30 year DO pattern (Officer et al.. 1984).

An Important uncertainty in the data was related to our Inability
to identify enough years with comparable freshwater flows and vertical
salinity structure to normalize effects of "natural" physical factors.
The years 1950, 1957, and 1980 showed approximately similar freshwater
flows and, hence, vertical salinity structure (U.S. EPA, 1983a). Low
Low volumes of hypoxic water occurred during 1950 and 1957, and high
volumes occurred in 1980. Although this pattern was consistent with
other indirect evidence, we believe that much of the hypoxic water nay
be the result of natural stratification effects of the halocline

exacerbated by increased nutrient enrichment. Research underway
may resolve this issue (U.S. Dept. Commerce, 1985). We concluded,
largely on the basis of indirect data, that Increasing volumes of
low DO water have occurred. However, the magnitude, seasonal
duration, and relative Influence of nutrient enrichment are uncertain.

Trace metal contamination

Metals occur naturally in the environment and may be toxic to
organisms. A contamination index (Ci) was developed by comparing
present concentrations of Cd, Cu, Cr, N1, Pb, and Zn in the Bay's
surface sediment to predicted natural levels from weathering of
rock in the Bay watershed and from pre-colonial concentrations in
sediment cores. Concentrations that exceeded the predicted values
were considered anthropogenically enriched, but full interpretation
required knowledge of local geological strata that are naturally
enriched (e.g., Cd, concentrations in the lower Rappahanock River
estuary). The most contaminated sediments were associated with
fine sediments. However, highest concentrations (e.g., 100X)
occurred in the Patapsco and Elizabeth Rivers, both heavily
industrialized tributaries.

Significant concentrations of particulate and dissolved metals
occurred 1n the water column. Concentrations of particulate Co,
Cr, Cu, N1, and Zn were greater in the upper Bay and near the
turbidity maximum; actual values varied greatly with salinity,
tidal cycle, and amount of suspended sediment (Nichols et al.,
1981; Kingston et al., 1982). High dissolved values, some exceeding
EPA water quality criteria, have been observed, particularly for
Cd, Cu, Zn, and Hi. These are most frequent in areas near industrial
sources, upper reaches of the main-Bay, and western shore tributaries.
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Considerable uncertainties still exist In relating toxic metal
concentrations to organisms under field conditions, especially
micro-habitat considerations (Carpenter and Huggett, 1984). The
chemical forms of metals are taken up selectively by organisms as
a function of numerous environmental factors (e.g., salinity, pH,
DO, food quality, and Hfe cycle strategy). Measurements made by
the CBP established total amount of a metal, either particulate or
dissolved, but did not Identify the chemical form. Future research
should balance the degree of effort required to determine the
chemical form versus general distribution of metal contaminants.

Organic compounds in sediments

Toxic organic compounds occur naturally (e.g., polynuclear aromatic
compounds from forest fires), but of major concern are those that
are produced synthetically (e.g., hydrocarbons and pesticides).
Host toxic compounds are lipid soluble (hydrophobic) and adsorb to
fine sediments, especially those containing organic matter. Highest
concentrations of organic substances occurred in the northern half
of the main-Bay (B1eri et al., 1982a). Limited tributary data
Indicated high values near river mouths, the turbidity maximum and
near sources (e.g., Patapsco and Elizabeth Rivers had sediment
concentrations exceeding 100 ppm) (Blerl et al., 1982b). Host
concentrations ranged from 0.0 to 10 ppm; however 1n the upper
Bay, some values exceeded 50 ppm total organics (B1eri et al.,
1982c). Recent work suggests that sediment concentrations of
polynuclear aromatic hydrocarbons 1n the Elizabeth River near
Norfolk produce lesions in bottom-dwelling fishes (Huggett et al.,
in press).

Major scientific uncertainties involve questions about rate of
degradation under various field conditions, physical transport by
fine sediments from sources (e.g., effluent pipes, non-point sources,
and aerial transport), toxicity of metabolites, food web transfers,
and indirect effects on ecosystem processes. As with metals,
management action often is taken without establishment of a rigorous
causal framework.

