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BACKGROUND:

Produced water, an aqueous waste generated during oil and gas production, is commonly
discharged into marine environments. Its environmental effects are poorly understood, and
what is known, is based largely on studies conducted in the Gulf of Mexico and adjacent
estuarine systems. Field assessments in the Gulf of Mexico have been complicated by other
types of production activities that confound effects of produced water (Spies 1987, Carney
1987, Osenberg and Schmitt 1996). In addition, results from the Gulf, where discharge often
occurs in sheltered, shallow embayments, may yield limited insights about expected effects in
other systems, such as the more open, high energy coast of the western United States. Due to
more rapid diffusion of the produced water plume in these open-coast systems, and the highly
seasonal nature of the systems, effects of produced water may be reduced and/or more
difficult to detect and quantify. Examination of individual-based parameters (such as growth,
reproductive output, or fertilization success) might provide more sensitive indicators of
environmental impacts than assessment of population density (Carney 1987; Osenberg et al.
1992b, 1994). This approach also might reveal a different spatial extent of biological effects
than documented by variation in population densities. Furthermore, the examination of
effects on individual growth and reproduction, allow a more production-based assessment
than is possible by looking only at population density.

Because population densities and many other environmental variables of interest vary
tremendously among different sites and at different times, powerful assessment designs are
needed to document environmental impacts (Stewart-Oaten et al. 1986, 1992, Osenberg and
Schmitt 1996). Although not part of our original proposal, we soon anticipated the
opportunity to apply the Before-After-Control-Impact Paired Series assessment design to
quantify effects of produced water on a nearshore, open-coast marine system located near
Carpinteria, California.

OBJECTIVES:

The original goals of this project were three-fold: 1) to conduct field studies quantifying
patterns of spatial distribution in physical-chemical, and individual, demographic and
population-level biological parameters around an existing produced water outfall (Osenberg et
al. 1992b, Krause 1994); 2) to use the spatial patterns to estimate the effects of produced
water using a Control-Impact design, and to use these effects together with a time-series of
Before data from another SCEI study to estimate the statistical power of BACIPS designs to
detect impacts on chemical-physical, and individual-based and population-based biological
parameters (Osenberg et al. 1992a, 1994); 3) to quantify effects on reproduction using
laboratory studies (Krause ef al. 1992, Krause 1994); and 4) to use the BACIPS design to
quantify individual-based responses in conjunction with another SCEI project studying a
planned produced water outfall at Gaviota, California. However, the outfall at Gaviota never
went into full operation, whereas the existing plant at Carpinteria actually stopped discharging
produced water during our studies. As a result, we modified the fourth objective: 4’) to use a
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BACIPS design to quantify the environmental effects of produced water on biological
parameters at the Carpinteria site (this analysis was based upon comparisons of field data
collected during produced water discharge to data collected following cessation of discharge).
Our final two objectives focused on the long-term contributions of our program to
environmental sciences: 5) to advance the theoretical developments and application of the
BACIPS assessment design (Stewart-Oaten et al. 1992, Osenberg et al. 1994, Osenberg and
Schmitt 1994, Schmitt and Osenberg 1996); and 6) to train students in the application of
ecological concepts and statistical tools to environmental problems.

DESCRIPTION:

Our study site was located near Carpinteria, CA, USA (34°23'N, 119°30'W), where the
subtidal environment consists of a sand bottom with little or no physical relief. This area is an
open coast environment, although it is somewhat sheltered due to the presence of the northern
Channel Islands and the east-west orientation of the coast. Discharge of produced water
occurs approximately 200 - 300 m from shore at bottom depths of 10 - 12 m. The volume
discharged is extremely consistent from month to month, averaging ~2.5 million liters/day.
Produced water was discharged continuously (except for occasional daily interruptions) from
1978 through 1992. In July 1992, the plant reduced its activities and permanently stopped
discharging produced water. We conducted studies at sites within 1 km of the outfall between
1990 and 1995, thus spanning the periods with “discharge” and “no discharge”. Our
fieldwork focused on several types of data: (1) performance of outplanted mussels and sea
urchins at 6-8 sites that varied in their proximity to the diffuser; (2) barium content in these
mussel shells (barium is a marker of the produced water plume that is incorporated into
mussel shells: Higashi er al. 1992, Osenberg et al. 1992b), which permitted us to relate
patterns of mussel performance to exposure; (3) infaunal densities at 20 sites that varied in
their proximity to the diffuser (from a few meters out to 1 km upcoast and downcoast). Most
of these data were collected both before and after July 1992, which enabled us to apply the
BACIPS assessment design.

SYNOPSIS OF MAJOR FINDINGS AND RESULTS:

In our lab studies, we documented significant effects of produced water exposure on
fertilization and early development rates of sea urchins (Krause et al. 1992, Krause 1995).
Produced water reduced the apparent fertilization success in urchins: produced water inhibited
the vitelline membrane from lifting off the egg surface in ~30% of the eggs, but otherwise did
not affect syngamy. Survival of embryos was not affected; however, produced water did
significantly retard developmental rates, and this effect varied depending on whether eggs or
sperm were exposed. These effects were apparent even at the lowest concentration of
produced water: 0.0001%.

Sea urchin apparent fertilization success (based on presence of a fertilization membrane),
infaunal densities, and mussel performance showed considerable spatial variation that was
correlated with distance from the diffuser (Osenberg et al. 1992b, Krause 1994, 1995). We
used some of these data, together with time series data in the absence of produced water (from
a companion SCEI project) to estimate the statistical power of BACIPS assessment designs
(Osenberg et al. 1992a, 1994). Between-site differences in chemical - physical parameters
(e.g., elemental concentration) and in individual-based and demographic parameters (e.g.,
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body size and survival) were relatively consistent through time, whereas differences in
population-based parameters (e.g., density) were more variable. The magnitude of effects was
estimated to be greatest for population-based parameters and least for chemical - physical
parameters, which tended to balance the statistical power associated with these two parameter
groups. Individual-based parameters were intermediate in estimates of effect size. The ratio
of effect size to variability (and thus statistical power) was greatest for individual-based
parameters and least for population and chemical - physical parameters. The results suggested
that relatively few of the population and chemical - physical parameters, but many of the
individual-based/demographic parameters, could provide adequate power given time
constraints of most studies.

Analysis of the complete data set, collected both during discharge and after cessation of
discharge, revealed that spatial patterns in mussel performance, shell barium content, and
infaunal density were almost entirely due to effects of produced water. More limited data on
sea urchin fertilization also showed effects due to produced water (Krause 1995). Shortly
after cessation of produced water discharge, spatial variation in these parameters declined
considerably. Comparison of the Discharge data with the Non-discharge data showed strong
deleterious effects of produced water on urchin fertilization (Krause 1995), mussel growth and
condition, shell barium concentration and the density of several key infauna (some infauna,
notably nematodes, showed positive responses to produced water discharge). For example,
exposure of mussels to produced water reduced mussel tissue production by ~30% at the
closest stations (within 10 m of the outfall) and by ~10% at 500 m. Shell barium content
mirrored these patterns of performance and served as a reliable indicator of produced water
exposure.

In addition to our laboratory and field work, we also expanded the conceptual development of
the BACIPS design and encouraged the application of BACIPS to other environmental
studies. We accomplished this through publications in peer reviewed journals and books,
publication of a Special Feature in Ecological Applications, the organization of and
participation in workshops and meetings, and the publication of a book (Schmitt, R.J. and
C.W. Osenberg. 1996. Detecting ecological impacts: Concepts and applications in coastal
habitats. Academic Press, San Diego. 401 pages). The book represented a major
undertaking and comprised a large portion of our activities during the latter stages of this
project. We also helped train over 30 students and field and laboratory assistants, and
incorporated our results into several new courses that were developed at UC Santa Barbara
and UC Berkeley.

STUDY PRODUCTS:

PUBLICATIONS (listed chronologically; * indicates most important publications: reprints
included with the Final Study Report):

Osenberg, C.W., S.J. Holbrook and R.J. Schmitt. 1992a. Implications for the design of
environmental assessment studies. Pages 75-90 In P.M. Grifman and S.E. Yoder
(eds.) Perspectives on the Marine Environment. USC Sea Grant, Los Angeles,
California.
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*Krause, P.R., C.W. Osenberg, R.J. Schmitt. 1992. Effects of produced water on early life
stages of a sea urchin: gender-specific responses and delayed expression. Pages 431-
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Ecological Applications 4:1-2.
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Tox. and Chem. 13:1153-1161.
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effluent discharge site. Archives of Environmental Contamination and Toxicology
29:523-529.

*Schmitt, R.J. and C.W. Osenberg (editors and contributing authors). 1996. Detecting
ecological impacts: Concepts and applications in coastal habitats. Academic Press,
San Diego.
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C.W. Osenberg (eds.) Detecting ecological impacts: Concepts and applications in
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Ambrose, R.F., R.J. Schmitt, and C.W. Osenberg. 1996. Predicted and observed
environmental impacts: can we foretell ecological change? Pages 343-367 in R.J.
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The Design of Environmental Impact Assessment Studies: Conceptual Issues and
Application. Schmitt and Osenberg organized this symposium, which was held at the
Second International Temperate Reef Symposium, in Auckland, New Zealand
(January 1992) and featured speakers from Australia, New Zealand and the United
States. The US contingent included several SCEI investigators and an MMS scientist.

UC Toxic Substances Research and Teaching Program (Coastal Environmental
Program). All Principal Investigators were intimately involved in the UC Toxic
Substances Research and Teaching Program (Coastal Environmental Program), and
attended annual workshops throughout the UC system between 1989 and the present.
In addition to attendance at the workshops, MMS-sponsored research was often the
focus of research presentations.

Coastal Toxicology Research in California. Schmitt organized this workshop involving
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Water Management District. Steinhatchee, Florida, May 1997. (Osenberg was an
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Program (Coastal Environmental Program). Bodega Marine Laboratory, January
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"Statistical considerations in environmental assessment studies: the Before-After-Control-
Impact-Paired design". Annual workshop of the UC Toxic Substances Research and
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Chair, working group on "Environmental effects of produced water discharge". Annual
workshop of the UC Toxic Substances Research and Teaching Program (Coastal
Environmental Program). Bodega Marine Laboratory, November 1991. (Osenberg)
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Bodega Marine Laboratory, September 1994. (Osenberg)
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FINAL STUDY REPORT

Ecological Responses to, and Recovery From, Produced Water Discharge:
Application of a BACIPS Assessment Design

I. GENERAL INTRODUCTION

A. Motivation and Background

Produced water, an aqueous waste generated during oil and gas production, is commonly
discharged into marine environments. Its environmental effects are poorly understood, and
what is known, is based largely on studies conducted in the Gulf of Mexico and adjacent
estuarine systems. Field assessments in the Gulf of Mexico have been complicated by other
types of production activities that confound effects of produced water (Spies 1987, Carney
1987, Osenberg and Schmitt 1996). In addition, results from the Gulf, where discharge often
occurs in sheltered, shallow embayments, may yield limited insights about expected effects in
other systems, such as the more open, high energy coast of the western United States. Due to
more rapid diffusion of the produced water plume in these open-coast systems, and the highly
seasonal nature of the systems, effects of produced water may be even more difficult to detect
and quantify. Examination of individual-based parameters (such as growth, reproductive
output, or fertilization success) might provide more sensitive indicators of environmental
impacts than assessment of population density (Carney 1987; Osenberg et al. 1992b, 1994).
This approach also might reveal a different spatial extent of biological effects than
documented by variation in population densities. Furthermore, the examination of effects on
individual growth and reproduction, allow a more production-based assessment than is
possible by looking only at population density. Because population densities and many other
environmental variables of interest vary tremendously among different sites and at different
times, powerful assessment designs are needed to document environmental impacts (Stewart-
Oaten et al. 1986, 1992, Osenberg and Schmitt 1996). This is often not possible, however,
because data are seldom available from periods prior to the discharge of produced water.

In 1989, we began a field (and laboratory) study of the environmental effects associated with
an open coast discharge of produced water. The separation facility that discharged the
produced water was located near Carpinteria, California, and since 1978 had discharged ~2.5
million liters/day of produced water through a diffuser located approximately 250 m offshore
(at a depth of 11 m). We began this study, ~12 years after produced water was first
discharged at the site. Our initial field studies documented patterns consistent with an
environmental impact of produced water, which for some parameters appeared to extend out
to at least 0.5 km from the diffuser (e.g., Krause ef al. 1992, Osenberg et al. 1992, Raimondi
and Schmitt 1992, Krause 1994). However, these studies lacked "Before" data to compare
with the data obtained during operation, and thus were unable to unequivocally separate
effects of produced water discharge from other sources of spatial variation.

Because the plant shutdown in 1992, we were in the enviable position to examine recovery of
biota near the discharge as well as obtain data that would permit us to separate natural spatial
variation from effects of the produced water via application of the BACIPS design (in which

11
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the "Before" and "After" periods correspond to "Discharge" and "Post-shutdown" periods,
respectively). BACIPS requires a series of samples collected at a several sites during both
discharge and non-discharge periods. Because we anticipated the change in plant activity, we
collected (and archived) field samples in the hope that we could procure funds to process and
analyze these samples. We were able to do so through subsequent awards from the SCEI (in
fact, this project was supported through several SCEI projects, which were amended to take
advantage of these unique opportunities: see Piltz 1996 for a general discussion of the
importance of flexible and adaptive planning in environmental research). Thus, a primary
component of this project was to rigorously test for an environmental effect of produced water
(by separating the effect of produced water from other sources of variation) and compare the
time scale of recovery for a variety of benthic organisms as well as two species of mussels that
had been transplanted to the study sites. Our BACIPS analyses focused on three types of
ecological data: (1) performance of mussels outplanted to 8 sites that varied in their proximity
to the diffuser; (2) barium content in these mussel shells (barium is a marker of the produced
water plume that is incorporated into mussel shells: Higashi er al. 1992, Osenberg et al.
1992b); (3) infaunal densities assessed at 20 sites that varied in their proximity to the diffuser
(from a few meters out to 1 km upcoast and downcoast).

B. Basic Approach

Sea Urchin Reproduction

Fertilization success of purple sea urchins was evaluated using serial dilutions of produced
water collected from the discharge pipe at the separation facility just prior to its discharge into
the ocean (‘“effluent”) or from the ocean at different distances from the outfall (“receiving
water”). Gametes were collected from adult urchins following intracoelomic injections of 0.5
M KCl. Adults either were collected from a rocky reef distant from the produced water outfall
and maintained in the laboratory or taken from cages placed at different distances from the
outfall (thus, using adults that had been exposed to variable degrees to produced water under
field conditions). Eggs and sperm were stored on ice and all tests were conducted within one
hour of collection. Most tests were conducted following brief exposure of eggs, sperm or
zygotes (or combinations thereof) to produced water. Fertilization success was determined
microscopically by the presence of a fertilization membrane. Survivorship and developmental
rates were also assessed. Gonad mass and egg size were also determined for the adults
maintained in cages at different distances from the outfall. See Krause et al. (1992) and
Krause (1994, 1995) for greater description about the laboratory and field protocol.

Mussel Performance

Beginning in June 1990 and continuing until March 1994, we examined the performance of
mussels transplanted to a subset of these study sites. Initially, 12 buoy arrays were deployed
at six of these sites (two each at 1, 5, 10, 50, 100, 1000 m west of the diffusers); we later
added arrays at 500 m west and 1000 m east of the diffusers. We assessed the performance of
California mussels (Mytilus californianus) during 7 different periods during discharge and 6
different periods after shutdown (1 additional period straddled the discharge/shutdown
period). Each outplant lasted 3-4 months, and enabled us to assess mussel growth, tissue
production, and survival as a function of distance from the diffuser. One of the outplants was
done in collaboration with colleagues at the Bodega Marine Laboratory (G. Cherr, G. Harman)
and UC Davis (T. Fan, R. Higashi) who examined the mussels to assess their developmental
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and physiological status. We also conducted outplants of the bay mussel (M. edulis) for a
subset of these periods, depending on the availability of these mussels. Before being
transplanted to the field, individual mussels were measured and marked so that their initial
size could be estimated upon collection. Forty mussels from a size range (20 — 60 mm shell
length) were put into a bag made of oyster netting. Two bags (per species) were placed ~4.5
m above the ocean floor at each study site. A control bag was immediately frozen without
being transplanted to provide an estimate of initial condition. Mussels were recovered after 3-
4 months and frozen until they could be processed. Each mussel was measured and dissected,
and gonadal and somatic tissue was then separated, dried at 60°C for 24 hours and weighed.

Shell Barium Content

For many of these outplants, we (in collaboration with T. Fan and R. Higashi at UC Davis)
also quantified the amount of barium in the mussel shells. Barium is a marker of the produced
water plume (Higashi et al. 1992) and can substitute for calcium in the carbonate matrix of
bivalve shells. Mussel shell fragments from the growing edge of ~10 shells / distance were
chipped off, dried, and pulverized into a fine powder. The shell powder (ca. 0 .5 g) was
digested in 6 ml of concentrated nitric acid in a Taylor tube, which was left overnight at room
temperature followed by heated digestion at 50°C for 90 min, 100°C for 90 min, 140°C for 90
min (tube opening covered with a glass funnel for recondensing nitric acid vapor), 160°C for
90 min (with funnel removed), and 220°C until all nitric acid was evaporated. The residue
was redissolved in 8 ml of 2% nitric acid and centrifuged at 4000 rpm to remove particulates.
An additional set of shell samples was spiked with 62.5 ppb Ba standard and processed
identically as above. The digest was then subjected to inductively coupled plasma-atomic
emission spectrometry (ICP-AES) for Ba and Ca (using wavelengths of 455.4 and 315 nm,
respectively). A calibration curve for Ba was composed of 0, 10, 50, 100, and 1000 ppb Ba
standards while that for Ca consisted of 20, 100, and 400 ppm Ca standards. Each set of
standards was run every 15 to 30 samples to check instrument drift with time; all standard
curves had a linear correlation coefficient of > 0.999. Barium content was expressed on both
a dry mass basis and normalized to Ca content, since shell may also contain non-carbonate
material.

Infaunal Organisms

Beginning in February 1990 and continuing through June 1995, we conducted 14 intensive
spatial surveys near the produced water outfall. Benthic samples were collected at a bottom
depth of 10 m and at distances of approximately 1, 2, 5, 10, 25, 50, 100, 250, 500, and 1000 m
upcoast (West) and downcoast (East) from the diffuser. Eight core samples (78 cmz/core)
were collected at each of the 20 sites to characterize the infaunal assemblage; sediments were
also collected for enumeration of grain size distribution and sediment organic matter.
Buffered formalin was added to the infaunal cores to bring the total concentration to 10%
formalin, and later washed through 2 mm, 1 mm, and 0.5 mm sieves and stored in alcohol.
Organisms were subsequently picked from the sediments, identified to broad taxonomic
categories, and counted. For additional detail, see Osenberg et al. (1992b)

C. Results
Results from our research are summarized in the following sections (Il — VI).
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III. PRODUCED WATER EFFECTS ON SEA URCHIN REPRODUCTION: LAB
BIOASSAYS OF FERTILIZATION SUCCESS AND DEVELOPMENT

Krause, P.R., C.W. Osenberg, R.J. Schmitt. 1992. Effects of produced water on early life
stages of a sea urchin: gender-specific responses and delayed expression. Pages 431-
444 in J.P. Ray and F.R. Englehardt (eds.), Produced water: technological /
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EFFECTS OF PRODUCED WATER ON EARLY LIFE STAGES OF A SEA
URCHIN: STAGE-SPECIFIC RESPONSES AND DELAYED EXPRESSION

P. R. Krausel"2, C. W. Osenberg!> and R. J. Schmitt!
1 Coastal Research Center, Marine Science Institute

2 Department of Biological Sciences
University of California
Santa Barbara, California
USA

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 well suited for exploring the nature, extent and
generality of biological responses. For example, there is an emerging paradigm that earlier
developmental stages of a marine organism are more sensitive to a pollutant than later ones (e.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 will be underestimated if additional effects are manifested at a later developmental
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

Produced Water, Edited by J.P. Ray
and FR. Engelhart, Plenum Press, New York, 1992 431
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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 () 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
seaurchin is 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 sea 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 KClI (Strathmann, 1987). Eggs were
cleaned by passing them twice through a 200 um Nitex mesh and allowing them to settle through
100 ml 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 (Dinzel 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 nodifference
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 a second factor designating the life
stage(s) that was exposed (e.g., eggs only, sperm only, zygote only, and/or a 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
togetherin 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 units 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 a specified time, replicates were
fixed with 10% formalin, and 100 individuals from each replicate were inspected and their
developmental 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.e., assessed after
only 48 hours). Thus, it was not possible to separate the relative contributions of mortality from
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delayed development. Consequently, a third experiment was conducted to estimate directly the
separate effects of produced water on embryo survivorship and developmental 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
ateach 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 pﬁor 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; Fig=043P >
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=147; 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 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. 218=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%)
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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 eggs fertilized after 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 control (Dunnett’s test, P < 0.05).

