3.0 REFERENCE ENVELOPE TOLERANCE LIMITS FOR SEDIMENT TOXICITY

3.1 Statistical Analysis in Support of Program Goals

Monitoring and assessment data are generally collected and analyzed to provide information
necessary for resource management, with the selection of study designs and statistical analyses
based on program objectives. One of the primary objectives of the Bay Protection and Toxic
Cleanup Program (BPTCP) is to identify and prioritize toxic hot spots, localized areas where
pollution impacts are greater than in surrounding water bodies. To accomplish this objective in
San Francisco Bay, the program has sought to characterize potential hot spot sites, to characterize
the optimal ambient condition of the surrounding water body, and to develop a statistical
approach to determine whether conditions at test sites are significantly worse than those expected
in less affected areas of the Bay. Using reference site toxicity data to characterize optimal
ambient conditions in the San Francisco Bay, we have investigated the use of Reference
Envelope tolerance limits to determine which test sites were significantly more toxic than
expected of Bay reference conditions. The tolerance limits based solely on reference site data
were used as a relative standard against which to compare the mean toxicity test result from test
samples. The mechanics of this approach are described in Methods Section (10.4).

This approach is distinct from those used for other monitoring objectives. For many objectives,
such as determining the general state of an entire water body, or to simply determine whether a
test sediment will have an adverse effect on test organisms, sample toxicity test results can be
compared to those from control sediments using simple t-tests or other standard statistical
methods (e.g., Schimmel et al., 1994). These tests often consider only the variance among
laboratory replicates in determining the statistical significance of differences between samples and
controls. The reference envelope method considers variance from all factors that might affect test
results, including anything affecting differences among sites and among sampling events. If
reference sites can be assumed to be free of anthropogenic chemicals at concentrations affecting
test results, then any difference between test sites and reference sites detected by this approach
should be due to pollution effects at test sites. For this reason, selection and evaluation of

reference sites is critical to the usefulness of the Reference Envelope approach.

3.2 Evaluation of Factors Affecting Tolerance Limit Calculations

Tolerance limits varied widely depending on the toxicity test protocol, the tolerance limit "p"
value, the mean and variance in the reference site data set, the distribution of variance (among
space, time, interaction and replicate components), the exclusion of outliers, and the number of
data points (n) included in the analysis (Figures 27 through 39). Many of these factors are

interconnected, as in cases where certain protocols produced more highly variable data and lower
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mean response. The effects of various data characteristics on resulting tolerance limits are

considered in Results Section 4.

3.3 Constraints on Application of the Reference Envelope

Data from some toxicity test protocols used in this study produced tolerance limits that were
either too low or too high to be considered useful. In cases of extremely high variance, negative
values were generated for some tolerance limits (e.g., Figure 30), meaning that no possible test
result could be considered significantly toxic. Applying such tolerance limits in support of
management decisions is clearly inappropriate. In the case of Figure 30, the test protocol was
not intended for monitoring applications (and was likely affected by the presence of predators in
the intact cores), and the resulting tolerance limits should be disregarded on that basis. Similarly
unacceptable tolerance limits could be produced in water bodies lacking unpolluted conditions,
where any possible "reference sites" would produce samples causing toxic effects on test
organisms. A water body that is uniformly toxic should not be considered free of toxic hot spots

based on misapplication of the Reference Envelope approach.

In cases where tolerance limits are very high (such as in Figure 33), it is possible that statistically
significant distinctions could be made where there is little reason to believe biologically
significant differences exist. A tolerance limit of 95% of the control is indicative of low
variability in response among reference sites, but may be too high to be useful in identifying
toxic sites. In such cases, the "detectable difference” specific to the test protocol is a reasonable
alternative standard for identifying sample toxicity (Thursby et al., 1997). This detectable
difference is the difference from the control that a given protocol is capable of detecting as
statistically significant in 90% of the samples tested. Thursby et al. (1997) identify a value of
80% of the control as the detectable difference for the Ampelisca test, and similar values have
been derived for BPTCP test data. Current BPTCP detectable difference (90th percentile MSD)
values for some tests used in the BPTCP include: 75% of control for Eohaustorius, 77% of
control for Rhepoxynius, 78% of control for sea urchin embryo/larval development, 59% of
control for sea urchin embryo/larval development in SWI exposures, 80% of contro! for mussel
embryo/larval development, 64% of control for Neanthes survival, and 44% of control for
Neanthes growth and 90% of control for abalone embryo/larval development (MPSL data for

data sets ranging from 109 to 720 sediment tests, depending on protocol).

