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INTRODUCTION

Common objectives of many bioassays are to provide a measure of relative toxicity of
various effluents (e.g., Allen, 1971; Kobayashi, 1980; National Research Council, 1983), or to
identify components in a given effluent that are most responsible for biological effects (e.g.,
Higashi et al., 1992). There is an indisputable need for such perspectives for produced waters
from different coastal formations (Neff, 1987). However, while such a focus can provide a useful
toxicity benchmark, it is not particularly welil suited for exploring the nature, extent and
generality of biological responses. For example, there is an emerging paradigm that earier
developmental stages of a marine organism are more sensitive to a pollutant than later ones (€.g.,
National Research Council, 1983; Neff et al., 1976), yet no consistent pattern emerges from the
relatively few studies that have examined different life stages of the same species (e.g., Neff et
al., 1976; Rossi and Anderson, 1978; see Capuzzo, 1987). Even when multiple life stages of a
species have been considered, it is difficult to extend laboratory-based results to natural
situations, in part because of uncertainty as to whether the concentrations and exposure durations
used are realistic (e.g., Castagna et al., 1981; Neff, 1987).

Another feature of bioassays, and one that has not received a great deal of attention,
concerns the endpoint (response variable) chosen to measure an “effect.” For a number of
logical and logistical reasons, the response variable selected often is a biological “milepost” that
coincides with the end of an exposure period. For example, fertilization success often is used
as the response variable to estimate effects of toxicant exposure on gametes (e.g., Kobayashi,
1971; Dinnel et al., 1987). However, the extent of deleterious consequences of exposure of
gametes wiii be underestimated if additionai effecis are manifesied ai a iater developmentai
stage for successfully fertilized zygotes. Delayed expression of effects, while known to occur
in marine organisms (e.g., Castagna et al., 1981; Pagano et al., 1982, 1983), has not been
explored systematically, and we therefore lack an appreciation for its potential importance. For
similar reasons, we know little about the combined effects that might arise from repeated
exposure of an individual in different life stages. To facilitate meaningful biological interpreta-
tion of laboratory bioassays, the challenge is to match the laboratory protocol with reasonable
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estimates of which life stages are at risk, the concentrations of contaminant they are likely
exposed to, and the duration of the exposure under field conditions. -

With respect to general classes of lethal and sublethal effects, one of the most important
from an ecological perspective is impaired reproductive success of adults. If early life history
stages are relatively more sensitive to toxicants than adults, then major effects on the reproduc-
tive success of adults could be mediated through effects on early stages of their progeny. For
many benthic marine organisms, gametes are released directly into the water column where they
undergo syngamy and form zygotes. Thus, important impacts on reproductive success of adults
living near a point source outfall might be mediated through early exposure of their gametes
and developing progeny. In the present study, we explore whether and how brief exposure to a
range of concentrations of produced water affect gametes and early larval stages of the purple
sea urchin, Strongylocentrotus purpuratus. In particular, we exposed separately and together
eggs, sperm, and zygotes to ascertain (a) the relative sensitivities of these life stages to produced
water at durations and concentrations realistic to each stage, (b) the nature of the biological
responses, and (c) the potential for delayed expression.

We chose the purple sea urchin as our model organism, in part, because there is an extensive
body of toxicological work on various life stages of sea urchins (e.g., Cherr et al,, 1987; Dinnel et
al., 1981, 1982, 1987, 1989; Hagstrom and Lonning, 1973; Hose, 1985; Kobayashi, 1971; McGibbon
and Moldan, 1986; Oshida et al., 1981; Pagano et al., 1982, 1983, 1986). Furthermore, the purple
seaurchinis representative of many marine organisms in that benthic adults broadcast eggs and sperm
into the water column where fertilization and subsequent larval development occur. Purple sea urchin
larvae typically develop into the pluteus stage within 48 hours. Up through the late pluteus (~72 hr),
larvae are sustained by egg reserves and do not feed (Strathmann, 1987).