There was also a significant difference attributable to which gamete type(s) was exposed (Fig.
1; F, ;g = 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 asignificantly 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, 418
=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 (Fp30=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 (+ 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 no significant difference among the control or exposure treatments (Fig. 3; F;5=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; 3 = 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 (= 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
zygotes), 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 possible 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 preduced water on viability of sperm was virtually instantaneous,
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Figure 4. Mean proportion (= 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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Figure 5. Viability of purple sea urchin sperm as a function of time since activation. Data are the mean (=1
SE, n=3) proportion of eggs fertilized by sperm in the absence (circles) and’ presence (squares) of
1% produced attributable water. Only sperm were exposed to produced water: eggs and zygotes
were kept in filtered sea water. Fertilization was assayed after 25 (open symbols) and 120 (closed
symbols) minute incubations.

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 (x 1 SE, n = 3) proportion of
egg cohorts known to be fertilized based on the presence of either a vitelline membrane or cleavage
at each interval in the absence (open circles) and presence (solid diamonds) 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 been successfully 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
et al., 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-Williams, 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 bioassay
(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
illustrate that a delay in expression of an effect cannot be discovered when the assay endpoint,
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): it did not directly increase mortality of developing zygotes (Fig. 3) orreduce 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 conceniration 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 collected 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 (e.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.

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; larvae 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 al. (1982) found results for other sea urchin species
exposed to cadmium that were qualitatively similar to ours. Although cadmium is not common
inthe 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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Abstract — Adult organisms subjected to chronic discharges from a point source of pollution may exhibit several sublethal re-
sponses. One such response is the impairment of gamete production. This may be expressed in the amount and/or quality of
gametes produced by adults. In this study the effects of chronic exposure to produced water (an oil production effluent) on the
gametogenesis and gamete performance of the purple sea urchin (Strongylocentrotus purpuratus Stimpson) were examined using
an in situ caging experiment. Adult purple sea urchins were kept in benthic cages arrayed down-field from a discharging dif-
fuser at 13 sites, with distances ranging from 5 to 1,000 m. Cage exposures were maintained in the field for eight weeks, and
each cage held 25 animals. Gametogenesis was examined for each sex by comparing a size-independent measure of relative go-
nad mass as determined by analysis of covariance. Results showed that there was a significant negative relationship between
these estimates of relative gonad mass and distance from the outfall for both sexes, indicating thart sea urchins living closer to
the outfall produced significantly larger gonads. Gamete performance was measured through a fertilization kinetics bioassay
that held the concentration of eggs constant and varied the amount of sperm added. The proportion of eggs fertilized under
each sperm concentration was determined and the response fit to a model of fertilization kinetics. This experiment showed sig-
nificant differences in the fertilizability of eggs between cages, and egg fertilizability showed a positive relationship with dis- -
tance away from the outfall. These findings indicate that although adul[ sea urchins exposed to a produced water outfall exhibit
larger gonads, they suffer a marked decrease in gamete performance.

Keywords — Produced water Strongylocentrotus purpuratus Gametogenesis Reproductive toxicity Bioassay

INTRODUCTION is the impairment of gamete production in adult organisms.
The introduction of anthroprogenic discharges of various This may be expressed in the quantity of gametes produced
toxicants into the coastal marine environment of southern by adults or in the quality of those gametes that are pro-
California has stimulated interest in understanding their fate duced. In this study f‘dun purple sea urchins (Strongylocen-
and effects. In recent years, interest in the effects of oil- trotus purpuratus Stimpson) were us?d to test the effects of
related effluents has increased with oil production in the chronic exposure to produced water discharge on gametogen-
Santa Barbara Channel. One type of discharge that has re- esis and gamete quality through the use of an in situ caging
ceived little research attention in the western United States experiment. Specifically, this §xperimept tested how sea G
is produced water. During oil production, water pumped chin gonad sizes and fertilization kinetics of gametes varied
from the formation must be separated and discarded. This with proximity to an outfall following an eight-week field ex-
aqueous fraction, commonly called “produced water” or “oil- posure to discharges of produced water.
field brine,” is often discharged into the marine environment.
The effluent contains a diverse array of contaminants, in- Z = s
cluding hydrocarbons, heavy metals, and chemical additives A model of sea urchin f emhzat'xf)n k}“”“ was proposed
such as surfactants and corrosion inhibitors. Produced wa- by Vogel et al. [7] to predicr fertilization based on gamete
ter is possibly the single largest source of contaminants that concentrations; sperm life span; and two rate constants, B
result from offshore oil production [1]. and 6‘0‘ The Vogel—Cuh.ak—Chan'g—Wdf (VCCW) model is
From an ecological perspective, one of the most impor- described by the following equation [7; Eq. 13]:
tant sublethal effects of toxicant exposure is the impairment
of reproduction in adult organisms. To date, few studies have
explored the sublethal effects of produced water on repro- F=1-exp (—
duction in marine organisms, either in the field [2-4] or in
the lab [5,6]. One potential sublethal effect on reproduction

Fertilization kinetics

S
BE° (1 —exp(—ﬁoEor))>,

0-~0

where F is the proportion of eggs fertilized, § is the rate con-
. - - =t - o
The current address of P.R. Krause is National Biological Sur- stant of fertilization, f, is the rate constant of sperm-egg

vey, National Fisheries Contaminant Research Center, Texas A&M- encounter, S, is the sperm concentration, Ej is the cggicons
Corpus Christi, Campus Box 315, Corpus Christi, TX 78412. centration, and 7 is the sperm life span [7]. The fertilizable
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surface fraction of the egg is described by the ratio of /8,
[7]. This model assumes that a sperm cell will attach to the
first egg that it encounters. It also accounts for “sperm scav-
enging” by eggs, whereby one egg may have several sperm
attached to it, yet only one sperm cell will eventually fertil-
ize the egg. Under this model, with all eggs capable of being
fertilized, all eggs will become fertilized if enough sperm
are available and the model saturates at 100% fertilization
(Fig. 1, curve A).

Exposure to a toxic pollutant may have several effects on
fertilization kinetics and thus alter the shape of the kinetics
model [7]. First, if all the eggs are capable of becoming fer-
tilized but there is an effect on the potency of the sperm, the
model will still saturate at 100% fertilization, but the initial
slope of the curve will be lower (Fig. 1, curve B). All the eggs
will eventually become fertilized, but it will take a much
higher sperm concentration to achieve saturation. The ini-
tial rate of fertilization as it approaches saturation can be
thought of as the attack rate of sperm on eggs. That is, the
initial slope is a function of the rate at which sperm find and
fertilize eggs. Second, if the major effect is on the fertiliz-
ability of eggs and all the sperm remain healthy, the curve
should be similar to the first case, but saturation should oc-
cur at fertilization levels <100% (Fig. 1, curve C). This as-
sumes that unfertilizable eggs will continue to attract sperm
in the same manner as fertilizable eggs. Third, if the effect
of the pollutant is a combination of effects on fertilizability
of eggs and potency of sperm, the model should be repre-
sented by a curve that is even more depressed. It will satu-
rate at <100% fertilization, with an even lower initial slope
(Fig. 1, curve D).

Study organism

The organism selected for this experiment was the purple
sea urchin, S. purpuratus Stimpson (Echinodermata: Echi-
noidea). Purple sea urchins are common invertebrates of the

a
X
|
]

Proportion of Eqgs Fertilized 3
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rocky intertidal and submerged reefs along the California
coast. They become sexually mature when they reach a test
diameter of about 25 mm [8] and typically spawn between
December and May [9], although subtidal populations may
be gravid throughout much of the year [10; P. Krause, per-
sonal observations]. Mature eggs of the purple sea urchin are
typically between 78 and 80 um in diameter [9]. Lab popu-
lations may be sustained in spawning condition, and ripe ga-
metes may be collected several times over a reproductive cycle
if the adults are maintained in a well-fed condition [11].

MATERIALS AND METHODS
Study site

The produced water discharge and study site are located
near Carpinteria, California, (34°23'N, 119°30'W), approx-
imately 20 km east of Santa Barbara. The general area con-
sists of a sandy bottom environment with little relief. The
coastline at Carpinteria can be characterized as an open-
coast, high-energy environment. Currents run essentially par-
allel to the coastline in an east-west direction, with westerly
flow (i.e., east to west) more common than easterly flow.
Current flow from depth profiles at the outfall diffuser mea-
sured on 30 sampling dates was from the north (flow off-
shore), south (flow onshore), east, and west 25, 6, 42, and
27% of the time, respectively [2]. The north-south currents
were driven primarily by changing tidal cycles on sampling
dates. ;

The Carpinteria produced water outfall has operated for
approximately 13 years. The subtidal diffuser is located ap-
proximately 200 to 300 m offshore at a depth of approxi-
mately 11 to 12 m. The diffuser is made up of 10 T-shaped
discharge ports located along the final 25 m of the pipe. The
discharge ports are oriented perpendicularly to the pipe and
rise about 0.75 m above the sand substrate. The outfall dis-
charges approximately 16,000 bbl/d (2.6 x 106 L/d) at a cal-
culated minimum initial dilution of 125 to one (CRWQCB

[Sperm]

Fig. 1. Idealized curves for the fertilization kinetic responses of sea urchin eggs. [A] Response with all fertilizable eggs and all sperm capable
of fertilizing eggs; [B] response with all fertilizable eggs but decreased sperm potency; [C] response with only a portion of fertilizable eggs
but all sperm capable of fertilizing eggs; [D] response with a combination of effects reducing both fertilizability of eggs and potency of sperm.
F.x = maximum fertilizability of eggs. Sperm attack rate is the initial slope of the response.
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NPDES permit CA0000230). The effluent is approximately
5°C warmer than the receiving waters, and previous studies
have shown that there is no detectable thermal gradient be-
yond 0.5 m of the discharge ports [2]. The effluent has a
lower salinity (about 18 ppt) than the receiving waters, and
salinity gradients rapidly reach background levels (32 ppt)
within 5 to 10 m from the outfall (P. Krause, in preparation).
The chemical characteristics of the effluent from the Carpin-
teria outfall have been summarized by Higashi et al. [12].
Briefly, they reported the effluent to be a complex mixture
of both metal and organic pollutants. Due to the highly vari-
able nature of the effluent [1; J. Wallace, personal commu-
nication], to date no definitive measurement exists of the
extent of the physical or chemical plume produced by the out-
fall, although previous studies have shown biological effects
may be detected out to approximately 100 m from the out-
fall [2,3]. This experiment was, in part, designed to determine
the spatial extent of biological responses resulting from the
plume.

Experimental urchin cages were deployed at 13 sites to the
west of the outfall. Cage sites were located at 3, 10, 15, 20,
30, 40, 50, 60, 70, 80, 90, 100, and 1,000 m from the pro-
duced water diffuser (Fig. 2). These sites were chosen for sev-
eral reasons. First, the predominant current direction is
alongshore from the east. The most probable plume direc-
tion is to the west of the outfall. Second, the bottom char-
acteristics in many areas to the east of the outfall would have
precluded attachment of cages to the substrate. Last, and
most important, a priori information from pravious field
studies at this outfall has indicated that biological effects are
likely to be found along the western transect out t approx-
imately 100 m from the outfall [2,3]. The distant site at
1,000 m can, therefore, be thought of as a far-field control.

As this study was designed to detect biological responses
along the western transect, the statistical design was that of

a regression analysis. That is, it was determined that inter-
site variability was more important to detect than intrasite
variation. Therefore, intrasite variation was sacrificed for ad-
ditional sites, and only one cage was deployed at each loca-
tion. This resulted in a better estimate of the overall response
curve at the expense of an estimate of within-site variability.

Cages measured 1 X 0.5 X 0.25 m and were constructed
of 13 mm PVC plastic pipe frame covered with 13 mm mesh
plastic netting. The top of the cage was hinged to provide ac- -
cess in the field. Cages were fixed to the substrate with 1 m
earth anchors at a water depth of approximately 11 to 12 m
along a transect line bearing 180° magnetic. The cage anchors
were checked several times throughout the deployment pe-
riod and tightened as needed to maintain the cages securely
on the substrate.

Field exposure of study organisms

Adult purple sea urchins were collected from a subtidal
rocky reef near Santa Barbara, California. Animals were
maintained in large, continuous-flow seawater tanks located
outdoors for the period between collection and field deploy-
ment. During this period the sea urchins were fed with freshly . .
collected giant kelp (Macrocystis pyrifera) blades. Four days
before deployment in the field, all animals were induced to
spawn artificially by injecting them with of 0.5 to 1.0 ml of
0.5 M KCI [9]. This procedure ensured that sea urchins de-
ployed in field enclosures began the experimental period
with few ripe gametes, therefore subsequent gametogenesis
must have occurred during the exposure period. Of the 400
sea urchins collected, only 14 died between capture and
deployment.

On April 8, 1992, 25 sea urchins were outplanted into each
cage. The animals were supplied with 2 kg giant kelp blades.
At two-week intervals throughout the exposure period, each
of the cages was serviced. At this time any uneaten kelp ma-

€20 Km
Santa Barbara

Pacific Ocean

® Carpinteria
THew

Cage Transect

Processing
Facility

Scale Bar = 1000 m
CCCeessmmmm S

Fig. 2. Diagrammatic map of experimental site at Carpinteria, California. Experimental cage locations were along the cage transect at dis-
tances of 5, 10, 15, 20, 30, 40, 50, 60, 70, 80, 90, 100, and 1,000 m. Water depth at the diffuser was approximately 11 m.
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terial was removed, the cages cleaned of fouling organisms,
and the animals fed 2 kg giant kelp blades. At no time dur-
ing the exposure period did the sea urchins go without food,
as there was always uneaten kelp material within each cage.

- There was no mortality of urchins during the experimental
period. After an eight-week field exposure all sea urchins
were recovered from each cage on June 3, 1992. Recovered
sea urchins were collected into marked bags, maintained in
coolers, and returned to the lab.

To determine if gametogenesis differed between cages, the
gonads from a subsample of sea urchins from each cage were
examined. Upon reaching the lab, 10 sea urchins from each
cage were picked haphazardly and sacrificed for gonadal
analysis. To avoid spontaneous gamete release, the animals
were first frozen at —20°C for 2 h and then fixed in 10%
buffered formalin. The remainder of the sea urchins from
the field cages were transferred to marked cages and main-
tained in continuous-flow seawater until fertilization analy-
sis. To test for effects on gamete performance, a fertilization
bioassay was performed on gametes spawned from sea ur-
chins of each cage.

Gonadal analysis

Fixed sea urchins were drained of excess formalin, their
test diameters measured, and their gonads removed. Gonad
material was dried for 24 h at 35°C and weighed. To facilitate
comparisons between cages, size-independent measures of
relative gonad mass were obtained for each sex using analysis
of covariance (ANCOVA) of log(gonad mass) with log(test
diameter) as the covariate [2]. From this analysis adjusted
means of log(gonad mass) for each sex were determined from
each cage. The relationship between these adjusted means,
for both males and females, and cage distance from the out-
fall were determined by regression analysis.

Fertilization bioassay

For each cage, the remaining 15 urchins were spawned for
15 min using the method previously described and the ga-
metes were collected. The sex ratio of spawned organisms
varied from cage to cage, but each test involved at least four
individuals of each sex. Eggs were collected and cleaned by
passing them twice through a 200-um Nitex® mesh (E.A.
Case, Andover, NJ) and allowing them to settle through
100 ml of filtered sea water. Sperm were collected “dry” by
pipetting the gametes from the dried surface of male sea ur-
chins [13]. Both gamete types were collected separately and
stored on ice. All bioassays were conducted no later than
1 h after gamete collection. Previous studies have shown that
this delay between spawning and assay does not alter viabil-
ity of eggs or sperm [6].

The general protocol for the fertilization bioassay in-
volved exposing a fixed concentration of eggs to several dif-
ferent sperm concentrations and determining the proportion
of eggs fertilized under these different concentrations. Af-
ter determining the concentration of eggs in the stock sus-
pension, a working suspension of 25,000 eggs ml™! was
made in a glass test tube. Of this, approximately 500 eggs
were transferred to 10 ml seawater for each of 12 fertiliza-
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tion incubations. Sperm concentration was determined for
the dry sperm stock. The sperm stock suspension was diluted
with seawater and sperm transferred to each fertilization in-
cubation to final sperm concentrations of 2,500, 5,000,
10,000, 12,500, 15,000, 17,500, 20,000, 25,000 30,000, 37,500,
50,000, and 250,000 sperm ml~'. In all experiments, there
were three replicates of each treatment. To assess fertiliza-
tion success, replicates were fixed with 10% formalin 25 min
after gametes had been added to the incubation units. Fer-
tilization success was estimated by microscopic examination
of the fertilization membrane. The incubation chambers were
15-ml plastic Falcon® (Becton Dickinson, Lincoln Park, NJ),
multiwell culture dishes. All seawater was filtered through
a 0.45-um autoclaved filter, and all experiments were con-
ducted in a cold (15°C) room on a continuous shaker table.
The cage order for performing the bioassays was determined
randomly before running the experiments.

Data analysis involved linear regressions of various pa-
rameters of the fertilization kinetic response against distance
from the outfall. First, to test for effects on eggs, the maxi-
mum asymptotic fertilization (Fp,,,) was regressed against
log(distance) from the diffuser. Second, to test for effects on
sperm, the sperm attack rate was similarly regressed against
log(distance) from the diffuser. The attack rate of sperm was
defined by the initial slope of the fertilization kinetic re-
sponse. All fertilization proportions were arcsine square-root
transformed before analysis. The maximum asymptotic fer-
tilization was determined by fitting the data to a modified
VCCW model [7] of sea urchin fertilization kinetics. The ini-
tial slope of the response (sperm attack rate) was determined
by linear regression of the proportion fertilized against the
log(sperm concentration) for the first seven sperm concen-
trations with the intercept forced through the origin. This cri-
terion was chosen because it covered the initial linear portion
of the response and provided a good linear fit (7> > 0.9 for
all distances).

The VCCW mode] was modified to account for asymp-
totic fertilization below 100% by multiplying the right side
of the equation by the maximum fertilizability of eggs
(Frax)- The modified model becomes

F=F <l —exp[— o [1 —CXP(—BOEOT)]}>
max 8, E, 2

0~0

where F is the proportion of eggs fertilized, F,,,, is the max-
imum fertilizability of eggs, f is the rate constant of fertil-
ization, B, is the rate constant of sperm-egg encounter; So
is the sperm concentration; Ej, is the egg concentration; and
7 is the sperm life span [7,14]. Substituting

o= (£> [1 —exp(—BoEy7)],
Bo

the expression simplifies to

rerinfi-eof (2]
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Thus, since Ey, and 7 are held constant throughout the ex-
periments and the ratio of 3/8, is a constant [7,14], k be-
comes an overall rate constant of the fertilization response.

Data from the fertilization bioassay were fit to the mod-
ified VCCW model with a nonlinear regression by iterating
the DUD method in SAS® [15] to find the best fitted value
of Fi.x for each cage. To verify that the modified model ac-
curately fit the experimental data, the maximum fertilizabil-
ity of eggs was also determined from the proportion of eggs
fertilized under the highest (250,000 sperm ml™') sperm con-
centration. An ANCOVA was then used to examine how the
two estimates of maximum fertilizability of eggs varied with
distance from the produced water outfall.