The number of reference site data points 1s a major factor affecting the tolerance limut calculation.
For studies with a single source of variance, such as for a number of sites.sampled at a single

"o_n

time. examination of the Reference Envelope "g" statistic indicates that a minimum of six
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reference site data points is probably necessary for calculation of reasonable tolerance limits.
However, tolerance limits based on less than 20 reference site samples should be considered with
caution, since smaller data sets result in increasingly lower tolerance limits. For tolerance limits
calculated from data sets with multiple sources of variation, such as multiple sites sampled over
multiple times, as is often the case, the tolerance limit calculations depend on bootstrapping
techniques, and it would be difficult to estimate the minimum number of reference site samples
necessary for calculation of reasonable tolerance limits. The tolerance limits in the present study
were calculated for data sets with from 6 to 60 samples (Eohaustorius in intact cores and in
homogenized sediment, respectively; Figures 30 and 29).

3.4 Treatment of Outliers

Variation among reference site results i1s another major factor affecting tolerance limit values, and
this can be strongly influenced by the presence or removal of outliers in the data set (Figure 34a,
b, and ¢). Sediment toxicity has been observed in many studies where concentrations of
measured chemicals were low relative to known toxic concentrations (e.g. Long et al., 1990;
USEPA, 1986), and low test results from reference sites were observed in the BPTCP screening
surveys included here, especially in sea urchin pore water tests. These outliers were identified
using a conservative technique for extreme outliers (Tukey, 1997; Methods Section 10.4.4). In
some cases, determination of appropriate tolerance limits may depend on outlier removal. A test
site that produced a low toxicity test value would not likely be identified as a hot spot on the basis
of a single measurement, and subsequent non-toxic results would generally establish the single
low value as an outlier, reducing regulatory concern for that site. Similar removal of outliers
from the reference population is probably necessary to adequately characterize reference site

conditions and allow calculation of reasonable tolerance limits.

3.5 Selection of Reference Envelope "p" Values

o

The Reference Envelope "p" value determines what percentile of the reference distribution is
designated as unacceptably toxic. A "p" value of 10 establishes the tolerance limit such that there
is 95% certainty that a value lower than the tolerance limit would be in (or below) the most toxic
10% of samples collected from the water body that was characterized by the reference sites. An
advantage of the Reference Envelope approach is that resource managers may select the percentile
considered unacceptable for a given assessment situation. Selection of the "p" value should be
based on the overall level of pollution in the entire water body. on the degree of certainty that
available reference sites adequately characterize optimal conditions existing in the water body,
and on the social impacts of decisions regarding site characterization. If the entire water body is

known to be affected by anthropogenic chemicals, the extreme situation would be to designate
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the entire water body for management attention. This clearly would not require statistical
analysis. The less extreme case would be to use a high "p" value, such that the most toxic 20%
or more would be considered worthy of regulation. In the opposite case, where the water body

is generally very free from pollution, a low "p" value (such as 1) would be appropriate to identify

only the very few sites where pollution impacts may be worth investigating.

If reference conditions are well characterized, with numerous reference sites sampled under a
variety of conditions, then there will be more confidence that the "p" value chosen will allow
accurate discrimination at the chosen level of concern. If there is greater uncertainty regarding

n_n

reference conditions, "p" values may have to be adjusted up or down, depending on the
environmental or economic consequences of mistakenly characterizing test sites. If the water
body contained critical habitat for endangered species, for example, and reference sites were
poorly characterized, managers might choose to investigate a greater number of sites (higher "p”
value) then would be necessary if more were known about optimal water body conditions. On
the other hand, if social costs for investigation, litigation, and/or cleanup of designated sites were

very high, uncertainty about optimal ambient conditions might warrant adjusting "p" values

down to limit the number of sites considered.

While considering all of these factors in the designation of a component of a statistical test ("p")
may seem unusual, it is no more subjective than selecting the sample size, level of replication,
and alpha values that determine the results of more commonly used statistical tests. In the
Reference Envelope calculation, however, this decision can be made deliberately, based on
program objectives. rather than left unintentionally to statistical convention or logistical