Current Conditions and Trends In Living Resources

Major changes in distribution and abundance of Bay resources were
found in various areas. The CBP focused on individual resource
groups (e.g., SAV, flnffsh and shellfish). Consideration was given
to ecological and economic Importance of the groups; however,
spatial and temporal coverage of data determined the depth of
analysis. Discussion herein 1s limited to major trends and patterns
of change in selected groups to denote breadth of coverage.

Submerged aquatic vegetation declines

A dramatic, Bay-wide decline occurred in distribution and abundance
of SAV, affecting over ten species, beginning in the late 1960s
(Orth and Moore, 1982). Loss progressed down-estuary 1n the main-Bay
and tributaries. This multi-species decline was unprecedented in the
historical record (Brush and Oavis, 1982; Orth et al., 1983).



Changes in distribution and abundance of Bay waterfowl, which feed
on SAV, paralleled changes in vegetation (Hunro and Perry, 1981).
Because of extensive use of aerial surveys and ground truth efforts,
there is high certainty in the reported patterns of change.

Changes in harvests of commercial fisheries Including shellfish

Trends in harvest and young-of-the-year surveys for major commercial
finflsh species were examined. The large relative Increase 1n recent
years in marine spawners (e.g., menhaden [Brevoortia tyrannus]) and
actual decline 1n freshwater spawners (e.g., striped bass [Horone
saxatilis]), illustrates gradual reduction in relative abundance
ot the species (Figure b). Several freshwater spawning finflsh
showed major reductions in landings during the early part of this
century (e.g., shad, yellow perch, and alewife) but only since
1970 did historical lows occur in landings of these and other
freshwater spawners. Estuarine spawners such as the oyster
(Crassostrea virginica), have decreased 1n yields from 5.4 x 10'
kg/yr (12 x lo' ibs/yr) of shucked meat to about 1.1 x 10'
kg/yr (2.5 x 10' lbs/yr) from 1880 to 1981, whereas the blue crab
(CalUnectes sapldus) exhibited an uneven but general increase in
total landings of 0.4 x 10' kg/yr (1 X 10' Lb/yr) to about
10' kg/yr (6 x 107 lbs/yr) over the same period (U.S. EPA,

Uncertainties exist In the relationship between commercial landings
of fish species and true stock size in the Bay because it 1s difficult
to relate landings records to the area of fish production. Commercial
landings also reflect economic factors that determine the extent of
fishing pressure. However, Indirect evidence from juvenile Indices
suggests that commercial landings probably accurately reflect a major
change in production, espedaly for striped bass (U.S. EPA, 1983a;
Goodyear, 1985).

Relationships Between Hater and Sediment Quality and Living Resources

As described 1n the scope of the problem, distinguishing between
effects initiated by anthropogenic, as opposed to natural causes, is
usually difficult. Exact causes for specific resource changes were
not typically specified. Probable cause was suggested when supported
by experimental work, numerical models, or obvious gross environmental
stress. Similarity in patterns and overlap In distribution and
abundance of living resources with patterns in water and sediment
quality were considered as more than a coincidence, but the strength
of scientific arguments varied as a function of the form and
distribution of data.

Submerged aquatic vegetation

Initially, correlations were found between the decline of SAV and
trend In herbicide application. However, experimental work failed to
corroborate this hypothesis, as ambient levels of herbicide sufficient
to cause major SAV declines were not measured 1n Bay or tributary
waters (Kemp et al., 1982a). Examination of other possible causes
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Figure 5. Historical landings for commercial fish species
investigated by the CBP separated into fresh waters,
estuarine (shellfish) and marine spawners.



for the decline led to the hypothesis of light limitation In the
turbid estuary. Experimental and comparative field observations
employing a hierarchial research design (Figure 6, e.g., microcosms,
field ponds, and field reference areas) indicated that nutrient
enrichment played an important role in restricting light to SAV,
both by increasing water turbidity and by enhancing biofouling of
the SAV leaves (Kemp et al., 1982b; Wetzel et al_., 1982, U.S. EPA,
1983a). Correlative field data were consistent with experimental
work. SAV in Chesapeake Bay apparently exist 1n a light-limited
environment and are sensitive to stresses Imparted by eutrophication.
Comparison with nutrient concentrations showed greatest plant loss
in areas most enriched, especially with nitrogen (U.S. EPA, 1983a).
More recent field and laboratory data support the light limitation
hypothesis (Stevenson et al., 1986).