To determine if spawned eggs were of a mature size, an
analysis of eggs collected from sea urchins in each cage was
made. For each cage, 100 eggs were measured at 40X on a
compound microscope equipped with an optical microme-
ter. The egg diameter and the proportion of eggs <80 um in
diameter were determined. The presence or absence of ger-
minal vesicles in eggs was also determined, as this is 2 good
indicator of egg maturity [16]. ANOVA was performed on
the mean egg diameter between cages. A similar ANOVA was
done on the proportion of small eggs between cages.

RESULTS
Analysis of gonads

Examination of gonad size data revealed a striking pat-
tern with distance from the outfall. ANCOVA indicated a sig-
nificant effect of log(test diameter) on log(gonad mass) in
both genders (males: F|, 5o = 65.27, P = 0.00i; females:
Fi3,53 =79.61, P =0.001). Analysis of size-independent rel-
ative mean gonad masses indicated that sea urchins caged
closer to the produced-water discharge had larger gonads
than urchins caged farther away (Fig. 3). This pattern was
similar for both males and females. Male sea urchins showed
a weak but significant relationship between gonad size and
cage distance (Fig. 3A; r*> = 0.44, F, , =7.93, P =0.018).
A similar and slightly stronger pattern was found for female
sea urchins (Fig. 3B; r* = 0.54, F\ 10 =13.37; P = 0.004).
ANCOVA revealed that there was not a significant difference
between male and female responses with distance (Fay, 24 =
11.24, P = 0.0004).

Fertilization bioassay

The pattern of response in the fertilization bioassay was
similar for all groups of sea urchins regardless of distance
from the outfall. Each test showed an increasing function
that saturated with an asymptotic number of eggs fertilized
with between 50,000 and 250,000 sperm ml~!. The modified
VCCW model fit the data well (r2 > 0.9 for all distances).
The asymptotic maximum fertilizations (F,,) estimated
from the model reflected accurately the maximum attainable
fertilizations observed. There was no significant difference
in the estimates of maximum fertilization either with the
model fit or using the maxima from the raw data (Fig. 4A;
F\ »5 =0.11, P = 0.754). This indicates that the modifica-
tions to the VCCW model increased the accuracy of the
model in describing the pattern found in the data. For all
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Fig. 3. Relationship between relative gonad mass and distance from
the outfall. Data are mean (+sE, n = 10) gonad mass for each sex.
(A) males; (B) females. Size-independent measures of gonad mass
were determined by ANCOVA using log(test diameter) as covariate.

cages, the fraction of fertilizable eggs differed dramatically
over the tested range of distances and increased with distance
from the diffuser (Fig. 4A). For example, only about 38%
of eggs from the 5-m cage were fertilizable, whereas 87% of
eggs from the 100-m cage were fertilizable. There was a sig-
nificant linear relationship between F,,,, and log(distance)
from 5 m out to 80 m (Fig. 4A; r* = 0.984, F; o = 486, P =
0.0001). The effect on £}, diminished between 90 and 100 m
and was no longer evident at the 1,000-m site, where eggs
were 100% fertilizable (Fig. 4A).

The pattern of the sperm attack rate with distance from
the diffuser was similar to that of the fertilizability of eggs.
The relationship between fertilization and log(sperm concen-
tration) was linear and showed good fit for sperm concen-
trations between 2,000 and 20,000 sperm mi~! (»> > 0.9 for
all cages). Only sperm concentrations of 20,000 or less were
used to determine sperm attack rates because linearity de-
creased at successively higher sperm concentrations. The
slowest (lowest initial slope) attack rate was observed at the
5-m site, and rates increased through the 80-m site. The ef-
fect on sperm attack rate was similar at cages between 90 and
100 m and greatest (steepest initial slope) at the 1,000-m site
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Fig. 4. Fertilization kinetic parameters (F,,,, and sperm attack
rates) as a function of distance from an active produced water out-
fall. (A) Relationship between maximum fertilization (Frax: ®) as
determined from the fit of the modified VCCW model [7] and the
maximum fertilization attained under the highest sperm concentra-
tion (O) with distance from outfall. Data are back-transformed val-
ues obtained from arcsine-transformed fertilization. (B) Relationship
between sperm attack rates and distance from outfall. Sperm attack
rate is defined as the initial slope of the fertilization response (see
“Methods”).

(Fig. 4B). There was a significant relationship between sperm
attack rate and log(distance) from the produced water out-
fall over the first 80 m (Fig. 4B; r* = 0.991, Fy ¢ = 927, P =
0.0001).

The size of eggs released by females did not vary signifi-
cantly with distance from the outfall (Fig. 5A; Fiy 1108 =
0.95, P = 0.330). The mean egg diameter ranged from
82.80 um (SE = 0.36) from the 100-m cage to 83.78 um (SE =
0.40) from the cage at 80 m. There were no observable mor-
phological abnormalities in the egg morphology in any of the
examined eggs, and no eggs had germinal vesicles. For all
batches of eggs spawned from caged females, no more than
5% of the eggs were <80 um in diameter, which did not vary
significantly with distance (Fig. SB; F; ;; =0.01, P = 0.929).

DISCUSSION

Field exposure of adult purple sea urchins down-current
from an active produced water outfall resulted in toxic ef-
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Fig. 5. Relationship between urchin egg size and distance from an
active produced water outfall. (A) Diameter of eggs from caged ur-
chins. Data are mean (+SE, 7 = 100) egg diameter (xm). (B) Percent-
age of eggs from caged urchins that had diameters <80 pm.

fects on both gametogenesis and subsequent gamete perfor-
mance. Observed effects were manifested in decreased egg
fertilizability and decreased sperm attack rates as determined
by analysis of fertilization kinetics. The magnitude of the ob-
served effects on both eggs and sperm is directly related to
the distance from the outfall, with greater effects found
nearer the discharge (Fig. 4). If the results of the regressions
of both kinetic parameters (.« and sperm attack rate) are
extrapolated to their maxima, effects associated with the pro-
duced water outfall would be expected to occur out to ap-
proximately 100 m from the discharge (Fig. 4).

The observed effects differed between eggs and sperm. Ef-
fects on eggs resulted in decreased fertilizability, whereas ef-
fects on sperm resulted in decreased attack rates. Although
not directly tested here, decreased egg fertilizability may be
related to the accumulation of toxicants within the develop-
ing eggs. This has been hypothesized as a possible passive de-
toxification mechanism for biologically soluble hydrocarbons
and metals [17-21]. Lipophilic organic pollutants have been
shown to accumulate in the eggs of mussels [5], amphipods
[22], fish [21,23-25], birds [26], and mammals [27]. Such a
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detoxification mechanism could serve to reduce the toxic bur-
dens of adult females but with an associated cost of reduced
effective fecundity. This passive detoxification mechanism
is probably more active in females that produce large quan-
tities of lipid-rich eggs than in males with relatively lipid-poor
sperm. Another possible explanation is that produced water
directly affects the synthesis of the egg surface receptor for
the attachment of sperm during oogenesis [28]. Thus, sperm
may no longer be able to attach to and fertilize the eggs, that
is, eggs would become essentially unfertilizable.

There are several possible explanations for the decreased
attack rates of sperm on eggs. First, it is possible that produced
water exposure during spermatogenesis resulted in the devel-
opment of less capable sperm. This could come about through
any of several biochemical mechanisms: changes in the abil-
ity of a sperm to undergo the acrosome reaction [29], de-
creasing binding and/or penetrance of eggs [16], or decreased
motility of sperm cells [30]. To the extent that it was ob-
served, there did not appear to be any gross difference in
the motility of sperm cells from the different cages. Second,
the decreased attack rates could be an artifact of decreased
egg fertilizability. Thus, it may simply be that more sperm
are required to find the smaller proportion of eggs that are
capable of becoming fertilized; with a smaller proportion of
fertilizable eggs, greater amounts of sperm would be required
to fertilize the same proportion of eggs. This interpretation
is likely if the unfertilizable eggs continue to attract sperm
to the same degree as healthy eggs. Scavenging of sperm by
unfertilizable eggs would decrease the effective sperm con-
centration available to fertilize the healthy eggs. The VCCW
model takes into account the fact that eggs will attract sperm
and many sperm will become stuck in the jelly layer of the
egg [7]. Microscopic observations could not discern any dif-
ferences in the number of sperm cells attached to the fertil-
ized or unfertilized eggs throughout this experiment. Third,
there may be a combination of both mechanisms (sperm con-
trolled and egg controiled) operating to decrease the appar-
ent attack rates of sperm.

In addition, gametogenesis in adult sea urchins was af-
fected by exposure to produced water discharge. Like the ef-
fects on fertilization kinetics, the relative mass of gonads
from urchins varied with distance from the outfall. Sea ur-
chins -caged closer to the outfall had substantially larger
relative gonad masses than sea urchins from farther away
(Fig. 3). This was consistent for both males and females.
These results were similar to those found for mussels caged
at the same outfall by Garman and Cherr [31], who found
that mussels deployed closer to the outfall became gravid ear-
lier and had larger gonads than those further away. They also
found significant decreases in embryo performance from
mussels nearer the outfall [31]. Their studies, however, dif-
fered from those of Osenberg et al. [2], who found that mus-
sels caged near the same outfall showed larger gonadal
masses as related to distance from the outfall. Osenberg et al.
[2] did not, however, measure subsequent performance of ga-
metes or embryos. They also did not measure the physiolog-
ical state of the gonads, and it remains possible that in their
study mussels caged nearer the outfall became ripe and
spawned in the field before recovery. It is unlikely that sea
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urchins in this study spawned in the field because the animals
were spent before being outplanted and they were subjected
to a relatively short (eight-week) exposure time. If the exper-
imental animals had spawned in the field, it is unlikely that
even moderate quantities of ripe gametes would have been
recovered from those individuals. After the exposure period
urchins caged 1,000 m away from the produced water out-
fall released gametes with the highest performance (Fig. 5)
yet exhibited the smallest gonads. This would indicate that
these individuals had not spawned out in the field before re-
covery. These results suggest that increased gonad size, and
possibly increased gamete output, may compensate for de-
creased performance of gametes. The effective per-capita fer-
tilization rates may be similar among sites because urchins
that had the lowest gamete performance characteristics had
the largest gonad masses.

Until recently, field studies of ecological effects resulting
from the chronic discharge of produced waters have empha-
sized effects on the structure of benthic communities [32-
35]. Many of these studies have addressed the spatial scale
of effects by quantifying distributional patterns of infaunal
benthic communities in relatively shallow embayments. Arm-
strong et al. [32] found that infaunal densities in Trinity Bay
were depressed out to a distance of 1 km from the discharge
point. Similarly, Rabalais et al. [35] found that benthic mi-
crofaunal communities in Louisiana coastal environments
were affected between 500 m to 1 km from the discharge
source. It is difficult to extrapolate these results to coastal
discharges into open high-energy environments similar to
those typically found in southern California. Dilution rates
are probably higher, transport mechanisms different, and the
general oceanography of the area may result in more local-
ized effects [2,32,33]. _

Osenberg et al. [2] studied the spatial scale of effects on
benthic organisms at the Carpinteria outfall and found that
effects were limited to areas close (<100 m) to the outfall.
However, they also found that effects on the growth of out-
planted mussels were detectable to between 100 m and 1 km
[2]. Raimondi and Schmitt [3] found that effects on swim-
ming and settlement performance of abalone larvae occurred
over a similar spatial scale at the same site. These studies in-
dicate that effects from produced water discharges in open
coastal environments may not be as localized as previously
believed. Results presented here indicate that effects on sea
urchin gametogenesis and gamete performance are distrib-
uted over a similar spatial scale. The observed decrease in egg
fertilizability was most pronounced at the 5-m station, with
only about 38% of the eggs capable of being fertilized. This
station also showed the lowest sperm attack rates. The effects
on fertilization kinetics increased linearly with log(distance)
out to roughly 80 m from the outfall (Fig. 5). The effect con-
tinued to be measurable out to at least 100 m, although the
magnitude of effect lessened with distance after 80 m. As
there were no cages between 10 and 1,000 m, it was impos-
sible to determine the exact extent of the effect. At the fur-
thest site (1,000 m) fertilization kinetics were more normal,
with 100% of eggs fertilizable and sperm attack rates the
highest measured.

Recent lab studies have shown that produced waters from
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the Carpinteria outfall may exhibit a variety of ecologically
important sublethal effects. Krause et al. [6] demonstrated
that exposure of purple sea urchin gametes and zygotes sig-
nificantly decreased fertilization rates and slowed embryonic
development rates. Reed and Lewis [4] found that brief ex-
posures of giant kelp (M. pyrifera) spores resulted in de-
creased swimming rates. Raimondi and Schmitt [3] have
similarly shown that when red abalone (Haliotis rufesens)
larvae are exposed to produced water, they stop swimming.
Despite these recent studies, lab investigations of produced
water toxicity have been difficult because of the complex na-
ture of the toxicant and highly variable composition of
chemical components [1,12,33]. Such lab toxicity tests are
usually limited to a relatively short (<96 h) period because
of problems associated with loss of constituents through vol-
atilization, adsorption, or biological breakdown [36]. Al-
though these relatively short-term toxicity tests are useful for
elucidating immediate biological responses to environmen-
tal pollutants, longer term exposure studies are needed to
identify chronic or sublethal responses [34,36].

This study was essentially a long-term bioassay main-
tained in the natural environment. The use of such in situ in-
vestigations is essential to the further understanding of the
effects of chronic exposures of anthropogenic inputs to en-
vironmental systems. This type of study does not suffer from
the disadvantages of testing for responses in an artificial sys-
tem in a lab. In the field, organisms are exposed to naturally
variable effluent concentrations at environmentally realistic
levels. They can be maintained in the field for long periods,
and many ecologically important species are suitabie as study
organisms. The general design presented here can be ex-
panded in both time and space. Biological data from such
in situ studies can not only provide new insights into the spa-
tial and temporal distribution of ecological impacts, but also,
combined with specific physical and chemical effluent data,
may help determine the mechanism of the toxic responses
found in the fieid.
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Abstract. The distribution of point-source pollutants in the
field can vary in both time and space. This study examined
spatial and temporal patterns of toxicity from a produced water
(an oil production effluent) discharge plume using a sea urchin
fertilization toxicity test. Specifically, the sensitivity and re-
sponse patterns of sea urchin gametes exposed to receiving
waters sampled along a 1 Km transect near an active produced
water outfall were tested. Fertilization success varied signifi-
cantly with proximity to the outfall, with reduced fertilization
found closer to the outfall. Although toxicity in receiving water
samples, based on fertilization success, was variable in time—
perhaps responding to variation in the quantity or make-up of
produced water discharges—the general spatial pattern of tox-
icity along the transect remained relatively constant. The dis-
charge plume was well established in the westerly direction
throughout the experimental period. Toxicity data from sam-
ples of effluent and receiving waters, which were collected
simultaneously, were used to determine the effective plume
concentrations of produced water at seven sampling stations
along a 1 km transect down-field from an active outfall. Strong
evidence that field toxicity was directly attributable to the pres-
ence of produced water was provided by sampling the discharge
plume during a period while the produced water discharge was
not operating. During this period, no toxicity was found at any
of the field sites.

During oil production, large quantities of aqueous waste efflu-
ents are generated. Water pumped from oil formations, along
with water associated with the production process, must be
separated from the oil product and discarded. These aqueous
effluents, commonly called “produced waters,” contain a di-
verse array of contaminants including hydrocarbons, heavy
metals, and chemical additives such as surfactants and corro-
sion inhibitors. In offshore or near-shore oil operations, these
effluents are often discharged directly into the marine environ-

*Present address: MEC Analytical Systems, Inc., 98 Main Street, Suite
428, Tiburon, CA 94920
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ment. Produced water has been identified as the single largest
waste stream associated with the exploration and production of
oil (Neff et al. 1987). For example, Reilly ez al. (1991) pointed,
out that in 1990, oilfield operations in the Gulf of Mexico
generated over 850 million barrels (1 bbl = 159 L) of produced
water effluents. With such large volumes being discharged, the
fate and effects of released produced water have become signif-
icant environmental issues. It has been suggested recently that
there is a need for a better understanding of the spatial and
temporal distribution of impacts from chronic discharges of
produced water (Neff er al. 1987; Payne et al. 1987; Osenberg
er al. 1992; Rabalais et al. 1992). This is true especially for
effects associated with the water column.

Until recently, there have been few investigations into the
fate or effects of produced water discharges in the water column
(Gamble er al. 1987; Neff 1987; Payne et al. 1987; Spies.
1987). This was, in part, because it was thought that the ocean
discharge of produced waters would result in rapid dilution of
the effluent to relatively non-toxic levels (Lysyj 1981; Mid-
dleditch 1984; Rose and Ward 1981; Payne er al. 1987). How-
ever, recent field studies have suggested that significant ecolog-
ical impacts can be detected in the water column, and that
impacts may occur over a relatively large spatial scale (Krause
1994; Osenberg ez al. 1992; Raimondi and Schmitt 1992). For
example, Krause (1994) found that caged sea urchins (Strongy-
locentrotus purpuratus) were reproductively impaired up to
100 m from an outfall. In a similar study, Osenberg et al.
(1992) found that growth rates and reproductive performance of
mussels (Mytilus californicus and M. edulis) caged in the water
column were depressed at distances between 100 m and 1 km
from an active discharge. Raimondi and Schmitt (1992) also
found that swimming behavior, settlement, and metamorphosis
of larval abalone (Haliotis rufescens) were impaired over a
similar spatial scale.

Effects in the water column may also be important because
many marine species spend part or all of their life cycle in the
water column. For many marine organisms, gametes are re-
leased directly into the water column where they undergo syn-
gamy to form zygotes. These early life stages may be more
sensitive to toxicants than adults (Capuzzo 1987; Neff 1987;
Krause er al. 1992), and previous work has shown that toxicity
testing procedures that utilize early life stages are capable of
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detecting produced water toxicity at low levels (Krause ez al.
1992). In this investigation, a series of experiments were per-
formed to identify: (a) the sensitivity of sea urchin gametes to
toxicity within the receiving waters; (b) the spatial and temporal
variation in toxicity within the receiving waters; (c) the vari-
ability of toxicity within the produced water effluent itself; and
(d) to explore the origin of the toxic responses elicited by receiving
water samples. In addition to these objectives, further experiments
were conducted to derive an estimate of produced water concen-
trations within the discharge plume found in the field.

Materials and Methods

Study Site

The study site was located near Carpinteria, CA, USA (34°23'N,
119°30’W), approximately 20 Km east of Santa Barbara, CA. The
general physical environment has been described previously (Osenberg
eral. 1992; Krause 1994). Briefly, the produced water was discharged
from an on-shore processing facility through a diffuser pipe located
approximately 200-300 m offshore at a depth of about 11-12 m. The
diffuser was made up of 10 T-shaped discharge ports along the final 25
m of the pipe. The specific design of the diffusers on the outfall
provided a final produced water dilution of 125:1 (0.8%; CRWQCB
NPDES Permit #CA0000230). Throughout this study, the outfall dis-
charged approximately 16,000 bbl/d (2.6 X 10° L/d) of produced
water. The discharge ports were oriented perpendicular to the pipe and
rose about 0.75 m above the bottom. The predominant long-shore
currents in the region flow from the east of the diffuser and parallel to
the shoreline (Osenberg et al. 1992). The chemical characteristics of
the effluent have been summarized by Higashi er al. (1992) and the
complex effluent contains both metal and organic toxicants.

Sample Collection and Handling

Receiving Water: To determine both the spatial and temporal pat-
terns of toxicity in the field, and the relative sensitivities of the early
life stages of the purple sea urchin to receiving waters, samples of
receiving water were collected by SCUBA divers around the produced
water discharge during times of effluent release. Receiving water sam-
ples were collected at five field stations located 5, 10, 100, and 1,000
m to the west of the discharge, and a reference station located 1000 m
to the east of the outfall. On three separate dates, two replicate samples
of receiving water were collected from approximately 1 m above the
substrate (the depth of the diffuser ports) into clean 0.5 L amber glass
bottles and sealed with Teflon-lined lids. On two dates, sampling was
expanded to include additional stations at 15, 20, and 30 m, to the west
of the discharge.

