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LETTER TO THE EDITOR

Beware Missing Data And Undernourished
Statistical Models: Comment On Fairbrother
et al.’s Critical Evaluation

Joseph P. Skorupa
Division of Environmental Contaminants, U.S. Fish and Wildlife Service,
Sacramento, CA*

Editors’ Note: This letter follows from prepublication circulation by the edi-
tors to interested parties of the papers in this volume. It is clear from this letter
and the papers, that selenium is an extremely controversial subject. It is
equally clear that the issues raised in this letter and other contentious issues
will only be resolved by well-designed studies that, ideally, are endorsed by key
scientists on both “sides” of the issues. We hope that publishing these papers,
this letter, and any subsequent letters will assist in the resolution of outstand-
ing issues.

CONVENTIONAL WISDOM

During the mid-1980s it was discovered at California’s Kesterson Reservoir
that unnaturally high dietary exposure to selenium (Se) had caused substan-
tive reproductive toxicity to aquatic birds (e.g., Ohlendorf, 1989). That
discovery spawned a broad research program on Se sponsored by the Federal
Government (e.g., Dinar and Zilberman 1991), including both laboratory
and field components. One objective of the federal research program was to
investigate the threshold exposures associated with avian reproductive toxic-
ity. The program’s controlled laboratory studies were most recently summa-
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rized by Heinz (1996). The program’s field studies were most recently
summarized by Skorupa (1998a).

Heinz (1996) concluded that Se content of avian eggs is a sensitive predic-
tor of reproductive toxicity, and that the toxicity threshold was about 3 parts
per million [ppm] (whole egg, wet weight [ww]; equivalent to about 10 ppm
dry weight [dw] given the 70% moisture reported by Heinz et al., 1989). Heinz
based his conclusion on multiple lines of evidence, including that 3.4 ppm ww
was the highest ‘no effect’ concentration of Se in mallard eggs and a value
between 2.73 and 2.95 ppm ww was the lowest ‘effect’ concentration for
chicken eggs. Heinz cautioned readers that the 3 ppm ww threshold should
not be confused with a ‘safe’ level for regulatory purposes because it did not
incorporate any margin of safety to account for uncertainties (such as the very
limited number of species tested). Additional caution is warranted because at
3.4 ppm Se ww, the hatchability (viability) of fertile mallard eggs was depressed
by 10.4% relative to controls (Heinz et al., 1989). Due to insufficient statistical
power, it is impossible to know whether 3.4 ppm Se ww was a true ‘no effect’
level or was in fact an approximation of the EC,,

Based on a graphical plot of field data for black-necked stilts (a large
shorebird), Skorupa (1998a) concluded that the incidence of nests contain-
ing inviable eggs showed a response threshold when Se concentrations in
randomly collected sample eggs were >6 ppm dw, but <7 ppm dw. Initial
analysis of 184 randomly sampled stilt nests with sibling eggs monitored to
full term (successful hatching of at least one egg) suggested a response
threshold at an egg concentration between about 4 to 10 ppm Se dw
(Ohlendorf et al., 1993; Skorupa, 1994). By 1998, data for >400 randomly
sampled stilt nests were available, including >100 nests whose random sample
egg fell within the critical threshold region of 4 to 10 ppm Se dw. This
allowed plotting of response data at single ppm intervals in the critical
threshold region and a very precise delineation of the 6 ppm dw threshold
point (Skorupa, 1998a). Between 6 and 7 ppm Se dw in stilt eggs the nestwise
incidence of inviable eggs jumps from a ‘background’ range of about 6 to 9%
to about 16% and continuously increases in an exposure-responsive manner
thereafter as egg exposures increase above 7 ppm dw. The initial jump in the
nestwise incidence of inviable eggs is approximately equivalent to an eggwise
viability depression of 3% (based on 4-egg clutches and corrected for back-
ground). Thus, the 6 ppm dw response threshold reported by Skorupa
(1998a) is approximately the EC,; for viability of stilt eggs. Based on more
than 600 randomly sampled stilt eggs containing developed embryos, Skorupa
(1998a) reported a logistic regression equation for external overt terata that
predicts an EC, for terata of 25 ppm Se dw. A 3% rate of overt terata is about
10 to 20 times above normal for stilts (Skorupaet al., 1996). The comparative
EC,; values, 6 vs. 25 ppm dw, indicate that egg viability is a more sensitive
endpoint than overt terata.
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A CRITICAL REVIEW OF CONVENTIONAL WISDOM

Fairbrother et al. (1999) reexamined the above federal research results and
concluded (in part) that Skorupa’s field data for viability of stilt eggs as a
function of Se exposure are too unreliable (confounded by non-chemical field
effects) to be utilized for risk assessment, and have not been sufficiently peer
reviewed. Thus, Fairbrother et al. recommend that regulators disregard the
stilt data, even though it is the single most extensive existing set of exposure-
response data for Se.