Finfishery landings and juvenile index: The striped bass example

Changes in finflsh harvest were generally consistent among species
with similar spawning patterns. The juvenile indices, based on a
consistent methodology employed in Maryland since 1954, have reflected
these changes. Several causes of observed changes in distribution
and abundance are proposed: 1) nutrient enrichment may lead to
food web shifts (e.g., changes in zooplankton which may affect
finflsh larval growth), 2) toxicants in fresh water spawning areas
may affect reproduction (e.g., some concentrations exceed EPA
criteria), 3) loss of SAV and habitat due to hypoxic conditions,
4) adverse climatic conditions, 5) overfishing, and 6) construction
of dams impeding spawning migrations. It is possible that all of
these factors contribute to changes observed 1n Bay fisheries.

Based largely on data and relationships developed by the CBP, a
special effort was made to evaluate effects of hypothesized factors
on striped bass (Price et al., 1985; Coutant, 1985) through
application of step-wise multiple regression models. Indirect
evidence supports the idea that adult fish may move to deeper and
cooler waters where dissolved oxygen concentrations are limiting.
Loss of habitat from hypoxic conditions and decline of SAV were
considered important. Taken together, it was difficult to discount
the possible negative influence of nutrient enrichment on striped
bass in Chesapeake Bay. However, the evidence is correlative and
further research is required to reduce scientific uncertainties.
Recent Improvements in striped bass spawning success in the Potomac
River is thought to be, in part, due to improved water quality and
the resurgence of SAV in that tributary.

Data support the observation that trace metals and chlorine often
exceed EPA water quality criteria in spawning grounds of fresh water
spawners (U.S. EPA, 1983a). In particular, Cd, Cu, and Hi criteria
were exceeded, especially for larvae (Kaumeyer and Setzler-Hamilton,
1982). The potential exists for biologically Important affects to
occur from selected trace metals. In addition, recent studies
have shown that low pH accompanied by high Al concentrations
follows rainfall events In several important striped bass spawning
areas (Hall et al., 1985). This is being Investigated by the
Maryland Department of'Hatural Resources. Further research is
required to establish effects on striped bass and other fish species,
especially since toxicologlcally active forms of metals were not
measured.
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Benthic organisms

The heavily contaminated Elizabeth and Patapsco River estuaries,
compared to less contaminated areas, exhibited loss of species
richness and increases 1n numbers of opportunistic forms (e.g.,
annelids relative to Crustacea and molluscs). In the Patapsco
River, spatial correlation was found between the trace metal
contamination index and benthic animal diversity. An amphipod
sediment toxicity test suggested strong reduction in survival for
tests conducted on Patapsco and Elizabeth River sediments. However,
the test was unable to separate possible covariant effects of
toxic organic materials.

The main-stem of the Bay showed a positive relationship between
limiting concentrations of dissolved oxygen and benthic animals.
Sedimentation was Implicated as a likely factor in the loss of
oyster bars just seaward of turbidity maxima. Loss of harvestable
areas and especially failure of recruitment in upstream areas
potentially most affected by man indicate that experimental work
may identify the Influence of anthropogenic factors.

Synthesis: State of the Bay

Based on results of the technical assessment, CBP developed a
numerical ranking system to assess the status of certain environmental
quality and living resource variables to provide a snapshot of the
"state of the Bay" (Table 4; Figure 7; U.S. EPA, 1983b). The map
is based largely on correlative relationships, except for SAV and
nutrients which included experimental work. Nutrients, trace
metals, and SAV were used as the primary classification variables
because of their Importance and completeness of data.

Although this approach was useful as a broad environmental screen,
it failed to differentiate the relative impact of trace metals from
nutrients. Paucity of other data (e.g., toxic organic materials,
sediment accumulation, and non-anthropogenic factors) strongly
limits the meaning of such simplistic representations. We believe
that the correlative relationships warrant further testing and
evaluation.