After collection, all bottles were kept on ice in the dark, and returned
to the laboratory for immediate processing to determine the toxicity in
the samples. Toxicity experiments were begun within approximately 6
h of collection. All sample bottles were pre-cleaned using 20% HCl
and rinsed in de-ionized water prior to use in the field. Upon return to
the laboratory, all samples were filtered through Whatman-40 paper
filters to remove gross (8 wm) particulates. Replicate bottles of sterile
filtered (0.45 pwm) sea water were used as a control and diluent. The
control sea water was also passed through paper filters to control for
filter effects. Previous studies have shown that filtration does not
influence the measured toxicity using the fertilization assay (Krause
1994). Salinity was measured to the nearest 1 ppt on all samples using a
Bausch and Lomb refractometer.

Produced Water Effluent: Samples of produced water effluent were
collected from the oil processing facility on four separate dates. On
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three dates, three replicate samples were collected from an onshore test
spigot located on the discharge pipe just after the effluent leaves the
final settling tank, and immediately prior to ocean discharge. Produced
water was collected without head space into pre-cleaned amber glass
bottles and sealed with Teflon-lined lids. On one date, three replicate
samples of produced water were collected from a subsurface discharge
port. These samples were collected by a SCUBA diver directly from
the discharge port during the active release of produced water from the
outfall. Divers used a sampling device connected to the discharge port
to ensure collection of undiluted effluent. After collection, all samples
were kept on ice in the dark, and returned to the laboratory for imme-
diate processing to determine toxicity. All samples and control sea
water were passed through paper filters to remove gross (8 pwm) partic-
ulates, and the salinity was recorded.

Toxicity Dererminations

All toxicity determinations were made by a sea urchin fertilization test
described by Krause er al. (1992). For each experiment, gametes of the
purple sea urchin (Strongylocentrotus purpuratus Stimpson) were col-
lected from 46 adults of each sex following intracoelomic injections
of 0.5 M KCI. Urchins used in all experiments were collected from a
subtidal rocky reef near Santa Barbara, California and maintained in
large, continuous flow seawater tanks. Both gamete types were col-
lected separately in plastic centrifuge tubes and stored on ice. All
toxicity tests were conducted no later than 1 h after gamete collection.
Previous studies have shown that this delay between spawning and use
does not significantly alter the viability of eggs or sperm (Krause et al.
1992). -

To facilitate comparisons among experiments and to avoid
polyspermy. fertilization rates were standardized by adjusting the ratio
of sperm to eggs (Cherr et al. 1987; Dinnel er al. 1987; Krause et al.
1992). Prior to each experiment, batches of eggs were flooded with
varying amounts of 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 to egg ratio that produced
90% fertilization in the filtered sea water control. All fertilization test
incubations were conducted in 15 ml plastic Falcon multi-well culture
dishes, and were conducted in a cold (15°C) room on a continuous
shaker table (15 oscillations per min). In all experiments, three sepa-
rate subsamples of each of the two replicate samples were tested, and
statistical analyses were made using the mean of the subsamples as the
test measure.

The toxicity test method involved a brief (10 min) pre-fertilization
exposure of both eggs and sperm to the given test solution (receiving
water, effluent, or control seawater), followed by co-incubation in the
test solution (Krause er al. 1992). Ten-minute gamete exposures were
accomplished by adding sperm (or eggs) to a glass test tube containing
a given test solution. Following the 10 min exposures, gametes were
incubated together in 10 mls of test solution for 25 min. After the 25
min co-incubation period, the samples were fixed with 10% formalin,
and fertilization success was determined under a microscope.

Salinity of all samples, including diluted produced water effluents,
showed salinites between 30 ppt and 32 ppt. The control seawater used
throughout the experiment had a salinity of 32 ppt. Since previous
experiments (Krause 1992, 1994) have shown that the fertilization test
method used here is not sensitive to changes in salinity of this magni-
tude, salinity adjustments were not made to the test solutions.

Relative Sensitivity of Early Life Stages: The first experiment was
designed to determine the relative sensitivity of sea urchin early life
stages to toxicants in receiving waters. This was a cross-designed
experiment in which receiving water distance (e.g., 5, 10, 100,. 1000 m
west, and 1000 m east) was crossed with a second factor designating
the life stage(s) that was exposed (e.g. eggs only, sperm only, or a
combination of eggs and sperm). This experiment was conducted using
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one set of receiving water samples collected on August 6, 1991. A
control treatment was included and consisted of life stages exposed to
filtered sea water rather than receiving waters, but otherwise handled
identically to the other treatments.

Spatial and Temporal Variation in Toxicity: The second experi-
ment was designed to determine the spatial and temporal variation in
toxicity in receiving water samples. The basic design of this experi-
ment was similar to the early life stage sensitivity experiments, except
that it incorporated additional samples collected over time along the
same spatial gradient and a minor modification to the protocol. Sam-
ples for this experiment were collected on September 6, 1991, March
19, 1992, and May 13, 1992. Therefore, along with data from the
August 6, 1991 sample, this experiment examined a total of four sets of
receiving water samples collected over a two-year period. The experi-
mental protocol from the sensitivity experiment was modified to in-
clude only one treatment in which both eggs and sperm were exposed
to the given test solutions. This modification was made because it was
determined that this exposure provided the best resolution of effects.

To determine if the temporal variation in toxicity of the receiving
waters was similar to temporal variation in toxicity of the produced
water effluent, the fertilization experiment was repeated with five
effluent samples. Effluent was tested at a dilution concentration of 1%.
These samples were collected on February 22, 1991, May 15, 1991,
July 1, 1991, and March 11, 1992.

Estimated Effluent Concentrations in Receiving Waters

The receiving water and effluent samples collected on May 13, 1992
presented a unique opportunity to further explore the relationship be-
tween receiving water and effluent toxicity. Since both the receiving
water and effluent samples were collected simultaneously in the field,
the receiving waters represented an actual field dilution of the effluent
sample. To determine the fertilization response pattern over a probable
dilution range in effluent, each replicate of undiluted produced water
was diluted with filtered seawater to obtain nine final effluent concen-
trations of 10, 5, 1, 0.25, 0.1, 0.01, 0.001, 0.0001l. and 0%. A
fertilization response pattern to these effluent dilutions was determined
using the toxicity test described above. The relationship between the
proportion of eggs fertilized and (log) produced water concentration
was estimated by fitting the data to a quadratic polynomial function
using the GLM procedure of SAS (SAS Institute 1988). To eliminate
the undefinable log of zero, all produced water concentrations were
augmented by 0.00001% before taking the log.

A one-dimensional plume map of “effective” produced water con-
centrations was developed using the toxicity data from the May 13,
1992 receiving water stations and the fertilization response curve from
the same date. The “effective concentration™ is defined as that effluent
concentration that will elicit the same level of response as is observed
in a given receiving water sample. The mean proportion of eggs fertil-
ized at each of the replicate receiving water samples was used to
estimate the “effective concentrations” at each of the receiving water
stations by back-estimating from the fertilization response curve.

Origin of Effects in Receiving Waters

A final experiment was designed to establish that the pattern of toxicity
present in the receiving water samples was actually attributable to the
presence of produced water, and not some natural spatial gradient
independent of the discharge. Another set of receiving water samples
was collected and tested on October 29, 1993, during a period when
produced water was not being discharged, and had not been discharged
for over 4 weeks (J. Wallace, Carpinteria Oil and Gas Plant, pers.
commun.). These samples were collected in the same manner as
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Fig. 1. Fertilization success of gametes exposed for 10 min to receiv-
ing water samples collected at a range of distances from an active
produced water outfall. Data are mean (£ 1 SE, n = 2) proportion of
eggs fertilized after 25 minute incubations. For “Egg” and “Sperm”
treatments, either the eggs or sperm were first exposed, then incubated
in filtered sea water before fertilization was measured. For the “Egg
and Sperm” treatment, fertilization and incubation occurred in the
given receiving water test solution. Open symbols represent samples.
collected at a reference site to the east of the outfall

above, and were from the same five sampling stations. The protocol for
this experiment was identical to that of the variability study above.

In general, results of each experiment were analyzed by analysis of
variance. Comparisons with the control treatment were made using
Dunnett’s two-tailed t test, and a posteriori comparisons among treat-
ment main effects were made using the Ryan-Elinot-Gabriel-Welsch
multiple F test (REGWF: SAS 1988). All proportional fertilization data
were arcsine-square root transformed prior to analysis.

Results

Sensitivity of Early Life Stages

Fertilization Assay: Exposure of sea urchin gametes to receiv-
ing waters resulted in statistically significant depressions in the
fraction of successful fertilization (Figure 1; F, ;s = 212.76; P
< 0.0001). The magnitude of depression of fertilization in-
creased with proximity to the outfall (Figure 1), although a
substantial fraction of eggs (> 50 %) were still fertilized in
samples from the closest station tested (5 m). Fertilization
success was significantly reduced compared to controls (Dun-
nett’s test, P < 0.05) in receiving waters from all stations to the
west of the outfall, and depressed by as much as 10-20% in
samples collected up to 1000 m from the outfall. Fertilization
success at the reference station 1000 m east of the outfall was
not significantly different from the sea water control (Dunnett’s
test, P > 0.05).

Gamete treatments manipulated in the fertilization assay re-
sponded differently to exposure with receiving waters (Figure
1;F, 15 = 95.29; P < 0.0001). A posterori comparison of main
effects show that pre-fertilization exposures of sperm gave sim-
ilar results to those of egg exposures, but exposures of a combi-
nation of both eggs and sperm resulted in significantly lower
fertilization success. In other words, based on fertilization suc-
cess averaged across station distance, the sensitivity of sperm
was about the same as that of eggs, while the greatest effect was
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Fig. 2. Fertilization success in receiving waters collected on four dates
around an active produced water outfall. The data are mean (% 1 SE,
n = 2) proportion of eggs fertilized following a 10 min pre-fertilization
exposure of eggs and sperm, and a 25 min incubation in the respective
receiving water test solution. FSW treatments represent controls in
which gametes were exposed to filtered sea water only. Asterisks (*)
indicate significantly different treatments at a = 0.05 using REGWF
(see methods). Bars (---) connect treatments that were not significantly
different

observed when both eggs and sperm were exposed. There was a
significant interaction between the gamete type and distance
from the diffuser (Figure 1; F5 ;5 = 8.15; P < 0.0005), sug-
gesting that sperm may be more sensitive at greater distances
(lower toxicant levels), while eggs may be relatively more
sensitive closer to the outfall (higher toxicant levels; Figure 1).

Spatial and Temporal Variation in Toxicity

Receiving Water: Toxicity based on fertilization success was
similar in scope to that found above, with greater toxicity found
in samples collected closer to the outfall than from farther away
on dates when samples were collected during active discharge
of produced water (Figure 2; Fs ,, = 357.71; P < 0.0001). The
observed spatial pattern of toxicity was similar in extent on all
four sampling dates. For example, statistically significant tox-
icity was measured from samples collected up to 1 Km away
from the diffuser on all dates (Figure 2; Dunnett’s test, P <
0.05), and toxicity was never observed in any samples collected
at the reference station 1 Km to the east of the outfall (Figure 2;
Dunnett’s test, P < 0.05).

Fertilization success in receiving water samples exhibited a
significant temporal component (Figure 2; F; ., = 96.26; P <
0.0001), and there was a significant interaction between sam-
pling date and distance from the outfall (Figure 2; F,5,, =
17.92; P < 0.0001); the plume toxicity varied from date to
date, and exhibited different magnitudes of variation. For ex-
ample, all water samples collected at sampling stations to the
west of the outfall on August 6, 1991 described a gradient of
relatively high toxicity. However, the receiving waters col-
lected on September 6, 1991, March 19, 1992, and May 13,
1992 showed toxicity gradients that were stronger closer to the
outfall than at greater distances (Figure 2).
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Fig. 3. Fertilization success in produced water collected on five dates.
The data are mean (= 1 SE, n = 2) proportion of eggs fertilized
following a 10 min pre-fertilization exposure of eggs and sperm, and a
25 min incubation in the respective produced water test solution. Treat-
ments are in 1% produced water, or filtered sea water (FSW) controls

Produced Water: Analysis of fertilization success in five sam- .
ples of produced water effluent. revealed that the effluent too,
can be variable on a temporal scale (Figure 3: F, ,, = 10.95;
P < 0.0001). This pattern was driven primarily by the sample
collected on May 15, 1991. Analysis of main effects showed
that toxicity on this date was significantly lower than the rest of
the samples, which were not different from each other. This
resulted in a significant interaction between sampling date and
treatment (Figure 3; F, 5o = 15.01; P < 0.0001). There was no
difference in fertilization success among the control treatments
(Figure 3; Dunnett’s test, P > 0.05).

Estimated Effluent Concentrations in Discharge Plume

The exposure of sea urchin gametes to produced water dilutions
collected May 13, 1992 resulted in a typical fertilization dose-
response curve over the range of dilutions tested (Figure 4A).
At the highest produced water concentration tested (10%), only
about 20% of the eggs became fertilized, while at the lowest
produced water concentration tested (0.0001%), fertilization
was reduced by as much as 10% (Figure 4A) compared to the
control values (Dunnett’s test, P > 0.05). The relationship
between the proportion of eggs fertilized and (log) produced
water concentration fit the following quadratic function (Figure
2; > = 0.968):

F = —0.015 X®> — 0.163 X + 0.429

where F is the proportion of eggs fertilized and X is the log of
the transformed produced water concentration.

As indicated above, the fertilization test revealed that sam-
ples of receiving waters collected May 13, 1992 varied in
toxicity with distance from the outfall, with the lowest fertiliza-
tion values being found in samples closer to the outfall (Figure
4B). Effective concentrations of produced water, as back-esti-
mated values from the above quadratic data fit, showed de-
creasing effluent concentrations with distance from the outfall
(Figure 4C). The one-dimensional map of effective produced
water concentrations revealed that the effluent was detectable in
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Fig. 4. [A] Fertilization response curve of gametes exposed for 10 min
to a range in concentrations of produced water collected May 13, 1992
at the Carpinteria outfall. Data are proportion of eggs fertilized after 25
min co-incubations of eggs and sperm in each of three replicate sam-
ples of produced water. Data were fit to the quadratic expression. [B]
Fertilization success of gametes in receiving water samples collected
May 13, 1992 to the west of the Carpinteria outfall. Data are mean
proportion of eggs fertilized after 25 minute incubations of gametes in
receiving water samples. [C] One-dimensional plume map of effective
produced water concentrations in the discharge around an active outfall
as determined from receiving water toxicity (see Methods)

relatively dilute amounts at distances up to 1 Km from the
discharge (Figure 4C). Effective concentrations at the 1000 m
site (down-current from the source) were estimated to be ap-
proximately 2 ppm (0.0002%).

The undiluted produced water sample had a characteristically
low salinity of 17 ppt. Analysis of receiving water samples
indicated that salinity was depressed near the outfall (26 ppt at 1
m), probably resulting from mixing of effluent and entrained
sea water. Salinity measurements in samples = 10 m away
from the outfall were indistinguishable from salinity measured
in samples of control filtered sea water (32 ppt).

Toxicity of Receiving Waters in the Absence of Discharge

Receiving water samples collected at a time when produced
water was not being discharged on October 29, 1992 showed no
pattern of effect on fertilization success with distance (Figure 5;
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Fig. 5. Fertilization success in receiving water collected October 29.

" 1992, during a period when there was no active discharge of produced

water. Data are mean (£ | SE, n = 2) proportion of eggs fertilized
following a 10 min pre-fertilization exposure of eggs and sperm, and a
25 min incubation in the respective receiving water test solution

Fs¢ = 1.16; P > 0.42). Indeed, there was no detectable differ-
ence between any of the observed frequencies of fertilization
and frequencies observed from the filtered sea water controls
(Dunnett’s test, P > 0.05 for all pairwise comparisons). In all
receiving water samples, nearly 90% of all eggs became fertil-
ized. :

Discussion

The fertilization test provided a sensitive measure of toxicity in
both receiving water samples and produced water effluents.
The fertilization assay showed that eggs and sperm were of
similar sensitivity, but the most sensitive treatment was one in
which both eggs and sperm were exposed to toxicant (Figure
1). These results were both qualitatively and quantitatively
similar to those reported earlier using produced water effluents
(Krause et al. 1992). The resolution of this short-term test was
great enough to detect differences, not only among receiving
water samples collected at various distances from the outfall,
but also among samples collected on different dates. Although
longer term toxicity tests, such as embryo development assays,
may be more sensitive (Kobayashi 1980; Carr 1993) and appro-
priate for detecting effects at the ecological level or investigat-
ing the mechanisms of toxicity (Krause ez al. 1992), the feruli-
zation test provides a relatively quick and reliable comparison
of toxicity.

Results of this study show that toxicity in waters receiving
produced water effluents can be variable in both space and
time. The plume of discharged produced water at the Carpinte-
ria discharge site was always found to the west of the outfall in
the direction of the prevailing long-shore current. There was no
evidence of the discharge at the eastern reference station, where
water samples never displayed toxicity on any sampling date.
Furthermore, fertilization success data for this station was not
different from the controls, again indicating the lack of toxicity
to the east of the outfall. In addition, a gradient of toxicity
occurred down current as receiving waters were more toxic
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closer to the outfall than farther away. However, the magnitude
of this gradient varied in time (Figure 2).

The fertilization response of sea urchin gametes provided a
sensitive measure to compare toxicity values between known
effluent concentrations and those observed from the field. This
study represents the first attempt to generate a distributional
map of effluent concentrations based solely on toxicity determi-
nations (Figure 4). It provided a good indicator of effluent
diffusion throughout the westerly discharge gradient. The de-
sign of the Carpinteria outfall’s diffuser is such that at the edge
of the zone of initial dilution, the effluent would be diluted with
entrained seawater in a ratio of 1:125 (0.8%:; CRWQCB NP-
DES Permit #CA0000230). The results of this study show that
the effective concentrations of this magnitude are indeed located
within the region extending 5 m from the diffuser (Figure 4C).

Causation of Observed Field Effects

Although the possibility always remains that natural environ-
mental gradients may actually cause the observed patterns at-
tributable to the discharge (Raimondi and Schmitt 1992), sev-
eral lines of evidence support the fact that the observed toxicity
gradients were due to produced water in the water column.
First, the gradients were consistently established to the west in
the direction of the long-shore current (Osenberg er al. 1992;
Krause 1994), while toxicity was never detected at the refer-
ence station 1 Km to the east (Figure 2). Second, the temporal
variability of plume toxicity resembled the pattern of variation
observed for toxicity in dilutions of produced water effluent
(Figure 3). Several mechanisms could account for the observed
patterns of temporal variability of plume toxicity in the field.
Rates of effluent discharge are known to fluctuate in time (J.
Wallace, Carpinteria Oil and Gas Plant. pers. commun.), while
both the velocity and direction of local currents may vary
among sampling dates and thereby alter dilution rates in the
field. Third, effects observed in the field were always greatest
near the outfall (Figure 2, 4B) and resembled those observed
from dilutions of produced water effluents (Krause ez al. 1992).

Nevertheless, the most compelling evidence that the pres-
ence of produced water effluents in the field caused toxicity in
the receiving water samples was provided by the total lack of
toxicity in samples collected during the period when the outfall
was not discharging effluent (Figure 5). Receiving waters were
toxic only when effluents were being discharged. This also
indicates the transient nature of pollutant gradients in the water
column of high energy environments such as that near the
Carpinteria outfall. Receiving waters lost all traces of toxicity
after only 4 weeks of non-operation (J. Wallace, Carpinteria
Oil and Gas Plant, pers. commun.). This rapid recovery period
suggests that the periodicity of discharge may be critical in
determining ecological effects. For instance, if release of dis-
charge occurs at the same time as spawning, or at times when
high numbers of larvae are present in the water column, greater
ecological impacts may be expected. Raimondi and Schmitt
(1992) provided evidence that marine larvae exposed to pro-
duced water effluents in the vicinity of the Carpinteria outfall
suffered decreased swimming, settlement, and metamorphosis,
but that these sublethal effects were not evident during a similar
period when the outfall was not operating. However, processes
linking larval and benthic dynamics are poorly understood, and
therefore the ecological significance of such sublethal effects
on larvae are largely unknown (Capuzzo 1987).
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Implications and Recommendations for Future Research

To date. few studies have characterized the behavior of plumes
of discharged produced water (Payne er al. 1987). In order to
fully understand the potential impacts associated with a point
source of pollution, however, one must measure both the spa-
tial and temporal variation of the discharge plume. Several
studies have attempted to model discharge plumes emanating
from point sources using a variety of dispersion models
(Brandsma er al. 1992; Runchal 1983); with the conclusion that
toxicant concentrations should be reduced to background levels
within a few hundred meters of the source. However, none of
these studies have attempted to describe discharge plumes by
measuring toxicity directly.