METHODS

Adult purple séa urchins were collected from a pristine reef near Santa Barbara, CA, and
maintained in large, continuous flow sea water tanks located outdoors. Animals were supplied
ad libitum with freshly collected giant kelp (Macrocystis pyrifera), a favored food item. For
each experiment, gametes were collected from 4 - 6 adults of each sex within 15 minutes
following intracoelomic injection of 0.5 - 1.0 ml of 0.5 M KCl (Strathmann, 1987). Eggs were
cleaned by passing them twice through a 200 um Nitex mesh and allowing them to settle through
100 mi of filtered sea water. Sperm were collected “dry” (i.e., without sea water, which
metabolically activates sperm [Timourian and Watchmaker, 1970]) by pipetting the gametes
from the dried surface of a male (Dinnel et al., 1987). Both gamete types were stored on ice
until used in a trial, which occurred no later than 3 hours after gamete collection. Separate
«control” trials were conducted to determine whether the delay between collection and use (and
therefore manner of storage) altered the viability of eggs or sperm; results indicated no difference
in viability of eggs or “dry” collected sperm that were stored for three hours compared with
freshly released gametes.

Undiluted produced water used for laboratory tests was collected from an oil processing
facility in Carpinteria, CA. Samples were collected from an onshore test spigot located on the
discharge pipe just after the effluent leaves the final settling tank and just prior to ocean
discharge. Produced water was collected without head space in clean amber glass bottles with
Teflon lined lids. Samples were maintained on ice and in the dark until experiments were begun
within approximately six hours of collection.

The general laboratory protocol involved cross-designed experiments in which produced
water concentration (1, 0.01 and 0.0001%) was crossed with asecond factor designating the life
stage(s) that was exposed (e.g., eggs only, sperm only, zygote only, and/or 2 combination of
these treatments). A control treatment was included and consisted of unexposed life stages kept
in filtered sea water but otherwise handled identically to the other treatments. Produced water
concentrations were made by serial dilution of the raw effluent with filtered sea water in
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volumetric labware (Allen, 1971). All sea water was filtered through a 0.45 um autoclaved filter.
In all experiments, there were three replicates of each treatment, and each replicate typically
involved approximately 500 eggs. The incubation units were 15 ml plastic Falcon multi-well
culture dishes into which the sperm and eggs were introduced. All experiments were conducted
in a cold (15° C) room on a continuous shaker table.

Ten minute gamete exposures were accomplished by adding sperm (or eggs) to a glass test
tube containing a given concentration of produced water. Unexposed gametes were added to
filtered sea water for 10 minutes. Following the 10 minute exposures, gametes were incubated
together in 10 ml of filtered sea water. To assess fertilization success, replicates were fixed with
10% formalin 25 minutes after gametes had been added to the incubation units. Fertilization
success was estimated by microscopic identification of the fertilization membrane.

In experiments that examined zygote performance, we manipulated zygote exposure by
varying the concentration of produced water in which sperm and eggs were incubated (i.e.,
exposed eggs and sperm were introduced into incubation units that contained a gradient of
produced water concentrations). Developing zygotes remained in these uaits for up to 96 hours.
Thus, our “zygote exposures” included brief exposures of gametes during the period between
introduction into the incubation chamber and fertilization. After aspecified time, replicates were
fixed with 10% formalin, and 100 individuals from each replicate were inspected and their
developmentat stage noted. Modification to these general protocol are noted below.

To facilitate comparisons among experiments and to avoid polyspermy, we standardized
fertilization rates by adjusting the ratio of sperm to eggs (Cherr et al., 1987; Dinnel et al., 1987).
Prior to each experiment, batches of eggs were flooded with varying amounts of a stock sperm
solution to establish the relationship between fertilization success and the ratio of sperm to eggs.
Each experiment was then conducted at the sperm:egg ratio that produced 90% fertilization in
filtered sea water.