Considerations for Future Monitoring and Research Heeds

The Bay ecosystem is not amenable to exact solutions because
uncertainty usually will be associated with causes of problems.
We anticipate that future research and monitoring will continue to
reduce uncertainty. However, prudent management will not necessarily
wait for science to provide a precise level of assurance or run
the risk of the "ultimate experiment." We believe that a coherent
approach to problem identification and probable cause will yield
dividends 1n spite of acknowledged uncertainties.

Characterization of the Bay reinforced for us many observations that
are relevant to a continual assessment through monitoring and research
(Flemer et al., 1983). CBP recommended a strategy that integrated
monitoring and research largely 1n response to limitations inherent
in the ability to characterize the Bay ecosystem meaningfully
(U.S. EPA, 1983b). Many estuaries (i.e., Chesapeake Bay) cross
political boundaries or often have complex intra-and Inter-state
political and management structures.
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Figure 7. Environmental quality of Chesapeake Bay based on the
environmental quality classification scheme (see Table 4).
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This fact Influenced our recommendations:

° Effective management of the Bay's living resources requires
that research, monitoring, and management be integrated into a
coherent structure.

° Before beginning the research program, a conceptual model
should be developed so that results can be Integrated and relationships
to management needs made clear. This is especially important
prior to developing a sampling strategy.

0 Spatial and temporal scales of processes must be considered
in design of both monitoring and research programs.

° Effective use of time-series observations Is exceptionally
valuable in interpreting monitoring data.

° The relationship of water and sediment contaminants to
estuarine fisheries is only one area required for assessment. Other
co-variant factors include: 1) climatic effects on larval transport
by physical water movement, 2) physical habitat modification, 3)
fishing pressure, 4) biotlc interactions (e.g., disease, predator-
prey and competition), and 5) quality and quantity of food within
the food web.

° The regulatory causal paradigm requires that description of
estuarine transport, fate, and effects of undesired materials in the
ecosystem be related to sources of materials. Knowledge of physics
(e.g., circulation) of the estuary 1s essential for relating
contaminants to biological effects; this might include production
of appropriate numerical models.

" Innovative and cost-effective tools (e.g., satellite
surveillance, genetic signals, etc.) should be provided to monitor
ecological changes in the Bay and provide new insights.

° Time is of the essence, but when complex assessments are
conducted in an open public forum, the gains of political support
should be weighed against the proven scientific model.

Without offering specific endpoints to measure, adherence to the
above "guidelines" will improve the data base so that future
characterizations can be performed with more rigor and insight.
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Introduction

To maximize the utility of environmental data collected in any
body of water, it is essential that data collected by different organi
zations and investigators be comparable whenever possible. Data that
meet this criterion can be combined to assist in the development of
comprehensive plans for evaluating, restoring, and managing the environ
mental quality of the water body. In many cases, however, data compara
bility among studies conducted by different organizations is limited
because different methods were used to generate the data. The environ
mental manager is therefore faced with a patchwork of information
that may be of minimal value for making system-wide decisions. One
means of minimizing this kind of problem is to develop, and encourage
the use of, standardized protocols for measuring environmental variables.

This paper describes a recent effort to develop standardized
protocols for measuring selected environmental variables in Puget
Sound, Washington. This effort is one component of the Puget Sound
Estuary Program (PSEP), a rr.ultifaceted, multiagency program designed
to protect and manage the environmental quality of the Sound. The
protocols were developed to encourage all organizations that collect
data in Puget Sound to use procedures that will generate high quality
data that are comparable among different studies.

In describing the protocols standardization effort, we first
outline our overall approach. Next, we discuss the major results
of applying the approach to selected environmental variables that
are measured in the Puget Sound area, and discuss the implications
these results have for future efforts to standardize protocols in
the Sound and elsewhere.
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Approach

Selection of variables

To select the environmental variables having the highest priority
for protocols development, a list was made of all the variables commonly
measured In monitoring programs, intensive studies, and other kinds
of investigations in Puget Sound. A representative group of local
experts was then convened, to evaluate each variable with respect
to the following three criteria:

• The variable is measured by more than one organization.
If a single organization measures a variable, it is
likely that protocols are relatively standardized within
the organization.

• Oifferent protocols are used by different organizations
to measure the variable. If different organizations
use the same protocol. It 1s unlikely that data compara
bility is a major problem.