Since produced waters are complex chemical mixtures (Mid-
dleditch 1984; Neff er al. 1992: Shepherd ez al. 1992) and the
fractionation and analysis of such complex mixtures is expen-
sive and time consuming (Higashi er al. 1992; Middleditch
1984: Shepherd er al. 1992), it may be more practical to mea-
sure discharge plumes using short-term. relatively inexpensive
toxicity tests. Because we are ultimately interested in describ-
ing the distribution of potential ecological impacts around pol-
lution sources, the pattern of toxicity in the field may be a more
reliable indication of pollution than the distribution of certain
physical and chemical characteristics of the plume. Indeed,
several recent studies have shown that the distribution of these
physical and chemical parameters may not accurately predict
the distribution of biological effects (Osenberg er al. 1992;
Rabalais er al. 1992). Clearly, more data are needed to deter-
mine the nature and extent of such uncoupling of physical and
biological parameters associated with pollutant discharges.

Data presented in this study demonstrate the potential of
using toxicity data to describe a discharge plume. Future field
studies should be planned that will incorporate actual samples
of receiving water compared to diluted samples of the effluent
collected over large spatial and temporal scales; the responses
of sea urchin eggs and sperm to both receiving waters and
effluent dilutions clearly indicates that used together, they ade-- -
quately describe the pattern of “effective concentrations™ of
effluents in the field. Thus, effective concentration data from a
sample array in space and time could be used efficiently to
describe a discharge in detail and create probabilistic maps of
toxicant distributions around point sources of pollution.
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INTRODUCTION

The biological effects of produced water are poorly understood (Neff, 1987). Not only are
laboratory studies of toxicity impeded because of the complex and variable chemical composi-
tion of produced water (Middleditch, 1984; Higashi et al., 1992 ), but field assessments are
complicated by other types of production activities that confound effects of produced water
(Camey, 1987; Spies, 1987) . For example, most field studies of biological effects of “produced
water” have compared biological samples collected at various distances from produced water
outfalls associated with production platforms. Spatial patterns that are detected in such studies
are difficult to interpret, because biological responses can result not only from effects of
produced water, but also from discharges of other substances from the platform, or from physical
effects of the platform itself. Field studies that examine effects of only produced water discharge
are relatively uncommon.

Studies of Trinity Bay (Armstrong et al., 1977), a shallow embayment within Galveston
Bay, have provided some of the strongest evidence for effects of produced water on benthic
fauna. Depressed infaunal densities were observed out to a distance of approximately one
kilometer from the separator platform discharge. Despite other production activities in the area,
this study convincingly implicated the discharge of produced water as the causative agent
(Armstrong et al., 1977). However, the authors urged caution in extrapolating their results to
other situations, because the study was conducted in very shallow (2 - 3 m), turbid water in a
sheltered environment. In more exposed and/or deeper areas, dilution rates should be greater
and biological effects could be much more localized (Armstrong et al., 1977, Middleditch,
1984). Because other studies of the effects of produced water have also been conducted in poorly
mixed coastal or estuarine waters (e.g., Boesch and Rabalais, 1987) or have been confounded
with other sources of impact (e.g., Bedinger et al., 1981; Spies, 1987), there exists little
information regarding environmental effects of discharge of produced water to high energy
coastal habitats. '

3 Present Address: Department of Integrative Biology, University of California, Berkley, California 94720
USA

Produced Water, Edited by J.P. Ray
and FR. Engelhart, Plenum Press, New York, 1992 387
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Although impacts from produced water are likely to occur in the benthos because of
accumulation of contaminants in the sediments (¢.g., Armstrong et al., 1977), such impacts may
be difficult to detect due to natural spatial and temporal variability in population density of
infaunal organisms. Examination of individual-based parameters (such as growth) might
provide more sensitive indicators of environmental impacts than assessment of population
density (Carney, 1987; Osenberg et al., 1993). This approach might reveal a different spatial
extent of biological effects than documented by variation in population densities. However,
biological effects other than those on densities, such as changes in growth or other measures of
individual performance, rarely have been addressed in field studies of impacts of produced
water. Even in the absence of natural variability, examination of individual-based parameters
might lead to the detection of impacts that would not be identified by focusingonly on population
density. Forexample, changes in the production of a population are related not only to the density
of the population, but also the amount of growth or reproduction attributed to each individual.
Although density might be unatfected by discharge of produced water, production (andtherefore
the population’s ability to persist in face of other sources of stress) might be affected adversely.
This can be assessed by direct examination of, for example, individual growth or reproductive
output, in addition to density.

Here we examine the spatial scale of biological impacts associated with discharge of
produced water to a high energy coastal environmental in southern California. Discharge comes
from an onshore facility and occurs through a single pipeline a few hundred meters offshore.
Therefore, we were able to study effects of produced water discharge in the absence of localized
effects from other production activities and structures (e.g., the nearest platform is at least several
km from the outfall). The three principal goals in this study were to: (1) determine if produced
water discharge had discemnible biological effects in this high energy environment; (2) document
the nature of observed effects; and (3) compare the spatial extent of impacts on infaunal densities
with effects on growth and body condition of “indicator” species (outplanted mussels).

METHODS
Study Site

The study site is located near Carpinteria, CA, USA (34°23’N, 119°30°W), where the
subtidal environment consists of a sand bottom with little or no physical relief. This area is a
high energy, open coast environment, although it is somewhat sheltered from the swell due to
the presence of the northern Channel Islands and the east-west orientation of the coast. The surf
typically ranges from 1 - 2 m, but varies seasonally. The surf is greatest during the winter due
to large amplitude, long period swells generated from Pacific storms; however the winter in
which infauna were sampled (see below) was a relatively mild winter with few major storms.
Current flow primarily is east-west (parallel to shore), with an offshore flow component
probably due to tidal flux. Based on depth profiles from 30 sampling dates, currents flowed to
the west, east, south (to offshore) and north, 42%, 27%, 25% and 6% of the time, respectively.

Discharge of produced water occurs approximately 200 - 300 m from shore along the last
25 m section of the pipe at bottom depths of 10 - 12 m. The effluent is discharged through 10
T-ports that are oriented perpendicular to the pipe about 0.75 m above the bottom, resulting in
a calculated minimum initial dilution of 125:1. The volume discharged is extremely coasistent
from month to month, averaging 2.64 million liters/day (16,600 bbls/d) from February 1989 -
October 1990. Produced water has been discharged from this diffuser array since 1978.

The effluent is comprised primarily of produced water, with minor amounts of wastewater
added from natural gas processing vessels and the cleaning of equipment. An unspecified
amount of storm water is discharged with the produced water. However, there was no storm
run-off during the period of this study. Wastewaters are treated by gravity settling and induced
gas flotation units. Chemical characteristics of the effluent are summarized in Higashi et al.
(1992). The effluent is approximately 6° C warmer than the receiving waters and has a lower
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salinity (~20 ppt). However, there is no discernible thermal gradient beyond 0.5 m of the
discharge ports.

Infaunal Depth Distribution

In a preliminary study, the depth distribution of infauna was examined to determine the
appropriate depth for our infaunal sampling survey. On 31 October 1989, divers sampled infauna
at foursites that were within 1 km of the Carpinteria outfall. At eachsite, 10 cores (20.3 cm?/core)
were taken to a depth of 25 cm. Each core was sectioned into 5 cm depth intervals, and depth
fractions from five cores (all from the same site) were pooled into a single sample, yielding two
samples/site, each with five depth fractions. Buffered formalin was added to each sample to
bring the total solution to approximately 10% tormalin, preserved samples then were washed
through a series of 2 mm, 1 mm and 0.5 mm sieves, and each fraction subsequently was stored
in alcohol. Organisms were picked from the sediments in each fraction, counted and identified
to broad taxonomic categories.

Benthic Survey

An intensive spatial survey of infauna was conducted along the 11 m isobath at the
Carpinteria study site. A total of 20 sites was sampled along a gradient upcoast (west) and
downcoast (east) of the diffusers. Scuba divers coilected samples on 10 February 1991 from 2,
3, 3,10, 25, 50, 100, 250, 500, and 1000 m west of the diffusers and on 11 February 1991 from
35, 7, 10, 15, 30, 55, 100, 250, 500, and 1000 m east of the diffusers. Infaunal densities were
sampled by taking 8 coffee can cores (78 cm?/core to a depth of 10 cm) at each site, and pooling
four cores into a single sample. As before, buffered formalin was added to the samples to bring
the total solution to approximately 10% formalin, washed through 2 mm, 1 mm and 0.5 mm
sieves and stored in alcohol. Organisms were picked from the sediments, counted and identifiéd
to broad taxonomic categories. For each site and each taxonomic group a mean based on the
two replicates was calculated, and this mean was used in ail subsequent analyses.

At the same time that the biological cores were coilected, 3 sediment cores also were
collected at each site (20.3 cm?/core, 5 cm deep) and frozen. One core was used to determine
percent organic matter in the sediments, one core was used for grain size analysis, and the
remaining core was archived. Percent organic matter (POM) was determined by thawing
sediments, aspirating the overlying water, and drying the sediments for 48 hours at 45° C. Three
subsamples (ca. 5 - 6 g) of sediments from each sample were then dried for 3 hours at 60° C,
weighed, combusted for 4 hours at 450° C, and reweighed. POM was calculated as 100% X(ash
free dry mass / total mass of subsample), and the mean of the three subsamples was determined
for each site.

The percent of sediments comprised by silt and clay was determined by drying each sample
at 60° C, breaking up the dried sample with a rubber stopper, and shaking the sample for 10
minutes through a series of standard ASTM soil sieves. The mass of sediments on each sieve
was determined, and the percent silt-clay was estimated as the percent of the sample that passed
through the 0.063 mm sieve. Surficial sediments also were collected for analyses of metals and
organics, and results of their analyses will be reported elsewhere by collaborators; we refer
briefly to their findings in the discussion.

Data were analyzed using three related techniques. For all analyses, infaunal densities were
log(x+1) transformed and distance was log transformed to better satisfy assumptions of the
analyses (e.g., linearity and homoscedasticity of residuals). In the first approach, we examined
the correlation (Pearson’s r) between infaunal densities and each of three environmental
parameters - distance from outfall, POM, and percent silt-clay. Second, we used multiple
regression analysis to examine the effects of each environmental variable (e.g., distance) after
accounting for variation due to the other two variables (e.g., POM and percent silt-clay). Third,
we simplified the infaunal data using Principal Components Analysis, PCA (Dillon and
Goldstein, 1984). PCA provided a way to simultaneously examine the patterns for all infaunal
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taxa by constructing a set of new (and fewer) dependent variables (i.e., PC1, PC2, etc.) from
the original variables (i.e., densities of each infaunal group) (see Jolliffe, 1986). Principal
components were determined using the SAS Proc Factor procedure, and axes were rotated using
the quartimax technique (SAS, 1988). Interpretation of the principal components was achieved
by examining the loadings (i.e., correlation) of each original variable (i.e., density of a particular
group) on the principal components. Following preliminary analyses, we retained and rotated
the first two principal components, as remaining axes yielded little aggregation of the infaunal
data.

PCA defined groups of organisms that exhibited similar patterns of spatial variation in
abundance: i.e., each of the new variables (e.g., PC1) provided a measure of the aggregated
response of several infaunai taxa to environmental variation. We then explored how the principal
component scores varied with distance from the outfall and with variation in sediment charac-
teristics. In other words, PCA enabled us to compare the relationship between environmental
factors and a much reduced number of biological variables (i.e., the principal componentscores),
rather than densities of 20 different taxa. In this way, we could more easily infer the spatial
extent of impacts due to produced water discharge.

Outplanted Mussels

Mussels (Mytilus californianus and M. edulis) were transpianted to six of the study sites
to determine if proximity to the outfall influenced performance attributes (e.g., growth). At each
of the six study sites (1, 5, 10, 50, 100, and 1000 m West of the outfall), we installed buoy arrays,
each consisting of a cement anchor, line, and a subsurface buoy. M. californianus were collected
from the intertidal zone at Montana de Oro State Park, CA, and M. edulis were collected from
subtidal buoy lines at a location 1.5 km offshore Gaviota, California. .

Before being transplanted to the field, individual mussels were measured and the shell
margin notched so that initial sizes could be estimated after subsequent growth. Forty mussels
from a uniform size distribution (range 20 - 60 mm shell length) of one species were put into a
bag of 1.25 mm oyster netting with a vexar mesh skeleton for support. One bag with Mytilus
californianus and one with M. edulis were attached to each buoy line approximately 4.5 m above
the sediments on 7 June 1990. A subsample of “control” mussels was frozen without being
transplanted to the field to provide an estimate of the initial condition of the transplanted mussels.
Transplanted mussels were retrieved on 4 October 1990 and frozen.

Survivorship of outplanted mussels was estimated as the number of marked individuals
recovered in each bag divided by the number initially marked. Shell length and initial shell
length (as estimated by location of the notch) were measured for every marked mussel of both
species recovered alive from each site (distance). For each individual, tissue was removed,
separated into gonadal and somatic tissue, dried at 60° C for 24 hours, and weighed. Like most
organisms, mussel growth and tissue mass vary with mussel size. To simplify analyses (data
were taken over a range of mussel sizes), we obtained size-independent measures of mussel
performance using analyses of covariance (ANCOVA) for each parameter for each mussel
species, with log(shell length) as the covariate. From these analyses, we obtained adjusted means
for each parameter at each of the six sites, and these adjusted means are the relative measures
of mussel performance we report. All ANCOVAs were performed on log-transformed data, and
adjusted means were either left transformed or back-transformed to original units depending on
the specific analysis. Analyses of shell growth (i.e., change in length) used log (initial shell
length) as the covariate, while analyses of condition (i.e., gonadal or.somatic mass) used log
(final shell length) as the covariate.

Principal components analysis was used to summarize the mussel data, which consisted of
six different estimates of mussel performance measured at each site (i-e., the log-transformed
adjusted means for shell growth, gonadal mass, and somatic mass for each of the two mussel
species). We extracted only one principal component because all mussel parameters strongly
covaried and therefore the first principal component accounted for most of the variation in the
mussel data set.
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To estimate tissue production for each of the two mussel species we 1) dissected “control”
mussels that were not outplanted, 2) estimated the allometric relationship between tissue mass
and shell length for these “control” mussels (for each species the relationship explained over
94% of the variation in tissue mass), and 3) for each outplanted mussel, subtracted its initial
tissue mass (estimated by using its initial shell length in the allometric regression derived from
control mussels) from its final tissue mass. We used ANCOVA to obtain the adjusted means for
tissue production for each site using log(initial shell length) as the covariate, and then examined
the relationship between the adjusted means and distance from the outfall. Thus, we determined
if mussels that began the transplant period at the same size varied in their production of new
tissue as a function of distance from the produced water outfall.

RESULTS
Infaunal Depth Distribution

An average of 73% of all infauna collected from the top 25 cm of sediments occurred in
the first 5 cm, with approximately 5 - 10% occurring in each of the deeper 5 cm depth fractions.
A total of 82% of the infauna (range among the 4 sites: 80 - 86%) was collected in the top 10
cm. All taxonomic groups shared this general pattern, and similar results were obtained at nearby
sites studied by Spies and Davis (1979). Based upon these findings, samples collected during
our subsequent infaunal survey were taken to a depth of 10 cm.

Benthic Survey

Analyses revealed a number of strong associations between infaunal densities and the three
environmental parameters: distance from outfall, POM and percent silt-clay (Table 1). The environ-
mental parameters were not correlated with one another (| r | < 0.22; P> 0.35 for each comparison),
leading to the similar results from correlation and multiple regression analyses. In general, densities
were more strongly associated with distance from the outfall than with either of the sediment
characteristics we measured. Among the 20 sites, POM ranged from 1.05 - 1.86 % (X = 1.29), percent
silt-clay ranged from 4.4 - 17.8 % (X = 10.2), and there was no pattern in variation of either parameter
with distance from the diffuser. In particular, sediments nearthe diffuser were not any finer or coarser
(% silt-clay at 7 sites < 10 m from outfall: X = 1 SE=9.7 = 0.8 %) than elsewhere along the gradient,
and there was no evidence of elevated POM nearer to the discharge (% POM at 7 sites = 10 m: X =
1SE =1.21 = 0.06 %). The results of correlation analysis, multiple regression and PCA were similar.
‘We categorized each taxon into one of four groups based on the way density covaried with the
environmental variables (Table 1).

One group, consisting of Nematodes only, achieved greatest densities at sites near the
outfall, and thus appeared to benefit from the discharge of produced water (Table 1). The second
group, consisting of echinoderms, larval crustaceans, nemertean worms and several polychaete
families, exhibited the opposite pattern and achieved greatest densities at sites farthest from the
outfall. The third group included bivalves, two classes of crustacea (ostracods and cumaceans),
and two polychaete families (Capitellidae and Spionidae) and exhibited a mixed pattern in which
densities were generally positively associated with POM, and possibly more abundant near the
outfall. The fourth group exhibited no discernible pattern with distance from the outfall or POM
and included Glycerid polychaetes, gastropods, and all other crustaceans (e.g., gammarid
amphipods, copepods).

The PCA produced two principal components that were associated with environmental
features (Table 1). PC1 explained 25% of the variation in infaunal densities, and scores on PC1
were highly correlated with distance from the outfall (r=0.81; P <0.0001; n = 20). Importantly,
the pattern of variation associated with PC1 was symmetrical to the east and west of the diffuser
(Fig.1). However, the effect associated with distance was extremely non-linear, suggesting that
impacts on the infauna were not present beyond a distance of approximately 50 - 100 m from
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Figure 1. Standardized infaunal density as a function of distance from the produced water outfail.
Standardized infaunal density (defined as PC1: Tabie 1) is an aggregate measure based on the
densities of all infauna and is standardized to a mean of 0. The arrow indicates the location of the
diffuser.

the outfall. Loadings on PC1 (Table 1) reveal that its variation was primariiy associated with
variation in the densities of organisms in Groups 1 and 2 (e.g., nematodes. nemeneans and
polychaetes (Fig.2)

PC2 explained an additional 19% of the variation in infaunal densities and was primarily
associated with organisms in Group 3 (e.g., ostracods, cumaceans and bivalves: Table 1). Scores
on PC2 were significantly correlated with POM (r=0.48; P =0.03; n = 20). There was a weaker
and non-significant relationship between PC2 and distance (r=-0.36; P = 0.12; n = 20). The
pattern of variation in PC2 (Fig. 3) was not similar to the East and West of the diffusers.
Therefore, it appears that variation in PC2 was driven by variation in POM and was not related
to produced water discharge.
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Figure 2. Densities of nematodes and Group 2 polychaetes (sec Table 1), as a function of distance from the
produced water outfail. Each data point gives the mean of two samples collected at each location.
The arrow indicates the location of the diffuser.
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Table 1. Summaries of three separate analyses of infaunal densities with environmental
variables [log distance from the produced water outfall (DIST), percent organic master
in the sediments (POM), and percent of sediments in the silt-clay fraction (SC)].
Infaunal taxa were placed into one of four groups based upon the way their densities
covaried with the environmental variables. Statistically significant (P < 0.05, n = 20)
results from correlation and regression analyses are given and the sign indicates the
direction of the effect. The signs of loadings from principal components analysis are
indicated when they exceeded = 0.50. PC1 and PC2 explained a total of 44% (25%
and 19%, respectively) of the variation in infaunal densities. Because site score on
PC1 was highly correlated with distance from the outfall (r=0.81, P<0.0001; Figure
1), a positive loading indicates greater densities were achieved far from the outfall.
PC2 was positively correlated with POM (r = 0.48, P = 0.03) suggesting that taxa with

positive loadings were more abundant at sites with greater POM.