To prevent microbial contamination, 0.05% Penicillin G was added to each replicate in all
experiments. An initial experiment was conducted to establish whether the added antibiotic
altered normal fertilization or development, and whether there was a synergistic response of
penicillin and produced water. The experiment involved two factors: the presence/absence of
penicillin (0 or 0.05%) was crossed with the presence/absence of produced water (0 or 10%).
Eggs and sperm were separately exposed to produced water (or filtered sea water) for 10 minutes
and then incubated together in filtered sea water. Two endpoints were measured: (a) the
proportion of successfully fertilized eggs (as measured by the presence of the fertilization
membrane) after 25 minutes of adding sperm to the eggs, and (b) the proportion of embryos that
had reached the pluteus stage after 48 hours.

The first main experiment explored the effects of produced water on fertilization success.
Produced water concentrations used were 1, 0.01, and 0.0001%. Three exposure regimes were
crossed with the produced water treatment: sperm exposed but eggs unexposed, eggs exposed
but sperm unexposed, and both sperm and egg exposed. A 0% gamete exposure (filtered sea
water only) served as the control, and all incubations were done in filtered sea water.

The second main experiment addressed (a) whether effects from the exposure of gametes
might be delayed to a later developmental stage, (b) the relative sensitivities of eggs, sperm and
zygotes, and (c) the magnitude of effects arising from combined exposure of different life stages.
Unlike the first experiment, the incubation period (following the 10 minute exposure of gametes)
was increased from 25 minutes to 48 hours. In addition, there were five exposure treatments: 1)
sperm (i.e., eggs and zygotes unexposed); 2) eggs; 3) zygotes; 4) sperm and eggs; 5) sperm,
eggs and zygotes. After 48 hours, each replicate was fixed in 10% formalin and the proportion
of embryos that had reached the pluteus stage was determined microscopically.

In this experiment, the response parameter (proportion of larvae in the pluteus stage) was
based on the relative developmental states of only the eggs and larvae that were still intact after
48 hours. Furthermore, the endpoint of this experiment was time dependent (i.., assessed after
only 48 hours). Thus, it was not possible to separate the relative contributions of mortality from

433




delayed development. Consequently, a third experiment was conducted to estimate directly the
separate effects of produced water on embryo survivorship and deveiopmental rates. To do this,
initial cohorts of eggs were counted and the fates of all initial eggs followed through time.
Treatments consisted of exposure to 1% produced water of eggs only, sperm only, and of
zygotes. A control treatment consisted of exposure to filtered sea water only. The number of
eggs in each replicate was known at the beginning of the experiment, and eighteen “copies” of
each treatment were initiated; at specified intervals, three replicates per treatment were fixed for
later analysis. The intervals were 25 min, 12 hr, 24 hr, 48 hr, 72 hr and 96 hr. Mortality (1 minus
survivorship) was estimated as the number of “dead” eggs or embryos divided by the number
of eggs initially present. “Dead” eggs and embryos were defined as those missing or obviously
dead (i.e., damaged or broken). The numbers of individuals in the pluteus stage were counted
at each sampling time and developmental success expressed as the proportion of the initial cohort
that had entered the pluteus stage.

In general, results of each experiment were analyzed by analysis of variance. Comparisons with
the control treatment were made using Dunnett’s two-tailed ¢ test, and a posteriori comparisons
among treatment main effects were made using the Ryan-Elinot-Gabriel-Welsch multiple F test
(REGWF: SAS, 1988). All data were arcsine-square root transformed prior to analysis.

RESULTS
Methodological Tests of Penicillin Effects

Before considering effects of produced water, we first present evidence that the addition
of penicillin to control bacterial contamination does not obscure interpretation of laboratory
experiments. Penicillin G had no detectable effect on the proportion of eggs that were success-
fully fertilized (Table 1; F; g = 1.30; P > 0.25). More importantly, there was no interaction
between the antibiotic and the effect of produced water on fertilization (Table 1; Fi3=043;P >
0.50). Similarly, the proportion of embryos that reached the pluteus developmental stage in 48
hrs was not affected by the antibiotic (Table 1; in sea water, F, 4= 1.47; P> 0.25). There were,
however, marked effects of 10% produced water on fertilization success (Fig=984;P <
0. 0001) and development (Table 1).