• The differences among protocols are substantial with
respect to data comparability. If these differences
are only minor, their resolution 1s desirable but lower
in priority than resolution of major differences.

Following evaluation of all variables, a list was developed of those
variables having the highest priority for protocol development.

Development of protocols

Each prioritized variable was subjected to the protocol-development
process outlined in Figure 1. The details of each step in this process
are described below.

Development of draft protocol - For each prioritized variable,
a draft protocol was developed prior to the workshop. The draft protocol
gave workshop participants a common reference point and served to
focus the workshop agenda. The draft protocol was mailed to workshop
participants several weeks before the workshop to provide adequate
time for review, and for discussions with colleagues that were not
attending the workshop.

Conduct of workshop - A workshop comprised of invited participants
was convened to evaluate each draft protocol. Workshop participants
were selected to represent most organizations that collect or use
data for each environmental variable. Workshop participants were
also selected to represent a range of viewpoints, from those of research
scientists to those of managers.

At each workshop, the draft protocol was reviewed point by point.
Each controversial item was discussed by the group, and a resolution
was attempted. In some cases, a consensus could not be reached, and
the item was left unresolved. In evaluating each protocol, emphasis
was placed on generation of high quality data that would be comparable
among different studies.
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Figure 1. Overview of the protocol-development process.
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Development of draft final protocol - Following each workshop,
the draft protocol was revised to reflect the proceedings of the workshop.
Specifications left unresolved at the workshop were acknowledged as
such in the protocol. For most unresolved specifications the advantages
and disadvantages of the various options were listed so that the user
could decide which option was appropriate for a particular need.

The draft final protocol was sent to all workshop participants
and other Interested parties (local and throughout the U.S. and Canada)
for final review. The purpose of this second review was to ensure
that workshop participants agreed that the proceedings of the workshop
were reflected accurately in the protocol, and to seek comments from
interested parties who did not attend the workshop.

Finallzation of protocol - After final review commits were received.
Individuals were contacted to resolve any major issues that they identi
fied. Minor changes to the protocol were made without further discus
sions. After all outstanding issues were resolved, each protocol
was finalized. A list of all contributors to the development of each
protocol was included within the introductory section of each protocol.

Inclusion in Protocols Notebook - All final protocols were Included
'" « specially designed, loose-leaf Protocols Notebook. The loose-
leaf format was selected to allow revisions and updates to be added
to each protocol In the future, and to facilitate copying of individual
protocols by interested parties.

Results

At present, protocols have been developed for the following eight
topics:

• Station positioning

• Conventional sediment variables

• Organic compounds In sediment and tissue

• Metals in sediment, tissue, and water

• Benthic macrolmrertebrate assemblages

• Laboratory sediment bioassays

• Microbiological Indicators

• Fish pathology.

These protocols have been distributed In a loose-leaf notebook to
over 120 individuals, libraries, agencies, and private firms throughout
the U.S. and Canada.

In developing the above protocols, considerable experience was
gained in conducting the generalized process in an effective manner.
Some techniques worked and some did not. In this section, we describe
the major principles we learned with respect to protocols development.
We believe these principles can be used to assist others 1n developing
standardized protocols in other regions.



At the outset of this project, several criticisms or limitations
were expressed concerning our goal of striving for consistency whenever
possible in the collection and analysis of environmental samples from
Puget Sound. Because these criticisms raise important points, the
major ones are described below.

• The necessity of an effort to "standardize" sample
collection and analysis was questioned. We found numerous
instances where personnel from difference agencies
used widely different protocols when sampling and analyzing
the same parameter. In some cases, personnel within
the same agency used different protocols.

• It was suggested that "standardizing" protocols would
be stifling to research which might develop better
methods. We did not propose that these protocols be
dictated to anyone, but did propose that they be used
for routine monitoring surveys and whenever an investigator
has no preference in the protocols to be used in a
program.

t Concern was expressed that the development of these
protocols would encourage inexperienced individuals
to collect and analyze samples. Inexperienced individuals
have and will continue to collect and analyze environmental
samples in the Puget Sound area and elsewhere. The
development of these protocols should, at a minimum,
improve the quality of the information being gathered
by inexperienced and experienced personnel alike.