Multiple Loadings on
Correlation Regression PC1 pPC2
Group 1: (Greater density near outfall)
Nematodes -DIST -DIST —_
Group 2: (Greater density far from outfall)
Polychactes:
Cirratulids +
Other Sedentariae +DIST +DIST +
Nephtyds +
Nereids +DIST +DIST +
Syllids +DIST +DIST +
Other Ermantiae
Nemerteans +DIST +DIST +
Larval crustaceans +DIST +DIST
Echinoderms +DIST +DIST
Group 3: (Greater density at sites with high POM and/or near outtail)
Polychaetes:
Spionids +
Capitellids +
Cumaceans -DIST, +POM  -DIST, +POM +
Ostracods -DIST -DIST, +POM +
Bivalves -
Group 4: (No apparent relationship to outfall or POM)
Polychaetes:
Glycerids -SC -SC
Copepods -SC
Gammarids
Other Crustaceans
Gastropods +
393
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Figure 3. Standardized infaunal density, detined by PC2 (Table 1), as a function of distance from the
produced water outfail. The arrow indicates the location of the diffuser. Compare with Figure 1.

Outplanted Mussels

Survivorship of mussels was relatively high (means = 1 SE among sites: 0.71 = 0.05 for
M. californianus; 0.63 = 0.5 for M. edulis), and showed no significant correlation with distance
from the outfail (Jf| <0.4; P> 0.4 for each species). However, mussels did exhibit considerable
variation in the intensity of sublethal effects, as measured by shell growth and condition (i.c.,
size-specific gonadal and somatic tissue masses). Both mussel species exhibited similar patterns
of variation among sites in these sublethal components of performance; sites at which M.
californianus performed well were the same sites at which M. edulis performed well (Figure 4).

Performance was highly correlated with distance from the outfall for all three measures of
performance for M. californianus, and for two of three measures for M. edulis (Table 2). Due
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Figure 4. Pattern of covariation in condition (size-specific gonadal mass and somatic mass) of two mussel
species (M. californianus and M. edulis), Each datum gives the respoase of the two species
outplanted to the same site. In general sites close to the outfall yielded low values for cach species,
whereas sites far from the outfal] yielded higher values. Condition of both species was highly
correlated (r = 0.99, P <0.0001 for gonadal tissue; r = 0.90, P = 0.015 for somatic tissue).
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Table 2. Statistical summaries of analyses of mussel performance. Given are the correlations
between adjusted means from analyses of covariance (based on log transformed data)
and log (distance), as well as the correlations between the adjusted means and the first
principal component (i.e., loadings). Correlations >0.81 are significant (P<0.05). PC1
explained 79% of the total variation in mussel performance and was highly correlated
with distance from the outfall (r = 0.94, P = 0.005, n = 6).

Correlation with ~ Loading on PC1
Species Parameter Distance

M. californianus

shell growth +0.88 +0.92

somatic mass +0.92 +0.94

gonadal mass +0.90 +0.98
M. edulis :

shell growth +0.33 +0.36

somatic mass +0.95 +0.98

gonadal mass +0.89 +0.99

to the similarity in response of the three measures of performance for both species, the first
principal component (PC1) provided a simple description of the aggregate response of mussels
to environmental variation. PC1 explained 79% of the total variation in mussel performance,
and was highly correlated with distance from the outfall (Fig. 5; Table 2), suggesting a major
role of produced water discharge (relative to other factors) in determining variability in mussel
performance among sites.

These results demonstrate that mussels near the produced water outfall tended to grow
more slowly, and at any given size were in poorer condition (i.e., had less gonadal and somatic
tissue) than mussels far from the outfall. These responses provide three separate measures of
how produced water affected mussel production. To examine the aggregate effect, we estimated
the per capita tissue production at each site. Tissue production was correlated with distance for
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Figure 5. Relative mussel performance as a function of distance from the produced water outfall. Relative
mussel performance is defined by the PC1 from analysis of mussel growth and condition (Table 2).
Performance and log (distance) were highly correlated (r = 0.94, P = 0.005).
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Figure 6. Tissue production for two specics of mussel (M. californianus and M. edulis) as a function of

distance from the diffuser. Tissue production and distance were positively correlated for each
species (r = 0.92, P = 0.009 for A, californianus; r = 0.82, P = 0.044 for M. edulis).

both species (Fig. 6: based on log-transformed data, r = 0.92; P = 0.009 for M. californianus
and r = 0.82; P = 0.044 for M. edulis). Sites farthest from the diffusers had production that was
two to three times greater than sites near the outfall.

DISCUSSION
Interpretation of Spatial Patterns

Field studies of biological effects arising from point discharges such as produced water are
hampered by a number of logistical and design problems. Principal among them are detecting
effects amid natural variation and assi gning causation for observed patterns (e.g., Carney, 1987).
Ideally, this requires knowledge of environmental conditions at “impact” and “control” sites
before and after the discharge occurs to determine whether (and by how much) attributes near
the outfall change from those expected (e.g., Stewart-Oaten et al., 1986). While such an approach
can provide powerful inference (e.g., Stewart-Oaten et al., 1986: Osenberg et ai., 1992) , we
know of no field assessment of environmental effects of produced water that has been able to
collect pre-discharge information (but see ongoing study by Osenberg et al., 1993). Usually by
necessity, the alternative approach is to seek spatial correlations between biological variables
and environmental characteristics after a long period of produced water discharge. In these
situations, natural spatial variability cannot be statistically isolated from the putative impact
(Stewart-Oaten et al., 1986).

In addition to design constraints, many previous assessmeants of produced water discharge
have been conducted where other oil and gas production activities occurred in the same
immediate area, and/or where large, natural sources of disturbance existed (e.g., Bender et al.,
1979; Bedinger et al., 1981; but see Armstrong et al., 1977). In these circumstances, it can be
virtually impossible to isolate the contribution of produced water in shaping all but the most
extreme environmental pattern (Carney, 1987). By coantrast, the produced water outfall we
examined is several kilometers from the nearest offshore platform, is the only discharge of any
kind in the local vicinity, and, with the exception of small boat traffic, it is the only major
industrial activity that occurs in the local area. Further, the closest potential source of a large
natural disturbance is Carpinteria Salt Marsh, a small (93 ha) coastal wetland located ~ 3 km
west of the outfall (Ferren, 1985). Thus, there are no obvious enterprises that covary in space
with the discharge of produced water at Carpinteria that could account for observed patterns. It
remains possible that the observed patterns resulted from natural spatial differences in environ-
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mental attributes that were unrelated to, but were confounded in space with the discharge of
produced water. Without pre-discharge information, it is difficult to reject this possibility.
However, several lines of evidence suggest that the observed patterns resulted from the discharge
of produced water.

The first supportive evidence for the causal involvement of produced water on mussel
performance comes from the correspondence between the observed field effects and responses
induced by exposure of mussels in controlled laboratory experiments. For example, based on
in vivo imaging using nuclear magnetic resonance, Fan et al. (1992) showed that prolonged
exposure to produced water from Carpinteria led to a severe reduction in the energetic status of
mussels, M. californianus. This effect on the ability of mussels to maintain energy stores is a
likely cause of our observed reductions in growth, condition, and tissue production.

The second line of evidence is the marked temporal consistency in effects that we have
observed in four different outplants conducted after the one reported here (Osenberg et al.,
unpublished data). Although there was seasonal variation in the overall amount of mussel
growth at each site, individual performance was consistently lowest at sites near the outfall and
always greatest at the 1000 m site. Thus, the results of our first outplant (Figures 4 - 6) were not
spurious and clearly represent consistent spatial variation in performance that is correlated with
distance from the outfall.

Although suggestive, these results alone cannot isolate effects of the produced water from
an unspecified factor that is correlated in space with the outfall. At a minimum, this would
require additional evidence demonstrating that mussels actually encounter produced water at
the sites with reduced performance. Because bivalves are known to incorporate a variety oftrace
elements into their shells (e.g., Carriker et al. 1982), and because barium is a marker of the
Carpinteria produced water (Higashi et al. 1992), we recently determined the amount of barfum
in the shells of mussels that were outplanted to our six study sites during the same period as the
mussels analyzed for performance (Osenberg, Fan and Collins, unpublished data). Barium
concentration in shells of both M. edulis and M. californianus was significantly negatively
correlated with distance (r < -0.91, P < 0.01, n=6 for each species based on log transformed
data). Consequently, barium concentration was negatively correlated with mussel performance
(r<-0.92, P < 0.01, n = 6); performance was greatest, and barium content lowest, at the 1000
m site. Thus, it appears that mussel performance varied inversely with relative exposure of
mussels to the produced water plume.

The most conclusive evidence for evaluating if produced water exposure caused the
observed pattern of mussel performance could be obtained by stopping the discharge of
produced water and seeing if the spatial patterns of mussel performance and barium contami-
nation disappear. If so, this would demonstrate the absence of an underlying cause for the
patterns that' was independent of produced water discharge. However, the mussel outplants
require several months in the field, which makes it logistically infeasible for us to conduct such
an experiment. Fortunately, operators of the Carpinteria plant plan to stop discharging produced
water during the next year or two. At that time a conclusive test might be possible.

In contrast to the mussel outplants, that require several months to complete, shorter term
field assessments have been possible. For example, a complementary investigation by Raimondi
and Schmitt (1992) clearly demonstrated a cause-effect relationship between the discharge of
produced water from the Carpinteria facility and the performance of abalone larvae. They
documented marked reductions in survival, settlement and metamorphosis of abalone larvae
with increased proximity to the diffuser when produced water was being discharged. The spatial
pattern of effects on abalone was qualitatively identical to that we observed for mussels. Because
their study relied on short-term exposures (s 4 days), they were able to show that effects were
not present during a brief (10 day) period when produced water was not discharged.

Interpretation of the infaunal patterns is somewhat more difficult. Unlike parameters
obtained from mussels, various infaunal groups did not show the same patterns of density as a
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function of distance from the outfall: some groups were more abundant, some were less, and
others showed no pattern with distance. The sedimentary environment is likely to be more
heterogeneous than the water column where mussels were outplanted, and infaunal organisms
respond to natural variation in such characteristics as grain size or particulate organic matter
(e.g., Pearson and Rosenberg, 1978; Reish, 1979; Ferris and Ferris, 1979: Reish and Bamard,
1979. This heterogeneity can add considerable noise to patterns that arise from human distur-
bance. Despite this, interpretable relationships between density and proximity to the outfall were
apparent, and the coilective evidence strongly suggests an involvement of produced water
discharge.

As revealed by principal components analysis, the major discernible source of variation in
infaunal density was distance from the outfall (Fig. 1). The pattern of variation was symmetrical
on both sides of the outfall, with the greatest alteration of densities closest 0 the diffuser.
Symmetry of effects to the west and east of the diffuser would be crudely predicted by our water
current data. Further, sediment samples collected concurrently with our infaunal cores revealed
localized elevations of barum, a chemical marker of the effluent (Higashi et al.. 1992), near to
and on both sides of the diffuser (A. Flegal and K. Abu-Saba, pers. com.). In contrast to our
analyses of barium in mussel shells, the elevation of barium in the sedimeats was much more
localized, suggesting a more limited impact on the benthos (see below).

The particular organisms that varied systematically along the distance gradient also suggest
that produced water was involved. Nematodes were more abundant closer to rather than further
from the diffuser (Fig. 2a), and they are known to respond positively to organic enrichment of
sediments from oil and sewage contamination (Chasse 1978; Spies et al., 1980; Sandulli and
De Nicola 1991; Spies and DesMarais 1983) argued that enrichment by petroleum hydrocarbons
at natural oil seeps led to higher densities of nematodes by stimulating the production of a food
resource, the bacterium, Beggiatoa sp. We have observed Beggiatoa mats pear the produced
water outfall and coating buoy lines at our 1, 5, and 10 m sites.

In contrast to Spies’ work at oil seeps, we found little evidence of trophic enhancement for
infauna other than nematodes. Indeed, most carnivorous groups that we examined (e.g.,
nemerteans, and several polychaete families, including Nephtyds, Nereids and Syilids) varied
inversely with the abundance of nematodes and were least abundant near the outfall. Pearson
and Rosenberg (1978) suggested that carnivorous species might decline in abundance under
moderate levels of trophic enrichment, and the pattern of variation we observed for this trophic
group at Carpinteria was consistent with such a hypothesis.

An alternative explanation is that observed spatial variation in densities of the groups above
resulted from current scour caused directly or indirectly by the outfall (e.g., Middleditch, 1981).
Several lines of evidence argue against this hypothesis. First, sediment grain size and composi-
tion (i.e., percent silt-clay) were not coarser nearer to the pipeline than much further away, as
would be expected by scouring. Second, mats of bacteria would not be expected to develop in
even modestly scoured areas, yet they occurred on the sediment near the outfall. Third, the
infaunal community near the diffuser was not that expected in a scoured area, but was
characteristic of areas subject to organic enrichment from oil contamination and sewage
discharges (e.g., Gray, 1979).

However, POM did not correlate with distance from the outfall, suggesting either that our
estimates of POM were too crude to detect enrichment, or that particulate organic input provided
only a minor portion of the source of trophic enrichment near the outfall. Our data did reveal
that some groups of deposit and filter-feeding organisms (i-e., those in Group 3, Table 1, such
as bivalves, cumaceans, ostracods and Spionid polychaetes) were more abundant in areas with
greater POM.

Spatial Extent of Effects

Based on the foregoing discussion, we believe that the major effects of produced water on
infaunal densities at Carpinteria are summarized by variation in Principal Component 1 (Figure
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1). Effects on densities appeared limited to areas very close to the outfall (< 100 m). This spatial
extent of effects on the benthos was more limited than reported previously for areas with
shallower receiving waters (e.g., Armstrong et al. 1977; Boesch and Rabalais 1987; Neff et al.
1989), and perhaps for deeper sites with lower discharge rates (Middleditch 1981; Neff et al.
1989). Thus, our infaunal survey might lead to the conclusion that biological effects, in general,
were extremely localized. However, results from our mussel outplants and from the related study
by Raimondi and Schmitt (1992) suggested that important biological effects can occur over
larger spatial scales at Carpinteria, despite the discharge to a high energy environment.

The production of mussel tissue was affected by produced water, and, by contrast with the
limited spatial etfect on infaunal density, mussel performance was reduced out to a distance of
atleast 100 m and perhaps beyond 1 km (Fig. 4). Unfortunately, ourstudy provides no resolution
between the 100 and 1000 m sites and we have no sites more than 1000 m from the outfail. In
retrospect, we would be able to make much stronger statements about the spatial extent of these
effects if we had also placed additional sites past 100 m. Previous suggestions that dilution was
likely to reduce the spatial extent of effects in open coast environments (e.g., Middleditch, 1984;
Neffetal., 1989) led us to focus on near-field effects. Since completing our first mussel outplant,
we have added a site at 500 m and have completed two subsequent outplants. In each case,
performance was greatest at the 1000 m site su ggesting that effects on performance might extend
past 500 m.

Anareaof etfect of similarsize also was observed at Carpinteria for performance of abalone
larvae (Raimondi and Schmitt, 1992), and serves to illustrate how study of different biological
parameters can reveal different spatial scales of environmental impact. The reasons for the
different spatiai extents of effects between densities of infauna and performance of mussels and
abalone larvae are unknown, but they could be related to the two different types of parameters
measured and/or the particular habitats (i.e., benthos vs. water column) sampled. Below, we
discuss several possible explanations, which we offer as hypotheses for future field tests.

Mussels were suspended in the water column, and effects on their performance, like those
on abalone larvae (Raimondi and Schmitt, 1992), may have arisen from dissolved and suspended
fractions of the produced water plume. By coatrast, it is possible that effects on infaunal
organisms largely resulted from components of the effluent that settled to the benthos (e.g.,
Reynoldson, 1987). Our data suggest that water-bome contaminants may have caused effects
over a much greater spatial scale than did the particulate fraction(s). This is consistent with the
finding that the water-soluble fraction of the Carpinteria produced water was responsibie for
most biological effects observed in laboratory tests (Higashi et al., 1992). If true, this challenges
conventional thinking regarding the relatively greater likelihood of produced water effects being
mediated by toxicants accumulated in the sediments rather than those dispersed in the water
column (e.g., Middleditch, 1984; Neff, 1987; Payne et al., 1987). As noted by Howarth (1989)
and Raimondi and Schmitt (1992) this possibility suggests that more attention needs to be given
to potential effects mediated through the water column, not only for planktonic organisms but
also for benthic and demersal species that are potentially exposed to water soluble contaminants.

Differences in “habitats” notwithstanding, part of the explanation for the greater spatial
effects on mussels than infauna probably relates to differences in the biological parameters
examined. It has been suggested that individual-based parameters (e.g., growth and reproduc-
tion) are more sensitive indicators of pollutants than population-level characteristics (e.g.,
densities), especially with regard to detectability of actual effects (e.g., Carney, 1987; Osenberg
et al., 1992, 1993). For example, the extent to which affected populations are depressed locally
will depend on the size and nature of effects on local adults (e.g,, survivorship, fecundity) and
the supply of new individuals from all sources (e.g., Underwood and Peterson, 1987). Most
marine organisms have a planktonic dispersive stage, which tends to decouple local production
of propagules from subsequent recruitment into the local adult population. Thus, it is possible
for adischarge to have no direct effect on local adult stocks (e.g., when recruitment and survival
of subsequent age classes are independent of contaminant levels), but considerable effects on
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the local production of larvae (e.g., reduced growth and reproductive output of adults). Mussels
in the vicinity of the Carpinteria outfall, for instance, have about half the gonadal mass of adults
furtheraway, yet because of recruitment of larvae produced eisewhere, local population densities
may not be depressed by local reduction in reproductive output. Furthermore, the expression (if
any) of the reduced local output of mussel propagules would be spread over a much larger spatial
scale, defined by the dispersal distance of the larvae, which would make effects on the “global”
population virtually impossible to detect (see Raimondi and Schmitt, 1992; Nisbet et al., 1993).

Because of propagule dispersal, assessment of local population densities can lead to
considerable underestimation of both near- and far-field biological impacts of a point source
discharge. Conversely, the effect of effluent discharge might be to alter settlement behavior of
propagules, resulting in depressed local populations, even in the absence of effects on local adult
survivorship or per capita production. In this circumstance, it is possible that the |ocal reduction
in density overestimates the ecological impact if larvae that chose not to settle at the discharge
site successfully recruited elsewhere. A similar argument can be made for measures of individ-
ual-based parameters. For these reasons, we contend that a primary focus of assessment studies
should be on the dynamics and persistence of populations. In marine Systems especially, this
requires information not only on local density, but also production (e.g., assessed by density
and changes in demographic rates or individual-based parameters), as well as the connection
between local processes and larger scale dynamics. Given the limited information on
metapopulation dynamics in marine systems (Roughgarden and Iwasa, 1986), it is unrealistic
to expect such thoroughness in assessment studies, However, it is important that field studies
begin addressing aspects of production in addition to static analysis of local density. Doing so
will provide a more complete picture of the spatial extent of ecological impacts that arise from
such local perturbations as the discharge of produced water.
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V. STATISTICAL POWER OF BACIPS STUDIES: INFERENCES FROM BEFORE-
AFTER STUDIES AND LONG-TERM BEFORE STUDIES.
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Abstract. The power of any test of an environmental impact is simultaneously con-
strained by (1) the variability of the data, (2) the magnitude of the putative impact, and
(3) the number of independent sampling events. In the context of the Before-After-Control-
Impact design with Paired sampling (BACIP), the variability of interest is the temporal
variation in the estimated differences in a parameter (e.g., population density) between two
unperturbed sites. The challenges in designing a BACIP study are to choose appropriate
parameters to measure and to determine the adequate number and timing of sampling
events. Two types of studies that are commonly conducted can provide useful information
in designing a BACIP study. These are (1) long-term studies that provide estimates of the
r.atural temporal and spatial variability of environmental parameters and (2) spatial surveys
around already-perturbed areas (‘“‘After-only’” studies) that can suggest the magnitude of
impacts.