Table 1. The effect of 0.05% Penicillin G on fertilization success and embryo development in
the presence and absence of 10% produced water; data are the mean ( = 1 SE)
proportion of eggs fertilized and of embryos that were in the pluteus developmental
stage at 48 hours

Fertilization Success Pluteus Stage
Produced Water Penicillin Penicillin
Absent Present Absent Present
Absent 0.900 (0.040) 0.840 (0.056) 0.720 (0.034) 0.773 (0.026)
Present 0.434 (0.020) 0.409 (0.020) ()} 0

Fertilization Assay for Effects of Produced Water

Ten minute exposure of eggs and/or sperm to produced water resulted in statistically significant
depressions inthe fraction of successful fertilizations (Fig. 1; F, 4 = 83.23; P <0.0001). As expected,
the magnitude of the depression increased with increasing concentrations of produced water
(Fig. 1), although a substantial fraction (>50%) of eggs still were fertilized at the highest
concentration used (1%). However, even at the lowest produced water concentration (0.0001%)

434

1 oo+
0.751 Xzﬁ‘\i

©

@

il

T
= 0.50 1

s Exposure of: b
T »—m EGGS

o —

$ os] A= e

®——@ SPERM AND EGGS

0 0.0001 0.01 1.0
Produced Water Concentration (%)

Figure 1.  Fertilization success of gametes exposed for 10 minutes to a range in concentrations of produced
water. Data are the mean (= 1 SE, n=3) proportion of cggs fertilized afier 25 minute incubations of
eggs and sperm in filtered sea water.

fertilization success was reduced by as much as ~10 - 20% (Fig. 1); each treatment response in
the lowest concentrations differed significantly from the coatrol (Dunnett’s test, P < 0.05).

There was also a significant difference attributable to which gamete type(s) was exposed (Fig.
1; F, 13 = 42.42; P < 0.0001). A posteriori comparison of main effects (using REGWF) shows that
exposure of sperm gave similar results as egg exposure, but that exposure of both sperm and eggs
yielded a significantly lower fertilization rate. That is, based on fertilization success averaged across
produced water concentrations, the sensitivity of sperm was about equal to that of eggs. Further, the
greatest impairment occurred when both gamete types were exposed, but the combined effect
appeared to be less than the sum of individual effects on each gamete type (Fig. 1). There was,
however, an interaction between the gamete type exposed and concentration of produced water (F, 4.8
= 11.27; P < 0.0001), suggesting a cross-over in relative sensitivity of eggs and sperm to increasing
produced water concentrations. It appears that sperm may be relatively more sensitive at low toxicant
levels, whereas eggs may be more sensitive at higher concentrations (Fig. 1).

Embryonic Development Assay for Effects of Produced Water

Produced water reduced the fraction of larvae that were in the pluteus developmental stage
after 48 hours (Fig. 2). For all gamete and zygote exposure combinations, the occurrence of
pluteus larvae decreased with increasing concentration of produced water (F, 5 = 919.37; P<
0.0001). The reductions in pluteus larvae were statistically significant even at the exceedingly
low concentration of 0.0001% (Dunnett’s test, P< 0.05). -

Within a concentration of produced water, the smallest reduction in pluteus development
occurred when the zygote only was exposed, and the greatest reduction occurred when sperm,
egg and the zygote stage all were exposed (Fig. 2; REGWF comparison shows all main effects
are significantly different from one another). These data indicate that the brief 10 minute
exposure of gametes reduced larval development to a greater degree than did the subsequent 48
hour exposure of zygotes. Thus, gametes were exceedingly more sensitive than zygotes to
produced water. Furthermore, most of the effect arising from exposure of gametes was due to
sperm, and very little from exposure of eggs (Fig. 2). Based on the pluteus development assay,
the rank of sensitivity of each life stage to produced water was:

sperm > > egg > > zygote.
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Figure 2. The mean (x 1 SE, n=3) proportion of embryos that are in the pluteus stage of development after 48
hours as a function of life stage exposed and produced water concentration. Gametes were exposed
to produced water for 10 minutes prior to fertilization and zygotes were exposed for the entire 48
hour incubation period. .