• It was suggested that the proposed protocols may not
always reflect the "state of the art" in sampling and
analysis. Although use of "state of the art" methods
was a primary goal when developing each protocol, several
other factors also required consideration. These factors
Included: the existing regional database, the cost
and availability of various types of equipment, and
the number of local laboratories that could perform
certain analyses.

( Doubt was expressed that everyone in a region would
use the same protocols. Some federal agencies may
be required to use specific protocols which are different
from the regionally developed protocols. In these
cases, it will often be possible to compare these protocols
and develop correction or conversion factors between
the results of the analyses. In most cases, however,
the desire of investigators to compare their data to
information from other studies will encourage investigators
to use these protocols whenever possible.

In developing the protocols, we sought to reach a "consensus"
among the regional experts and specialists in each of a number of
fields. While reaching a consensus, or general agreement, on how
a sample should be collected or analyzed may sound easy to achieve,
it often was not. Many researchers, scientists, and general technicians
had collected information for a number of years in a certain way and
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were not easily convinced that a change in their approach was warranted.
We found that the probability of reaching a consensus at a workshop
was highest if we had a good facilitator, a detailed draft of the
proposed protocol, the appropriate regional experts in attendance,
and ample time to work through the details of the proposed protocols.

An experienced moderator or facilitator, who is knowledgeable
in the specific topics being discussed at the workshop, is essential
in the consensus-building approach. A skilled facilitator keeps the
workshops focused and can bring out contributions from participants
who may be reluctant to participate in group discussions or debates.
In addition, the facilitator can draw out as many issues as possible
for discussion before the entire group, thus reducing the number of
written comments which may be received after the workshop. These
"after the fact" comments are often difficult to address, because
the workshop participants are no longer assembled to critique and
debate the suggested protocol modifications. Finally, cooperation
among workshop participants Is enhanced If the facilitator is seen
as having nothing to defend or gain as the final protocols are developed.

The consensus-building process also Is enhanced when a detailed
draft protocol has been completed and mailed to participants before
each workshop. Workshop participants may then review this draft,
discuss it with their associates, and bring their questions and comments
to the workshop.

The selection of the invitees to the workshop, and their interaction
with the facilitator, is very Important since we found that many more
comments are made verbally regarding the protocols than are submitted
formally in writing. Invitees to each workshop were selected from
universities and community colleges, state and federal resource agencies,
county and city health departments, environmental consulting firms,
and commercial laboratories. Every attempt was made to Identify and
invite those Individuals that actually collected and/or analyzed environ
mental samples. These Individuals were considered the ones who would
have the most to contribute to, and learn from, the protocol development.

Workshops should not be extremely long, as interest and cooperative
spirit may decline as workshop participants tire. All of our workshops
were scheduled for 4-6 hours, and this seemed like an adequate amount
of time to discuss most aspects of each protocol.

The establishment of protocols for marine sampling and analysis
has been well received in the Puget Sound region. The process has
been successful in bringing together investigators and technicians
from universities, resource agencies, and the private sector to discuss
common problems and find solutions. Numerous requests for proposals
are now Issued, and field sampling efforts planned, with the stipulation
that the investigators either use the Puget Sound protocols or explain
why other protocols would be more appropriate. The availability of
these protocols also allows project managers who are unfamiliar with
certain types of studies to specify detailed acceptable sampling and
analysis requirements to potential contractors. Finally, these protocols
will be an integral part of the Sound-wide monitoring program which
is presently scheduled for initiation in 1987.



Conclusions

Final protocols have been established for eight topics. As part
of PSEP, EPA Region 10 is considering funding the development of several
additional protocols In 1987: effluent particulate sampling and analysis,
water column sampling, and trawling for fish. These protocols would
be particularly useful in permitted industrial discharge and Sound-wide
monitoring programs. The Protocol Notebook has been distributed to
over 120 individuals, resource agencies, consulting firms, analytical
laboratories, and universities throughout the U.S. and Canada. The
protocols will undoubtably increase the quality and comparability
of information collected from Puget Sound. We hope that others can
use our approach, as they seek to initiate similar efforts to improve
data quality and utility in their regions.
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