Here we use data from a long-term study and an After-only study to illustrate their
potential contributions to the design of BACIP studies. The long-term study of parameters
sampled at two undisturbed sites vielded estimates of natural temporal variability. Between-
site differences in chemical-physical parameters (e.g., elemental concentration) and in
individual-based biological parameters (e.g., body size) were quite consistent through time.
while differences in population-based parameters (e.g., density) were more variable. Serial
correlation in the time series of differences was relatively small and did not appear to vary
among the parameter groups. The After-only study yielded estimates of the magnitude of
impacts through comparison of sites near and distant from a point-source discharge.The
estimated magnitude of effects was greatest for population-based parameters and least for
chemical-physical parameters, which tended to balance the statistical power associated
with these two parameter groups. Individual-based parameters were intermediate in esti-
mates of effect size. Thus, the ratio of effect size to variability was greatest for individual-
based parameters and least for population and chemical-physical parameters.

The results suggest that relatively few of the population and chemical-physical param-
eters could provide adequate power given the time constraints of most studies. This in-
dicates that greater emphasis on individual-based parameters is needed in field assessments
of environmental impacts. It will be critical to develop and test predictive models that link
these impacts with effects on populations.

Key words: Before-After-Control-Impact design: environmental impact; environmental monitor-
ing; impact assessment; individual vs. population parameters; pollution: produced water; serial corre-
lation; spatial variability; statistical power; temporal variability.

will be difficult to detect with any degree of confidence.
Therefore, it is critical to consider statistical power in
planning and interpreting environmental impact as-
sessment studies (Green 1989, Fairweather 1991, Faith
etal. 1991, Osenberg et al. 1992a, Mapstone, in press;
see also Peterman 1990, Cooper and Barmuta 1993).
Consideration of power can also guide the selection of

INTRODUCTION

A principal challenge posed in field assessments of
environmental impacts is to isolate the effect of interest
from noise introduced by natural spatial and temporal
variability. If the size of an impact from a human
disturbance is small relative to natural variability, it

! Manuscript received 12 June 1992; revised 19 April 1993;
accepted 7 May 1993.

environmental parameters and sampling intensity.
These are important design criteria because time and
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financial constraints typically limit the number of pa-
rameters that can be measured and the number of sam-
ples that can be collected.

Calculation of statistical power, which is the prob-
ability of rejecting the null hypothesis of “‘no effect™
when it is false, requires specification of the number
of replicates as well as the ratio between the size of an
effect and the variability among the replicates (Cohen
1977). Because there are many assessment designs, each
of which makes different assumptions about the mean-
ing of “effect,”” “*variability,” and “‘replicate” (Green
1979, Stewart-Oaten et al. 1986, Eberhardt and Thom-
as 1991, Underwood 1991, 1994, Osenberg et al.
1992a), the general assessment design must be speci-
fied before power can be discussed unambiguously. In
assessing the environmental impacts of a particular
anthropogenic activity, we typically require a design
that explicitly deals with the lack of spatial replication
and randomization (e.g., nuclear power plants are not
replicated and placed at random sites along the United
States coastline: Stewart-Oaten et al. 1986). The Be-
fore-After-Control-Impact design with Paired sam-
pling (BACIP: Stewart-Oaten et al. 1986, Schroeter et
al. 1993, Stewart-Oaten, in press; see also Campbell
and Stanley 1966, Eberhardt 1976, Skalski and
McKenzie 1982, Bernstein and Zalinksi 1983, Car-
penter et al. 1989) meets this criterion, and is the focus
of our analyses and discussion.

In its simplest formulation, BACIP requires simul-
taneous (Paired) sampling several times Before and
After the perturbation at a Control and an Impact site.
The measure of interest is the difference (hereafter re-
ferred to as ““delta,” A) in a parameter value (in its raw
or transformed state) between the Control and Impact
sites as assessed on each sampling date (e.g., Ap =
log(Cp) — log(Zp;), where Cp; and I, are estimates of
the parameter at the Control and Impact sites on the
™ date of the period P: i.e., Before or After). The av-
erage delta in the Before period is an estimate of the
average spatial difference between the two sites, which
provides an estimate of the expected delta that should
exist in the After period in the absence of an environ-
mental impact (i.e., the null hypothesis). The difference
between the average Before and After deltas (45 — A,.)
provides a measure of the magnitude of the environ-
mental impact. Confidence in this estimate is deter-
mined by the variation in deltas (among sampling dates
within a period, S.), as well as the number of sampling
dates (i.e., replicates) in each of the Before and After
periods (ng + n, = n). For the purposes of this study,
we define

Effect size = Az, — A, (1)
Varability = S,
=[ZQp — Ap )] (np — D3, (2)

62

DETECTING ENVIRONMENTAL IMPACTS

Ecological Responses to, and Recovery from, Produced Water Discharge

Standardized _

= _ 9
effect size |35, — Ay | A2 X S

3)

We assume for convenience that variability (S.), as
well as sample size (n,), are equal in the Before and
After periods (but see Stewart-Oaten et al. 1992). Note
that the standardized effect size (Eq. 3), which consists
of two components (defined by Egs. | and 2) expresses
the effect size in standard deviation units and enters
directly into conventional calculations of power (Co-
hen 1977). We double the standard deviation of deltas
(S,) in the denominator of Eq. 3 based on the as-
sumption that the resulting test will be two-tailed (Gill
1978).

Unlike other designs, the variability of interest, S,,
is not a simple measure of within-site sampling vari-
ability. Rather, it is a measure of the actual temporal
variation in deltas. as well as within-site sampling error
(which contributes to error in estimating the actual
delta on any date). Fig. 1 illustrates how this variability
of deitas can be altered without any change in the av-
erage temporal variability ofa parameter (e.g., density),
or in the amount of within-site sampling error. The
critical feature in determining the variability among
deltas is the extent to which estimates of parameters
at the two sites track one another though time; Mag-
nuson et al. (1990) refer to this as “temporal coher-
ence.”

To aid in the planning of a BACIP study, it would
be helpful to find previous BACIP studies conducted
in a comparable situation (e.g., similar perturbation in
a similar environment) and review the results for vari-
ability and effect size. This would permit estimation
of the number of sampling dates needed to achieve a
given level of power (e.g., Bernstein and Zalinski 1983)
or a given amount of confidence in estimates of the
effect size (e.g., Bence et al., in press, Stewart-Oaten,
in press). For example, parameters with large stan-
dardized effect size (i.e., relatively large effect size and
small variability) will yield more powerful assessments
with fewer sampling events than parameters with low
standardized effect size. Obtaining an adequate num-
ber of sampling events in the Before period is crucial
in a BACIP assessment, since once the perturbation
begins it is no longer possible to obtain additional Be-
fore samples. Unfortunately, there are few existing BA-
CIP studies that permit this type of analysis.

In the absence of this information, other data could
be used to guide the design of BACIP studies. Two
types of non-BACIP studies are more common and
can offer insight. The first are long-term studies that
document natural spatial and temporal variability, and
therefore can provide estimates of S, (Eq. 2). The sec-
ond are “After-only” studies that assess impacts using
a post-impact survey of sites that vary in proximity to
the perturbation. After-only studies are a common type
of field assessment approach, but they confound effects
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TaBLe 1. List of the types of parameters used to explore dependent sampling dates. We contrast results for

natural temporal variability in deltas—the differences in
parameter values between the Control and Impact sites
(from the long-term study)—and to obtain estimates of effect
size from an existing perturbation (from the “After-only”
study).

Source

Long-term After-only
study study

Parameter type* (Variability) (Effect size)

Chemical-Physical
Water temperature

(no. depths) 2 2
Seston characteristics 3 0
Sediment quality 2 2
Sediment elements 11 9
Water column elements 12 8

Individual-based
Field collections
Urchin size and condition S 0
Cumacean body size 2 0
Transplants
Mussel performance (10t 12
Abalone performance 0 4
Population-based (no. of taxa)
Band transects 6 0
Infaunal cores 11 10
Quadrais 1 0
Emergence traps 4 0
Re-entry traps 3 0

* For each parameter type, we give the number of param-
eters quantified at each site (e.g., for infaunal density, 11
taxonomic groups yielded sufficient data for analysis in the
long-term study). Details on parameters are given in the Meth-
ods section.

T The 10 estimates of variability for mussel performance,
in parentheses, were collected as part of the After-only study
but analyzed in the same manner as data from the long-term
study.

of the perturbation with natural spatial variability. Still,
After-only studies can suggest the size of effects that
might occur in response to a particular perturbation
(Eq. 1).

In this paper we illustrate how information from
long-term studies and After-only studies can be com-
bined to help plan BACIP studies. We show how this
information can be used to guide the selection of pa-
rameters and determine sampling schedules given con-
straints of time and funding. Our presentation consists
of four analytical steps: (1) estimation of temporal vari-
ability of deltas using results from a long-term study;
(2) estimation of the likely magnitude of impacts using
results from an After-only study; (3) determination of
the number of sampling dates required to detect the
estimated impact given the background variability (at
a specified level of power); and (4) exploration of serial
correlation, using the long-term data set, to assess the
time necessary to achieve the required number of in-
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chemical-physical (e.g., chemical concentrations, sed-
iment characteristics). individual-based biological (e.g.,
body size, growth), and population-based biological
(e.g., density) parameters. and conclude there is a crit-
ical need to increase the use of individual-based pa-
rameters in field studies of environmental impacts.

METHODS
Background

To help guide the planning of a BACIP study of a
particular planned intervention, it would be best to
examine results of several preexisting BACIP studies
that examined impacts on many parameters in re-
sponse to the same intervention in identical environ-
ments. Of course, such studies do not (and cannot)
exist, but the congruence between this ideal and the
realized match serves as a guide to the potential ac-
curacy of the general guidelines that emerge.

The first step in this process is to define the inter-
vention. To illustrate our approach, we focus on the
nearshore discharge of an aqueous waste called “pro-
duced water.” Produced water is a complex wastewater
generated from the production of oil and contains a
variety of petroleum hvdrocarbons, heavy metals, and
other potential pollutants (Middleditch 1984, Higashi
et al. 1992). Although concerns have been raised about
possible environmental effects of produced water in
marine environments (Neff 1987, Neff et al. 1987,
Osenberg et al. 19925, Raimondi and Schmitt 1992),
there have been no field assessments with sufficient
Before data to allow separation of impacts from other
sources of spatial and temporal variability (Carney
1987; also see Underwood 1991, Osenberg etal. 1992a).

We explore results from a long-term study of natural
spatial and temporal variability and an “After-only”
study to substitute for the absence of existing BACIP
studies. The two studies were both conducted in near-
shore habitats along the coast of Santa Barbara County
in southern California. The benthic environments are
both dominated by soft-bottom habitats, and the stud-
ies used many of the same methods and quantified
many of the same parameters. In each study, param-
eters had been selected based upon their perceived rel-
evance to the impacts of produced water (e.g., Boesch
and Rabalais 1987). (Because the long-term study is
actually part of the “Before” sampling of a BACIP
study of produced-water impacts, even the parameters
examined in this study were selected with respect to
produced-water discharge.) However, these parame-
ters, which include chemical, physical, and biological
characteristics (Table 1), are commonly measured in
field assessments of other impacts in marine environ-
ments. We next review the two studies, the methods
that were used, and the parameters that were measured.
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Natural variability assessed from
long-term study

The two sites that comprise the long-term study are
located = 1.6 km apart offshore of Gaviota, California
(=34°27'29” N, 120°12'43” W) at a water depth of =27
m. Various biological and chemical-physical param-
eters (Table 1) were sampled at the sites for periods
ranging from 1.5 to just over 3 yr beginning in February
1988. For a given sampling date a single value was
obtained for each parameter at each site, and a delta
was calculated as the difference between the log-trans-
formed values at the two sites for that i*" date:

A; = log(X),) — log(X3), 4

where X; and X, are the values of parameter X at each
of the two sites (1 and 2) on the /" date. Original pa-
rameter values were log-transformed to better satisfy
assumptions of additivity required by BACIP (Stewart-
Oaten et al. 1986) and to facilitate comparison of deltas
for parameters measured in different units (the trans-
formed deltas are unitless). For each parameter, vari-
ability was quantified as the standard deviation of the
deltas (S,) calculated over all available sampling dates
(Eq. 2).
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Population-based parameters.— Densities of infaun-
al organisms were estimated =8 times per vear. On
each sampling date 12 cores (each 78 cm* x 10 cm
deep) were collected. Samples were preserved in a 10%
buffered formalin solution and sieved through a 0.5-
mm mesh sieve. Organisms were identified and count-
ed from at least four of these cores per site per sampling
date. Because this community is extremely speciose,
with many species represented by only a few organisms
or by zero counts on particular dates, and because zeros
can cause difficulties in BACIP analyses (Stewart-Oat-
en et al. 1986), infaunal organisms were grouped into
broad taxonomic units, such as families and classes
(see discussions on aggregation in Herman and Heip
[1988], Warwick [1988], and Frost et al. [1992]).

Numbers of infaunal organisms that migrated from
the sediments into the overlying water (i.e., demersal
zooplankton) were estimated using two emergence fun-
nel traps (each covering a bottom area of 0.23 m?) and
three reentry traps (each 0.05 m? in area), which were
deployed at both sites =8 times per year (for more
detail on trap designs and function, see Alldredge and
King 1980, Stretch 1983). Traps were set out for a 24-h
period. Foliowing retrieval, contents were preserved,
sieved through a 0.5-mm mesh sieve, and organisms
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were identified and counted as with the infaunal cores
(Table 1).

Densities of larger epifaunal and demersal organisms
(e.g., fish, sea stars, tube anemones) were estimated
visually along band transects by divers. Two band tran-
sects (each 40 m X 1 m) were established along the
27-m isobath at both sites on each sampling date, and
all large organisms within the transect were counted.
Most were identified to species, although we grouped
many of them into larger taxonomic units for these
analyses. Due to their greater maximum density, white
sea urchins (Lytechinus anamesus) were counted in five
non-permanent quadrats, each 1 m? in area, at both
sites on all dates. Densities of urchins and other epi-
faunal and demersal organisms were estimated 8-12
times per year.

Individual-based parameters.—The size (length of
metasome) of two cumacean species was measured from
samples obtained from the emergence traps. Other in-
dividual-based parameters (Table 1), including average
test diameter, gonad mass. somatic tissue mass, and
gonadal/somatic index, were calculated from samples
of the white sea urchin, Lytechinus anamesus. The
average condition of individual urchins of a given size
was estimated by calculating adjusted means for each
site and date based on ANCOVA using each collection
as a group. log(test diameter) as the covariate, and
log(tissue mass) as the response parameter. Urchins
were sampled for these analyses 11 times during the
study. As part of the After-only study, we also obtained
estimates of variability for several other individual-
based parameters derived from study of the mussel
Mytilus californianus (see below: Combining results on
effect size and natural variability).

Chemical-physical parameters.—Chemical and
physical parameters were examined that were thought
to be indicative of the future plume’s chemistry (e.g.,
elevated levels of certain heavy metals) or of the dis-
charge’s physical effects (e.g., altered sediment traits
due to scouring of substrate or altered sedimentation
rates and temperature due to local oceanographic ef-
fects) (Table 1). Seston flux was estimated by partic-
ulate accumulation in two sediment traps (5.1 cm in
diameter) that were filled with a mixture of seawater,
formalin, and salt; the dense preservative remained in
the sediment traps during the deployment and had an
initial salinity of =65 g/L and a formalin concentration
of 5%. Sediment traps were deployed =3 m above the
sediments and retrieved by divers after 3-7 d. Traps
were deployed =8 times per year. Prior to analysis,
large invertebrates were removed (aided by a dissecting
microscope), following which the dry mass and ash free
dry mass (AFDM) of the particles were determined.
Sedimentation rate was calculated as the mass of ma-
terial (on a dry-mass or AFDM basis) per square cen-
timetre per day. The percentage of organic matter in
the seston was estimated as the ratio of AFDM to dry
mass.
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Sediment grain size and percentage of organic matter
were characterized from two sediment cores (20.3 cm?2/
core, 5 cm deep) collected from both sites =8 times
per year. Sediment organic matter (SOM) was esti-
mated based on combustion (for 4 h at 450°C) of sub-
samples from one core. The fine sediment fraction (per-
centage) was estimated from the other core as the
percentage (by dry mass) of the sample that passed
through a 0.063-mm mesh sieve.

Water temperature was recorded approximately
monthly at 3 m depth intervals. Here we use data for
the 6 m and 21 m depths.

Surficial sediments (approximately the top | cm) were
collected 4 times per year for analyses of trace and bulk
elements. Three samples were collected at each site in
acid-cleaned polyethylene containers by divers using
trace metal clean-sampling techniques. Any overlying
water was decanted and samples were frozen. Sedi-
ments were later thawed and extractions performed by
leaching 2 g sediment in 20 mL of 0.5 mol/L HCI for
24 h. The leachate was then filtered through a 0.45-
wm mesh teflon filter using procedures reported pre-
viously (Oakden et al. 1984). This extraction is con-
sidered to be relatively selective for the biologically
available concentrations of many metals, such as Pb,
Cu, and Ag (Luoma et al. 1991). Leachates were an-
alyzed for bulk elements (Al, Ca, Fe, Mg, Mn. P) and
trace elements (Ba and Zn) by inductively coupled plas-
ma-atomic emission spectrometry (ICP-AES). Other
trace element (Cr, Cd. and Pb) concentrations were
determined by graphite furnace atomic absorption
spectrometry (GFAAS). Environment Canada refer-
ence sediments (BCSS-1, MESS-1, PACS-1) were an-
alyzed concurrently to quantify the extraction efficien-
cy for each element. All analyses were normalized to
sediment dry mass.

Unfiltered water samples were collected 2 times per
year from each site at two depths (surface and 21 m).
The samples were extracted using the ammonium
1-pyrrolidinedithiocarbamate/diethylammonium di-
ethyldithiocarbamate (APDC/DDC) extraction meth-
od described by Bruland et al. (1985). Trace element
concentrations (Ag, Cd, Co, Cu, Fe, Ni, Pb, Zn) were
measured by GFAAS. Procedural blanks were mea-
sured in each sample set. Each set of samples was an-
alyzed in duplicate after a series of intercalibrations
with Environment Canada reference seawater (CASS-
1). These analyses were conducted concurrently with
analyses of sea water from San Francisco Bay, and
details of the procedural blanks and intercalibrations
are provided in a report on those data (Flegal et al.
1991).

Effect size estimated from an After-only study
The After-only study was conducted at a produced-
water outfall located near Carpinteria, California
(34°23'10"” N, 119°30’31” W) that was the subject of
recent investigations of potential environmental im-
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pacts (Higashi et al. 1992, Krause etal. 1992, Osenberg
et al. 199254, Raimondi and Schmitt 1992). The Car-
pinteria sites are =50 km from the Gaviota sites. Al-
though the two locations (Carpinteria and Gaviota) are
both open-coast, soft-bottom environments in the Santa
Barbara Channel and have many species in common,
the bottom depths sampled differed between the Car-
pinteria (11 m) and Gaviota (27 m) sites.

An intensive spatial survey of infauna was conducted
along the 11 m isobath at the Carpinteria study area
in 1990, =12 yr after produced water was first dis-
charged at this location (Osenberg et al. 19925). In a
single survey, 20 sites were sampled along a spatial
gradient from 2 to 1000 m up coast (West) and down
coast (East) of the diffusers. Infaunal densities were
estimated at each site by collecting eight cores (78 cm?
per core to a depth of 10 cm). These were processed
as described for the long-term study, and a mean den-
sity was calculated for each taxon at each of the 20
Carpinteria sites.

All chemical-physical parameters examined as part
of the long-term study at Gaviota were also estimated
at the Carpinteria sites, except those related to seston
quality and deposition and several elements. Methods
were identical to those used at Gaviota (described above,
see Natural variability assessed . . .).