Cohort Analysis for Effects of Produced Water

The effect noted above could be due to a combination of increased mortality of developing
embryos and/or a reduction in the development rate of survivors. To distinguish between direct
mortality and reduced developmental rates, cohorts of eggs of known number were followed
through time and the fraction of the initial number of eggs that eventually reached the pluteus
larval stage was estimated. This was done using 1% produced water, which was the effluent
concentration that yielded the greatest effects in both our fertilization (Fig. 1) and embryo
development (Fig. 2) assays.

The results indicate that 1% produced water had no discernible effect on mortality (Fig.
3). Regardless of the life stage exposed, > 85% of the initial cohort survived to 96 hours, and
there was nossignificant difference among the control or exposure treatments (Fig. 3; F;4=1.23;
P> 0.35). It is important to note that zygotes were exposed to produced water for the entire 96
hr period, yet still did not show an increased death rate.

By contrast with no affect on mortality, produced water greatly altered developmental rates
of sea urchin embryos (Fig. 4). For example, the fraction of initial eggs that had reached the
pluteus stage by 48 hours differed markedly among treatments (F; g = 17.65; P<0.001); Once
again, zygote exposure yielded the smallest effect, while sperm exposure gave the greatest
effect. These patterns at 48 hours (Fig. 4) were both qualitatively and quantitatively similar to
those observed in the embryonic development bioassay reported above (Fig. 2). However, the
effluent did not affect the number of eggs that ultimately reached the pluteus stage by 96 hours
(Fig. 4; F; g = 1.02; P> 0.40). More than 70% of the initial cohort of eggs in each treatment had
developed into pluteus larvae by 96 hours, and all treatments appeared to be asymptoting near
85%. Thus produced water slowed the developmental rates of sea urchin embryos but did not
contribute directly to their mortality. Based on the slowing of developmental rates relative to
exposure duration, this experiment indicates that the rank sensitivity of life stages was:

sperm > eggs >> zygotes.

The cohort analysis directly contradicted the finding in our fertilization assay regarding
the fraction of eggs that ultimately underwent development: e.g., we observed only 61% of eggs
fertilized after exposure of eggs to 1% produced water (Fig. 1), but we subsequently found that
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Figure 3. Survivorship of sea urchin eggs and embryos. Data are the mean proportion (x 1 SE, n=3) of
cohorts of sea urchins (beginning at the egg stage) alive at each time interval. Gamete treatments
involved exposure of eggs or sperm for 10 minutes prior to fertilization (no subsequent exposure of
2zygotes), and the zygote treatment involved exposure for the entire 96 hour period. .

83% of all eggs developed to the pluteus stage (Fig. 4). It is possibie that, in the cohort analysis,
sperm continued to fertilize eggs long after the 35 minute exposure and incubation period used
in the fertilization bioassay. A direct test of this hypothesis indicated that only ~10% of sperm
remain viable 35 minutes after activation, and none were capable of fertilizing eggs after 45
minutes (Fig. 5). Exposure of gametes to 1% produced water lowered the fraction of viable
sperm of a given age, and did not prolong the length of time that sperm remained capable of
fertilization (Fig. 5). The estimate of age-specific sperm viability was independent of the
endpoint (i.e., 25 or 120 mins) used to measure successful fertilization (Fig. 5). This experiment
also indicated that the effect of produced water on viability of sperm was virtually instantaneous,
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Figure 4. Mean proportion (z 1 SE, n=3) of initial sea urchin eggs that had entered the pluteus larval stage at
different times. Gamete treatments involved exposure of eggs or sperm for 10 minutes prior to
fertilization (no subsequent exposure of zygotes), and the zygote treatment involved exposure for

the entire 96 hour period.
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and suggests that at least part of the “zygote” sensitivity we have observed might be due to brief
exposure of sperm that occurs when we exposure zygotes.