By fitting data points from two of the government’s controlled laboratory
studies (Heinz et al., 1989; Stanley et al., 1994) to logit functions Fairbrother
et al. estimate that the EC,; and EC,, for mallard duckling production (a
composite of egg fertility, viability of fertile eggs, and early post-hatch duckling
survivorship) are 16 and 21 ppm Se dw respectively (whole egg concentra-
tions). Fairbrother et al. recommend that these substantially higher values,
compared with the Heinz (10 ppm dw) and Skorupa (6 ppm dw) response
thresholds, be utilized for developing regulatory thresholds.

Finally, by fitting both teratogenicity and duckling production data from
Heinz et al. (1989) and Stanley et al. (1994) to a 4-parameter full logit model
and to various reduced-parameter partial models, Fairbrother et al. conclude
that no difference in response sensitivity can be demonstrated statistically
between the endpoints of duckling production (related to egg viability) and
teratogenicity.

ARE THE STILT DATA CONFOUNDED BY NON-CHEMICAL EFFECTS?

Fairbrother et al. generically suggest that factors such as disease, climate,
parental nutrition, and other contaminants may confound field measures of
egg viability. About 95% of the >400 stilt nests monitored occurred within
California’s San Joaquin Valley during a period when there were no major
epizootic events substantively involving black-necked stilts (California Depart-
ment of Fish & Game file reports). The valley floor is also relatively homoge-
neous climatologically (Preston, 1981). There is also no evidence of confound-
ing effects from other contaminants (e.g., Moore et al., 1990; Ohlendorf et al.,
1993). Additionally, the graphical approach employed by Skorupa (1998a)
explicitly illustrates the level of potentially confounding background noise (6
to 9% background response rate) as well as explicitly illustrating any response
threshold that clearly rises above background noise. If background noise were
significantly confounding the data, it should weaken the power to illustrate
sensitive threshold points, not spuriously increase sensitivity. Finally, in the
early years of data collection (1988 to 1989), and in collaboration with Dr.
Ursula Abbott (U.C. Davis) and her then graduate student Paul Martin (whose
unpublished graduate thesis is cited by Fairbrother et al.), field estimates of
egg viability were compared to estimates from artificial incubation of field-
collected fresh eggs (Skorupa et al., 1989). The results from field (uncon-
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trolled external environment) and hatchery (controlled external environ-
ment) were nearly identical for each of three study sites (95 vs. 93%; 96 vs.
98%; and 79 vs. 74% hatchability for field vs. hatchery, respectively). These
results indicate that uncontrolled environmental factors external to the egg
were not influencing field measures of egg viability.

HAVE THE DATA BEEN SUFFICIENTLY PEER REVIEWED?

Fairbrother et al. cite the internal Fish and Wildlife Service report by
Skorupa et al. (1996), but fail to cite the same data from the extensively peer-
reviewed follow-up publication of the National Irrigation Water Quality Pro-
gram [NIWQP] (Skorupa, 1998b). Skorupa (1998b), where the basic field
datasets are presented as they existed in 1996, was peer-reviewed by more than
10 peers and was in review for more than 2 years (a list of peer reviewers is
presented on p. 6 of Martin and Larsen, 1998). Elsewhere, Fairbrother et al.
(different order of authorship however, e.g., Adams et al., 1998) rely heavily on
data from NIWQP publications, so presumably Fairbrother and coauthors view
the NIWQP peer-review process as sufficiently reliable. Fairbrother et al. are
also curiously willing to reject the peer-reviewed finding of a very low response
threshold published by Ohlendorf et al. (1986; embryotoxicity EC,, of 5 ppm
Se dw for stilt eggs) citing the unpeer-reviewed Skorupa et al. (1996) as
overriding justification. The issue of peer-review is, in fact, a red herring
argument raised by Fairbrother et al. The mainstream peer-reviewed results of
research summarized by Heinz (1996) have substantively the same regulatory
implications as Skorupa’s stilt field data (i.e., that ‘safe’ Se exposure for eggs
is <10 ppm Se dw), so there are no regulatory decisions that must rely solely
on the stilt data.

WHAT THRESHOLD POINTS DO LAB STUDIES REALLY SUPPORT?