constraints.
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Section 11

Grain Size and Total Organic Carbon






San Francisco Reference Site Study Grain SizeData

STANUM IDORG LEG TYPE COARSE MED/FINE COARSE MED/FINE CLAY/ %FINES %DEBRIS TOC

SAND SAND SILT SILT COLLOID

200050 1219 31 SAM 0.85 7.01 853 54.48 2913 92.14 .00 113
20005.0 1220 31 FR 0.71 8.27 8.04 53.60 29.38 91.02 0.00 1.09
20005.0 1221 31 FR 0.22 5.06 8.18 54.00 32.54 94,72 0.14 113
20006.0 1222 3t SAM 0.22 0.27 5.44 55.36 38.71 99.51 0.00 1.43
20006.0 1223 3l FR 0.16 0.31 4.54 47.55 47.44 99.53 0.00 1.36
20006.0 1224 31 FR 0.17 0.54 393 42.29 53.06 99.29 0.07 1.35
20007.0 1225 31 SAM 0.00 i.00 ©.99 62.41 29.60 99.00 027 0.86
20007.0 1226 31 FR 0.00 1.20 7.14 60.53 31.13 98.80 0.27 1.05
20007.0 1227 31 FR 0.00 0.81 4.76 62.32 32.11 99.19 0.23 1.03
20008.0 1228 31 SAM 0.34 40.18 6.00 35.03 18.45 59.48 0.00 1.26
20008.0 1229 31 FR 0.65 27.53 12.40 40.28 19.13 71.81 0.20 1.85
20008.0 1230 31 FR 2.69 38.19 48) 39.00 15.30 59.12 0.11 1.26
20009.0 1231 31 SAM 0.17 0.73 135 29.26 68.49 99.10 0.10 239
20009.0 1232 31 FR 018 0.64 0.67 34.74 63.77 99.18 0.08 2.23
20009.0 1233 31 FR 0.09 0.24 0.67 39.81 59.19 99.67 0.14 2.23
20005.0 1398 35 SAM 0.17 447 8.29 60.97 26.09 95.35 0.00 1.24
20005.0 1399 35 FR 0.14 3.78 7.69 48.27 40.12 96.08 0.00 1.16
20005.0 1400 35 FR 0.36 3.43 9.60 51.94 34.66 96.21 0.00 123
20006.0 1401 35 SAM 0.27 0.48 1.55 64.50 33.20 99.25 0.00 1.37
20006.0 1402 35 FR 0.16 0.32 3.16 64.82 31.53 99.51 0.00 147
20006.0 1403 35 FR 0.90 037 7.72 57.67 33.34 98.73 0.00 1.40
20007.0 1404 35 SAM 0.68 1.33 6.74 66.20 25.06 97.99 0.00 0.98
20007.0 1405 35 FR 0.57 0.81 6.20 66.83 25.59 98.62 0.00 095
20007.0 1406 35 FR 0.94 1.32 7.61 60.17 29.96 97.73 0.00 1.03
20009.0 1407 35 SAM 0.25 0.74 678 68.55 23.69 99.01 0.00 234
20009.0 1408 35 MR 1.03 0.59 1.03 61.58 35.76 98.38 0.00 2.31
20009.0 1409 35 FR 0.46 2.22 1.72 65.95 29.65 97.32 0.00 2.31
20010.0 1410 35 SAM 0.70 2.08 5.84 56.92 34,46 97.22 0.00 1.43
20011.0 1411 35 SAM 1.13 6.15 6.89 66.54 19.29 92.72 0.00 432
20005.0 1461 37 SAM 0.23 4,72 342 54,88 36.75 95.05 0.31

20005.0 1462 37 FR 0.16 424 10,79 46.51 38.29 95.59 0.01 1.08
20005.0 1463 37 R 0.20 6.66 10.89 50.26 31.99 93.14 0.01 0.96
20007.0 1464 37 SAM 0.09 0.37 5.48 76.43 17.62 99.53 0.00

20007.0 1465 37 FR 0.08 0.46 5,00 80.34 14.12 99.46 0.00 0.74
20007.0 1466 37 FR 0.08 0.37 6.98 71.07 21.51 99.56 0.00 1.06
20006.0 1467 37 SAM 0.19 0.38 2,56 54.35 42.52 99.43 0.03

20006.0 1468 37 FR 0.40 0.71 0.00 3778 61.11 98.89 0.13 1.37
20006.0 1469 37 FR 0.24 0.83 1.24 66.58 KIB) 98.93 0.00 1.44
20009.0 1470 37 SAM 1.13 0.79 0.0 36.03 62.05 98.08 0.68 224
20012.0 1471 37 SAM 1.36 31.22 217 43,03 2222 67.42 0.05 1.10
20013.0 1472 37 SAM 081 8.22 1.99 67.87 21.11 90.97 0.04 1.30
20013.0 1473 37 FR 0.71 9.69 6.71 58.25 24.64 89,60 0.04 1.26
20013.0 1474 37 FR 1.47 1088 362 64.51 19.52 87.65 0.0 1.21
20014.0 1475 37 SAM 0.57 17.90 §.46 54.38 18.69 81.53 0.05 6.92
20014.0 1476 37 FR 0.60 17.11 9.35 55.34 17.59 82.28 0.13 (1.88

20014.0 1477 37 FR 0.67 18.33 10.76 55.34. 14.90 81.00 0.09 .86






~Section 111

Trace Metal Concentrations
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