An alternative explanation to prolonged sperm viability is that the presence of a vitelline
membrane underestimated successful syngamy when gametes had been exposed to produced
water. This was supported by re-examining data from the cohort analysis and expressing
fertilization success as the fraction of eggs that either had a fertilization membrane or had
undergone cleavage. The initial depression of fertilization in the produced water treatment
diminished through time such that by 36 hours there was no difference between treatments in
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Figure 6. Apparent fertilization success as a function of time. Data are the mean (= 1 SE, n = 3) proportion of
egg-coborts known lo be fertilized based on the p e of either a vitelline membrane or cleavage
at each interval in the absence (open circles) and p e (solid di ds) of 1% produced water.
Sperm, eggs, and zygotes were all exposed to produced water in this example.
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the fraction of initial eggs known to have beensuccessfully fertilized (Fig. 6). The results indicate
that early indicators of fertilization (e.g., presence of the vitelline membrane) grossly underes-
timated the fraction of eggs that were actually fertilized and subsequently began embryonic
development (Fig. 6).

DISCUSSION
Interpretation of Bioassay Studies

Bioassays typically use a response variable that coincides with the end of the planned
exposure period. For example, tests of effects on gametes usually involve estimating changes
in fertilization ability immediately after gamete exposure (e.g., Adams and Slaughter-Williams,
1988; Allen, 1971; Dinnel et al., 1981; Hagstrom and Lonning, 1973; Kobayashi, 1971; Pagano
etal., 1982, 1983), and fertilization success has become a standard toxicity measure (e.g., Cherr
et al., 1987; Dinnel et al., 1982, 1987; Dinnel and Stober, 1987; McGibbon and Moldan, 1986;
Pagano et al., 1985, 1986). Post-fertilization assays often measure the fraction of young
individuals that reach some developmental “milepost” in a specified time period (e.g., Adams
and Slaughter-Wiiliams, 1988; Byrne and Calder, 1977; Dinnel et al., 1989; Hose, 1985; Oshida
et al., 1981; Pagano et al., 1985, 1986). However, our application of these event and time-de-
pendent bioassays to produced water revealed several limitations of this general approach.

Our fertilization assay did not capture accurately the effect of produced water on syngamy.
The apparent effect on gametes was to reduce successful fertilization (Fig. 1). However, our
embryo cohort analyses revealed that the fraction of eggs eventually fertilized was unaffected
by produced water (Fig. 4). Failure of the fertilization test to properly convey the lack of an
overall affect on syngamy could have been due either to the particular design of the bicassay
(i.e., sperm fertilized eggs long after the 35 minute exposure/incubation period used in our
fertilization trials), or from the use of an inaccurate measure of syngamy. The first hypothesis
can be rejected (Fig. 5). Other workers have also found that, once activated, sea urchin sperm
remains viable for a very short period, usually < 25 minutes (e.g., Tyler, 1953; Timourian and
Watchmaker, 1970; Pennington, 1985). By contrast, our measure of fertilization appeared to be
imprecise. As is typical in these types of assays (e.g., Dinnel et al., 1987; McGibbon and Moldan,
1986; Oshida et al., 1981), we used the presence of a fertilization membrane to score successful
fertilization. However, following exposure of gametes to produced water, the fraction of initial
eggs that eventually underwent embryonic development was grossly underestimated by the
fertilization membrane criterion (Fig. 6). It appears that produced water inhibited the vitelline
membrane from lifting off the surface of some eggs, yet did not preclude syngamy. Alternative
techniques to estimate fertilization success, such as nuclear staining, may be more reliable
(though less practical) measures of syngamy.

With respect to differential sensitivity of gametes, our fertilization assay also incorrectly
suggested that effects arising from pre-fertilization exposure on eggs and sperm were roughly
equivalent (Fig. 1). However, our embryo development tests demonstrated that effects arising
from sperm exposure were far greater than those from egg exposure (Figs. 2 & 4). The
inconsistency resulted from an effect from sperm exposure that was manifested much later in
development, and which was not evident at the time of fertilization. These results cogently