Fairbrother et al. assert that lab studies of mallards support an estimated
EC,,0f 16 ppm Se dw. However, there are several serious flaws in their analysis.
The most important flaw is the missing data. Fairbrother et al. derived the 16
ppm threshold point by fitting 6 treatment data points garnered from Heinz
et al. (1989) and Stanley et al. (1994) to a logit function that is forced through
the origin by normalizing control responses to zero. However, an additional
treatment data point from Heinz et al. (1987) is intentionally discarded as
anomalous, and two additional treatment data points presented by Stanley et
al. (1996) are excluded without comment. Thus, only 6 of 9 available treat-
ment data points are employed for Fairbrother et al.’s critical evaluation. What
difference do the three missing data points make? Based on the complete 9-
point set of laboratory results, the estimated logistic EC,,is 7.9 ppm Se dw,
much lower than the 6-point estimate of 16 ppm.
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The logistic function is very sensitive to the data point from Heinz et al.
(1987) that Fairbrother et al. explicitly discarded. They discarded that data
point because the diet-to-egg bioaccumulation factor [BAF] was deemed anoma-
lous. However, the logistic function does not model bioaccumulation, it mod-
els response to measured exposures independent of the BAF that produced
the measured exposure. Thus, it is not clear why a data point should be
excluded because of an anomalous BAF. There are many between-study incon-
sistencies in the lab results, not just the low BAF for the Heinz et al. (1987) data
point. As Heinz (1996) noted there is a tremendous amount of individual
variability among mallards in their sensitivity to a given Se treatment level and
in the degree to which individuals may avoid treated diets (creating BAF
variability), such that it cannot be expected that replicated treatments of small
groups will necessarily be in any better than rough agreement. Under such
circumstances it is at best a dubious ride down a slippery slope to start
practicing post hoc data cleansing.

Another important flaw is that Fairbrother et al. pool fundamentally
incompatible response endpoints. Fairbrother et al. noted the high inconsis-
tency of their response variable (depression of duckling production) where
37 ppm dw in eggs was associated with 51% depression (Heinz et al., 1989)
and the nearly identical exposure of 42 ppm dw was associated with 99%
depression of duckling production (Stanley et al., 1994). However, Fairbrother
et al. don’t seem to be aware that they are comparing two qualitatively
different endpoints. Most of the difference in duckling production is attrib-
utable to the 81% post-hatch duckling survivorship from the 37 ppm eggs
compared to only 10% duckling survivorship from the 42 ppm eggs. This 8-
fold difference at nearly equal egg Se levels is almost certainly due to the fact
that in the former case ducklings were immediately put on a clean diet upon
hatching, whereas in the latter case ducklings were left on the same treatment diets
their mothers were exposed to. Clearly the more sensitive result of Stanley et al.
(99% depression at 42 ppm egg Se) most realistically mimics the real world
where ducklings are indeed exposed to the same contaminated environment
as their mothers. Heinz et al. (1987), Stanley et al. (1994), and Stanley et al.
(1996) all fed ducklings treated diets; only Heinz et al. (1989) fed ducklings
clean diets. Thus, for Fairbrother et al.’s analysis, the Heinz et al. (1989) data
points should not have been pooled with the other studies. Excluding the
Heinz et al. (1989) data points, the estimated logistic EC,, for duckling
production is 6.9 ppm Se dw.

IS EGG INVIABILITY MORE SENSITIVE THAN TERATOGENICITY?

Fairbrother et al. report failing to find statistical support for such a finding.
That is not surprising, because in their full logit model they are estimating 4
parameters (coefficients b, - b;) from just 6 independent data points. Such a
data-starved statistical model has little discriminatory power.
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To answer the above question, one need not resort to inappropriately
sophisticated statistics. One merely needs to examine the lab data for mallards:

Control-adjusted Control-adjusted

Dietary Treatment teratogenesis egg inviability Source
7 ppm dw 0% 34% S-96
8 ppm dw 4% 38% H-89

10 ppm dw 12% 53% H-87

10 ppm dw 53% 91% S-94

16 ppm dw 66% 96% H-89

Note:  Sources above are Heinz et al., 1987; Heinz et al., 1989; Stanley et al., 1994;
Stanley et al., 1996.

If inviability and teratogenicity were truly equally sensitive endpoints the
odds of percent inviability exceeding percent teratogenesis at any given treat-
ment level would be 50:50. However, inviability clearly exceeds teratogenesis
in all 5 cases. For equally sensitive endpoints that outcome has an expected
probability of (0.5)%, or 0.03. Since the probability of the observed outcome is
less than 0.05, the assertion that inviability and teratogenicity are equally
sensitive endpoints is statistically rejected.

SUMMARY

Fairbrother et al. (1999) do not provide scientifically credible evidence for
avian response thresholds significantly different than the thresholds summa-
rized by Heinz (1996) and Skorupa (1998). If the reproductive EC,,truly were
as high as 16 ppm dw, then the biological appropriateness of an EC,, as a
regulatory criterion would be open to question because 16 ppm dw is >3 times
the dietary threshold for toxicity of 5 ppm dw recognized by Fairbrother et al.,
and thus eggs with 16 ppm Se dw would pose an unacceptable secondary
hazard to egg-predators. Fairbrother et al.’s recommendation for additional
lab testing is worthy of support, especially if such studies are designed with
sufficient statistical power to resolve treatment effects as low as 5 to 10%
difference from controls. Past lab studies were unable to statistically detect
treatment effects lower than about 40% difference from controls.
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