such as fertilization success, coincides with the end of the exposure period. The scope and
magnitude of biological responses from a toxicant can be underestimated by failing to determine
whether exposure at one life stage of an individual has an effect that is expressed in a later stage,
yet this aspect is largely unexplored (but see Adams and Slaughter-Williams, 1988). In the case
of fertilization, this limitation was perhaps presaged by the suggestion of certain authors that
fertilization assays may be less sensitive indicators of effects from gamete exposure than
exploration of abnormalities later in development (e.g., Allen, 1971; Hose, 1985).
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However, the interpretation of bioassays that examine delayed effects can still be problem-
atic. For example, we found that the fraction of sea urchin embryos reaching the pluteus larval
stage in 48 hours was greatly impaired by produced water (Fig. 2). A logical interpretation of
these results is that produced water exposure killed sperm, eggs, or embryos in some develop-
mental phase prior to the pluteus stage. Our cohort analyses revealed that this interpretation was
incorrect. The only effect of produced water was to impede developmental rates of embryos
(Fig. 4):itdid not directly increase mortality of developing zygotes (Fig. 3) or reduce fertilization
of eggs (Fig. 6).

These results underscore a crucial but little appreciated difficulty with standard bioassay
approaches; without additional evidence, the existence and contribution of various biological
effects (e.g., delayed expression, reduced developmental rates, increased mortality) cannot be
inferred safely from bioassays with fixed-time endpoints. While such techniques are useful in
ranking the relative toxicity of various effluents, their utility in providing an understanding of
the nature of biological responses is more limited, and alternative approaches should be sought.
Endpoints and exposure regimes should be selected that enhance biological insight and therefore
either help pinpoint mechanisms of toxicity or permit extrapolation to field situations where
biological effects arise from exposure of particular life stages (e.g., Somerville et al., 1987:
Higashi et al., 1992; Raimondi and Schmitt, 1992).

Biological Effects of Produced Water

Predicting or understanding the potential for long-term environmental impacts arising from
the discharge of produced water into coastal waters is impeded because biological effects of
whole produced waters have received little attention (Neff, 1987). To the extent that laboratory
bioassays have been applied to produced waters, most produced waters do not appear to be
acutely toxic (for review see Neff, 1987). Results of our study support this notion for produced
water from oil fields in the Santa Barbara Channel; brief (10 minute) exposure of sea urchin
gametes and prolonged (96 hr) exposure of zygotes did not result in increased mortality, even
at the moderately high concentration of 1% produced water (Fig. 3). We did, however, detect
sublethal responses to produced water at substantially lower levels; statistically significant
responses of young purple sea urchins were detected at produced water concentrations as low
as 1 part per million, with the magnitude of the response(s) increasing with increased concen-
tration of the effluent.

It has been argued that such sublethal or chronic effects may be a better gauge of potential
environmental significance than the acute lethality of an effluent (e.g., Capuzzo, 1987; Neff,
1987). Extrapolation from laboratory demonstration of sublethal effects to assessment of
ecological consequences under natural conditions is not, however, straightforward. Forexample,
exposure concentrations and durations used in a laboratory study do not necessarily bear any
relationship to exposure regimes that arise under field conditions. Two lines of evidence suggest
that our laboratory exposures spanned conditions likely to occur in the field. First, our results
show that the effect of produced water on gametes, particularly sperm, was virtually instanta-
neous (Fig. 5). Therefore, adult urchins that spawn in the vicinity of the produced water outfall
are likely to produce offspring with delayed developmental rates even though those developing
larvae may soon be transported away from the outfall. Second, we have examined effects under
field conditions by exposing urchin gametes and larvae to water collecied at different distances
from the produced water diffuser and compared these results with those obtained from known
concentrations of produced water (Krause, unpublished data). These results suggest that
although produced water is rapidly diluted (the diffuser is designed for an initial seawater:ef-
fluent dilution of 125:1), detectable developmental effects can persist out to 100 - 500 m, where
produced water concentrations drop to approximately 1 ppm. Thus, the produced water
concentrations we used in our laboratory experiments nicely matched with the concentrations
that can occur in the field at sites within 500 m of the outfall.
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Another potential difficulty in extrapolating laboratory findings of developmental delays
to field consequences is that delayed development can lead to an indirect increase in mortality:
e.g., by increasing the length of time that early life stages remain vulnerable to natural sources
of mortality, such as size-selective predators (.g., Werner et al., 1983). Thus, slight sublethal
effects, such as delayed development, could indirectly contribute to significant reductions in the
number of larvae available to recruit into benthic populations. However, processes linking larval
and benthic dynamics are poorly understood and therefore the ecological significance of larval
mortality is largely unknown (e.g., Capuzzo, 1987; Nisbet et al., 1993; Raimondi and Schmitt,
1992). Much work remains before impacts on benthic populations can be predicted based on
sublethal responses of larval stages. v

Because so little is known regarding sublethal effects of produced water, it is not yet
possible to assess whether a reduction in developmental rate is a common response of early life
stages. Lowered growth or developmental rates have been observed for individuals exposed to
certain constituents of produced water. For example, petroleum hydrocarbons can retard
individual growth of adult copepod crustaceans (Hay et al., 1988), larval decapod crustaceans
(Caldwell, 1977; Cucci and Epifano, 1979; Katz, 1973; Laughlin et al., 1978; Laughlin and
Neff, 1979; Wells, 1972; Wells and Sprauge, 1976) and larval bivalve mollusks (Byme and
Calder, 1977). In each of these cases, the life stage exposed was capable of feeding, and
hydrocarbons are known to reduce feeding rates of planktotrophic larvae (e.g., Johns and
Pechenik, 1980; Wells and Sprauge, 1976). Hence, reduced growth or developmental rates could
have resulted primarily from an indirect effect on food intake. This process was not involved in
the reduced developmental rates of purple sea urchins; Jarvae of this species do not feed until
the late pluteus stage (Strathmann, 1987), which is not attained until ~72 hours after fertilization
in normally developing embryos. The response of young purple sea urchins, especially that
arising from exposure of gametes, must have involved direct alteration of normal cellular
activity. Delayed development of embryos mediated through exposure of gametes to PCBs has
been observed for the sea urchin Arbacia punctulata (Adams and Slaughter-Williams, 1988).
Like produced water, the actual mechanism producing this effect of PCB exposure is unknown,
but like certain petroleum hydrocarbons (Capuzzo, 1987), PCBs are highly lipophilic. Lipid
reserves are of primary importance in embryonic development (e.g., Holland, 1978), and it has
been suggested that larvae may shunt energy reserves away from differentiation to be used to
detoxify such lipophilic compounds as petroleum hydrocarbons (e.g., Sharp et al., 1979).

Produced water, of course, contains numerous potential toxicants in addition to petroleum
hydrocarbons (e.g., Neff, 1987), and the particular constituents of the Carpinteria effluent
responsible for the observed effect on purple sea urchins remains to be determined. Higashi et
al.(1992) explored “toxicity” of various fractions of produced water from Carpinteria, and found
that the majority of biological effects arose from the water-only soluble fraction that contained
divalent cations. Interestingly, Pagano et af. (1982) found results for other sea urchin species
exposed to cadmium that were qualitatively similar to ours. Although cadmium is not common
in the Carpinteria produced water, analogous elements, such as barium and strontium, are present
(Higashi et al., 1992). Furthermore, barium and strontium are known to impair development
{(Conrad and Davis, 1980), and recent work suggests that these ions might mediate their effects
through modification of microtubule function (Tamm, 1989; Tamm and Tamm, 1990 ). Because
we observed that sperm exposure yielded the greatest effect on development, and because this
effect appeared to arise very early in development, we suggest that the toxicological mechanisms
most likely involve a feature specific to sperm that involves microtubule function. One likely
candidate is the sperm centriole, which is responsible for the transport of the sperm pronucleus
to the egg pronucleus (Bestor and Schatten, 1981). If the function of the centriole were impaired,
this could lead to an early retardation of development by delaying nuclear fusion. Other studies
using produced water from this same source have found responses that might involve microtu-
bule-mediated effects: e.g., swimming and chemoreception of abalone larvae (Raimondi and
Schmitt, 1992), swimming of kelp spores (Reed, 1992), migration of kelp nuclei (Pillai et al.,
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1990), and growth (possibly feeding) of mussels (Osenberg et al., 1992). If these diverse
biological effects of produced water were mediated through a similar toxicological mechanism,
it would provide a strong unifying theme to the study of this complex effluent.
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