Individual-based biological data were obtained by
transplanting individuals of known size and/or age to
several of the sites. Mussels (Mytilus californianus and
M. edulis) were transplanted to six sites to determine
if proximity to the outfall influenced their individual
growth and condition (Osenberg et al. 199256). Forty
individuals from a uniform size distribution (range:
20-60 mm shell length) of a mussel species were put
into a bag of 1.25-mm mesh oyster netting, and one
bag of M. californianus and one of M. edulis were at-
tached to buoy lines =3 m above the sediments. Mus-
sels were retrieved and frozen after 3—4 mo in the field.
Final shell length, initial shell length, dry gonadal tissue
mass, and somatic tissue mass were then measured for
each mussel. Site-specific estimates of average gonadal
condition (gonad mass at a given size), somatic con-
dition, total condition, and gonadal-somatic index were
obtained by running analyses of covariance (AN-
COVA) for each parameter for each mussel species
using log(final shell length) as the covariate. Average
shell growth and tissue production were estimated us-
ing log(initial shell length) as the covariate. Adjusted
means were obtained for each parameter at each of the
six sites.

Abalone larvae were raised in the laboratory and
transplanted in small flow-through cages to 6-8 sites
located 5-1000 m from the diffuser (Raimondi and
Schmitt 1992). Three measures of per-capita settle-
ment and metamorphosis were derived from trans-
plants that lasted =4 d: (1) the proportion of late-stage
larvae that successfully settled in the field, (2) the pro-
portion of late-stage larvae that successfully metamor-
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phosed in the field. and (3) the proportion of early-
stage larvae that subsequently settled in the laboratory
after addition of a chemical inducer (for details, see
Raimondi and Schmitt [1992]). An additional measure
of individual performance was obtained from a short-
term transplant: the proportion of early-stage larvae
still swimming after 6 h in the field.

To obtain estimates of the magnitude of impacts due
to produced water we calculated means (e.g., of density
or performance) for three distance categories: Near (sites
<25 m of the diffuser), Far (25-200 m), and Control
(>200 m). We then calculated near-field and far-field
effect size as the difference between log(Mean Near or
Mean Far) and log(Mean Control). This is equivalent
to the impact size (expressed in log units) of a BACIP
study (Eq. 1) assuming no natural spatial variation
between the sites (i.e.. E(Ag) = 0). While this assump-
tion cannot be tested without Before data, available
evidence suggests that natural spatial gradients are small
relative to the impacts of produced water (Osenberg et
al. 199254, Raimondi and Schmitt 1992).

Combining results on effect size and
natural variability

For parameters that were common to both the After-
only study and the long-term study, the standardized
effect size was calculated as the ratio between the-ab-
solute value of the effect size, which was obtained from
the long-term study, and twice the standard deviation
of deltas, which was obtained from the After-only study
(Eq. 3). In some cases, however, the same parameters
were not measured in both studies, and other steps
were required before proceeding with the power anal-
yses.

For example, there were four chemical-physical pa-
rameters that provided estimates of effect size but not
variability. All four parameters were elemental con-
centrations (i.e., Cu in sediments and Co, Ag, and Pb
in the water column), so we used the average standard
deviation for other elements (in either the sediments
or water column) in the calculation of the standardized
effect size. g

Conversely, there were chemical-physical and pop-
ulation-based parameters that provided estimates of
variability but not effect size (i.e., parameters estimated
from sediment traps, band transects, emergence traps,
reentry traps, and quadrats in addition to several ele-
mental concentrations: Table 1). For these parameters
we calculated standardized effect sizes using the av-
erage effect size for similar parameters that were mea-
sured as part of the After-only study.

Estimating standardized effect sizes for individual-
based parameters posed a more difficult analytical
problem because the individual-based data from the
long-term study were derived from field collections of
organisms, whereas the transplants conducted in the
After-only study used organisms of known size, or co-
horts of known number and age. Therefore, the trans-
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plants removed several sources of potential variability
present in estimates from the long-term study. Because
mussels had been transplanted during four different
periods (spread over a total of 14 mo), we were able
to obtain estimates of variability for the mussel pa-
rameters. The standard deviation of differences be-
tween log-transformed parameters measured at the
1000-m and 100-m sites was calculated for ten of the
mussel parameters over the four periods. Because the
100-m site is probably influenced slightly by the dis-
charge of produced water (Osenberg et al. 19925, Rai-
mondi and Schmitt 1992), this approach will overes-
timate S, if there is temporal variation in the effects
of produced water.

Standardized effect size was then calculated as ex-
plained above using these new estimates of variability
for all mussel parameters except tissue production (for
which we had only one survey and therefore could not
estimate S, the variation among sampling dates within
a period). The mean standard deviation of deltas for
the mussel parameters was used to estimate the stan-
dardized effect sizes for mussel tissue production and
abalone performance parameters, which lacked esti-
mates of S,. The standardized effect sizes for the in-
dividual-based parameters derived from the long-term
study were calculated using the mean effect sizes based
on the mussel and abalone transplants.

For each parameter we estimated the sample size
(total number of sampling dates in the Before and After
periods) needed to have an 80% chance of detecting («
=.05) an impact characterized by the parameter’s stan-
dardized effect size. All power analyses were based on
two-tailed ¢ tests as provided in Gill (1978). The num-
ber of sampling dates in the Before and After periods
was assumed to be equal.

Serial correlation

The power analyses yield the number of independent
sampling events (i.e, dates) needed for a given level of
power (e.g., 80%). The time scale over which those
samples must be collected will depend on the amount
of serial correlation in the time series of deltas for each
parameter (Stewart-Oaten et al. 1986). Serial correla-
tion can be directly incorporated into the analyses of
BACIP data (Stewart-Oaten et al. 1992), but power is
greatest when serial correlation is absent. Therefore,
we tried to determine the most intensive sampling
schedule that would avoid substantial amounts of serial
correlation. By doing so, we could roughly translate the
number of independent sampling events into an esti-
mate of the minimum amount of time required by the
BACIP study.

Because rigorous analyses of serial correlation re-
quire long time series of data, and because the approach
we outline here is imprecise to begin with (i.e., extrap-
olating from two different studies to the design of a
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future one), we used a simpler approach to provide a
general guide to sampling frequency. For each param-
eter sampled as part of the long-term study, we ex-
amined the correlation between the delta measured on
one sampling date (4,) and the delta measured on the
next date on which sampling for that parameter was
conducted (4, ,). Only parameters with data from =8
dates were included in the analyses.

RESULTS

Natural variability assessed from a
long-term study

Data from the long-term study revealed that the vari-
ation in deltas (i.e., in the difference in parameter val-
ues between sites) was lowest for chemical-physical
parameters, intermediate for individual-based param-
eters, and greatest for population-based parameters (Fig.
2). Most (28 of 30) of the chemical-physical parameters
exhibited less variation in deltas than did the least
variable population-based parameter. Almost all of the
population-based parameters (24 of 25) were more
variable than the most variable of the 7 individual-
based parameters. Within a parameter group, no sys-
tematic differences were apparent among data collected
using different techniques (e.g., densities based on in-
faunal cores vs. band transects, or water column ele-
ments vs. sediment elements), and there were no ap-
parent trends among the population-based parameters
related to the level of taxonomic aggregation (see Frost
et al. 1992). All else being equal, these data suggest
that chemical-physical parameters will provide more
reliable indicators of environmental impacts than pop-
ulation-based parameters due to their smaller vari-
ability.

Effect size estimated from After-only study

The After-only study provided estimates of effect
sizes, which varied with proximity of the sampled sites
to the produced-water diffuser. In general, sizes of ef-
fects were correlated (r = 0.62, n = 47) for sites near
to and far from the diffuser (Fig. 3), and the magnitudes
of effects consistently were greatest nearer the diffuser.
This pattern suggests that impacts diminished with dis-
tance away from the disturbance.

Both positive and negative changes in parameter val-
ues with distance from the diffuser were observed, and
the sign depended on the particular parameter or pa-
rameter group examined. For example, concentrations
of water-column metals were higher nearer the diffuser,
whereas most measures of individual performance were
lower. Similarly, some taxa were more abundant closer
to the diffuser, while others were less abundant. These
two patterns in density probably reflect positive re-
sponses to organic enrichment (from oil constituents)
and negative responses to toxicants present in pro-
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FiG. 2. Temporal variability in estimates of the deltas (S,)

for chemical-physical, individual-based, and population-based
parameters. Data were derived from the long-term study. For
each parameter on each sampling date, a delta was estimated
based on the difference between the log-transformed means
at two sites (e.g., Log(mean density at Site 1 on date i) —
Log(mean density at Site 2 on date /)). Shown are the standard
deviations of deltas (mean * | sg) for parameters in each of
the three groups. Means are based on 30, 7, and 25 different
parameters for chemical-physical, individual, and population
groups. respectively. Here all individual-based data are de-
rived from field collections.

duced water (e.g., Spies and DesMarais 1983, Osenberg
et al. 1992p; see also Pearson and Rosenberg 1978,
Ferris and Ferris 1979).

In evaluating power the crucial factor is the absolute
size of the change and not the sign (i.e., a positive or
negative response). Although quite variable, the pop-
ulation-based parameters had absolute values of effect
sizes that were about twice those for individual-based
parameters, and four times larger than effect sizes for
chemical-physical parameters (Fig. 4). This pattern was
similar for both Near and Far sites (r = 0.72, n = 47),
although the overall magnitude of effects was lower at
the Far sites (Fig. 4). For simplicity, we focus on results
from the Near sites in the following sections.

Combining results on effect size and
natural variability

Estimates of natural variability in individual-based
parameters were derived from field collections, where-
as those for effect size were obtained from transplants.
To make the estimates more comparable, we calculated
variability of deltas for individual performance of mus-
sels from four separate transplants in the After-only
study. The results show that all 10 indices of mussel
performance were relatively invariable over time (S,
mean * 1 s = 0.080 * 0.20, range: 0.007-0.220).
Indeed, most (70%) of these estimates of mussel per-
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formance were less variable than almost all (94%) of
the parameters measured in the long-term study.

The results from the long-term study and the After-
only study yielded the opposite conclusions about the
power associated with different parameter groups. On
one hand, the population-based (and individual-based)
parameters should be the most powerful due to their
larger average effect sizes (Fig. 4), while the chemical—
physical (and individual-based) parameters should be
more powerful due to their smaller average variability
(Fig. 2). Ultimately. the more powerful parameters will
be those with the greatest standardized effect size (i.e.,
signal to noise ratio: Eq. 3). Due to their relatively large
effect sizes but low variability, individual-based pa-
rameters (particularly those derived from transplants)
had larger standardized effect sizes than either the
chemical-physical or population-based parameters (Fig.
5). With respect to the individual-based parameters,
the transplants yielded standardized effect sizes that
were >3 times larger than those derived from field
collections.

The standardized effect sizes for both chemical—
physical and population-based parameters were low
and quite similar (Fig. 5), due to the lower variability
associated with chemical-physical parameters (Fig. 2)
and the greater effect sizes associated with population-
based parameters (Fig. 4). The standardized effect sizes
for these two groups of parameters were one-half and
one-seventh the magnitude of those for individual-
based parameters derived from field collections and
transplants, respectively (Fig. 5).

These results indicate that power to detect changes
from exposure to produced water should be greatest
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FiG. 3. Effect sizes estimated from sites near and far from
an operating produced-water diffuser (an “After-only” study).
Positive values indicate larger parameter values near (or far
from) the diffuser relative to control sites, while negative val-
ues indicate the opposite. The two population-based param-
eters next to the arrows have effect sizes that are off the scale:
(—0.92, —0.85) and (0.917, —0.13).
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Fi1G. 4. Absolute effect sizes (mean = | sg) for chemical-
physical, individual-based, and population-based parameters
based on sites (a) near and (b) far from the diffuser. Sample
sizes (number of parameters) were 21, 16, and 10 for the
chemical-physical, individual, and population groups, re-
spectively.

for individual-based parameters derived from trans-
plants, and next greatest for individual-based param-
eters obtained from field collections. For an equivalent
number of estimates (i.e., sampling dates), power should
be considerably lower for chemical-physical and for
population-based parameters. For example, based upon
average standardized effect sizes (Fig. 5) and a Type I
error rate of .03, the numbers of independent sampling
dates needed to achieve power of 80% are ~4 for in-
dividual-based parameters from transplants, 24 for in-
dividual-based parameters from field collections, 90
for chemical-physical parameters, and 95 for popu-
lation-based parameters.

Most individual-based parameters required <20 (and
typically <10) sampling dates to achieve 80% power
(Fig. 6). Over half of the chemical-physical and pop-
ulation-based parameters required 100 or more sam-
pling dates to reach 80% power (Fig. 6). To provide an
idea of how many parameters would have high power
for a logistically reasonable number of surveys that
would also permit model development and testing
(Stewart-Oaten, in press), we determined the fraction
of parameters in each group with a sufficiently large
standardized effect size (>0.52) to yield power of at
least 80% with 30 sampling dates (n; = n, = 15). Using
this guideline, 8 1% (13/16) of individual-based param-
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eters from transplants and 43% (3/7) of those from
field collections had power that exceeded 80%. By con-
trast, only 18% (6/34) of the chemical-physical and 4%
(1/26) of the population-based parameters achieved
this level of power after 30 surveys.

The preceding analyses were based on effect sizes
estimated from sites Near the produced-water diffuser.
Repeating the analyses using data from the Far sites
yielded similar patterns, although, as expected, the
overall power was much lower or the number of sam-
pling dates needed for a given level of power was much
higher. For example, the smaller effect sizes (estimated
from sites far from the diffuser) resulted in more than
half of the parameters in each of the three groups re-
quiring >100 sampling dates to achieve 80% power.
Only 26% of the individual-based parameters (all from
transplants) required <30 sampling dates, while none
of the chemical-physical or population-based param-
eters achieved the same power with 30 dates.

Serial correlation

Our analyses suggested that impacts on individual-
based parameters are the most likely to be detected
with a limited number of sampling dates. The analyses
assumed that each sampling date provided an inde-
pendent estimate of the true deltas (i.e., the underlying
difference in parameter values between the Control and
Impact sites). We examined patterns of serial corre-
lation from the long-term study to gain insight into the
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FiG. 5. Standardized effect size (| Effect size|/[2 x S,]) for

each parameter group; the measure is the ratio of effect size
to twice the standard deviation of delta. Shown are means =
1 sE, based on 34, 7, 16, and 26 parameters (from left to right).
Individual-based parameters are divided into estimates de-
rived from field collections and those derived from transplants
of marked individuals or caged cohorts. Note the break in
the vertical scale between 0.7 and 1.5.
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FiG. 6. Frequency distribution of the sample size (number
of independent sampling dates) for parameters in each group
that is required for 80% power. Power analyses are based on
standardized effect sizes (Fig. 5).

frequency with which samples could be collected with-
out grossly violating the assumption of temporal in-
dependence. This provided information on the time
frame needed to collect series of independent samples.

There were no cases of significant (P < .05) negative
serial correlation, and only 8% (4 of 50) of the param-
eters exhibited significant positive serial correlation
(e.g., Fig. 7). Of the four parameters with positive serial
correlation, two were chemical-physical parameters
(seston sedimentation rate and seston percentage or-
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ganic matter), and two were population-based param-
eters (densities of sea pens and sea urchins: Fig. 7c and
d). None of the individual-based parameters exhibited
significant serial correlation.

Serial correlation appeared to arise in the popula-
tion-based parameters as a result of long-term trends
in the deltas (Fig. 7c and d). For example, the white
sea urchin (Lytechinus anamesus) exhibited strong sea-
sonal migrations, and was present during the winter
and spring but absent during the summer and fall. The
relative density at the two sites appeared to be set when
urchins reappeared in winter; the ranking of the two
sites was consistent within a year, but varied greatly
among years (Fig. 7c). This suggests that replicates
should be collected only once per year, or a yearly
average obtained from more frequent collections.

Density of sea pens (4canthoptilum sp. and Stylatula
sp.) exhibited an even longer term trend (Fig. 7d). One
site tended to have a greater density than the other site
prior to October 1989, but the reverse was true for all
samples collected after this date (Fig. 7d). This could
have arisen, for example, by a strong recruitment event
in the fall of 1989 at only one of the sites.

Despite these two examples, serial correlation was
not a general problem for the various parameters es-
timated in our long-term study (e.g., Fig. 7a and b).
On average, the serial correlation for each of the three
parameter groups was only 0.1-0.2 (Fig. 8). Simula-
tions suggest that serial correlation of this order intro-
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Fic. 7. Patterns of serial correlation in deltas for four population-based parameters. These are the difference in density
of: (a) cerianthid (burrowing) anemones (from band-transect estimates); (b) copepods (from emergence traps); (c) white sea

urchins (Lytechinus anamesus) (from quadrat samples); and

(d) sea pen density (from band transects). There is significant

serial correlation in (c) and (d), and data are separated into temporal groups to help distinguish the long-term patterns.
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104 (Stewart-Oaten, in press). It is crucial to obtain good
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Fic. 8. Degree of serial correlation in deltas for each pa-
rameter group. Shown are means * 1 sk, based on 18, 7, and
25 parameters for chemical-physical, individual, and popu-
lation groups respectively.

duce only small error into tests of impacts (Carpenter
et al. 1989, Stewart-Oaten et al. 1992).

Based on these results, we assumed that sampling
could occur every 60 d without yielding substantial
amounts of serial correlation. Assuming that six sam-
ples are collected per year and the Before and After
periods are of equal duration, the estimates of sample
size (number of independent sampling events) can be
translated into the number of years the assessment study
must be conducted. Achieving 80% power would re-
quire 16 yr for population-based parameters, 15 yr for
chemical-physical parameters, 4 yr for individual-based
parameters from field collections, and 1 yr for indi-
vidual-based parameters from transplants. To achieve
80% power for only a quarter of the parameters in each
group, the required study duration is reduced to 11 yr
for population-based parameters, 7 yr for chemical—
physical parameters, 3 yr for individual-based param-
- eters from field collections, and <1 yr for individual-
based parameters from transplants.

DiscussioN

Because relatively few well-designed studies of
planned perturbations have been completed, there is a
sparse empirical base to guide the design of future as-
sessment programs (e.g., Carney 1987, Spies 1987, Un-
derwood 1991, Stewart-Oaten, in press). Recent dis-
cussions have highlighted general design considerations
that should be incorporated in Before-After-Control-
Impact approaches (e.g., Stewart-Oaten et al. 1986,
1992, Underwood 1994, Stewart-Oaten, in press), but
these say little about specific considerations regarding
sampling frequency and parameter selection. Often a
study must be planned in the absence of sufficient pre-
liminary data to properly guide sampling decisions
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estimates of sampling variability and the size of im-
pacts that might arise (or that are deemed ecologically
important: Underwood and Peterson 1987, Yoccoz
1991), but this information typically is lacking. In the
absence of a BACIP (or analogous) study conducted
previously on a similar perturbation in a similar hab-
itat, it is vital that other existing data be used to guide
specific design considerations.

Given limitations on time and funding, the selection
of parameters and frequency of sampling are especially
crucial features of the design process. One of the most
acute constraints is the time available to collect data
prior to the perturbation. In many situations the Before
period probably will be rather abbreviated for a variety
of reasons beyond scientific control. Therefore, param-
eter selection and sampling design should take into
account the low numbers of temporal replicates that
likely can be collected prior to the commencement of
the disturbance (see Stewart-Oaten [in press] for dis-
cussion of model development based on these data).
Key considerations in this regard are the likely vari-
ability in the parameter estimate (e.g., delta) and the
probable magnitude of response to the disturbance,
both of which influence statistical power to detect an
effect. Constraints on the number of temporal repli-
cates in the Before period are most likely to hamper
detection of impacts on population density and chem-
ical-physical characteristics, and least likely to affect
detection of effects on individual performance. Unfor-
tunately these results suggest that many field monitor-
ing programs might be compromised because individ-
ual-based parameters rarely are examined (e.g., Carney
1987).

There are, however, compelling reasons to examine
population and chemical-physical parameters despite
the expected low power. First, chemical and physical
properties describe the direct effect of many pertur-
bations, and in many cases impacts could be amelio-
rated by subsequent intervention (e.g., source reduc-
tion, reduced discharge limits). Second, population
attributes, such as density, reflect the ecological con-
sequences of the disturbance, and are features of fun-
damental concern to resource managers and regulatory
agencies. In addition, some species receive special reg-
ulatory consideration. Another reason is that, while the
average power for population or chemical-physical pa-
rameters is low, some species or chemical-physical pa-
rameters will have greater power than others. The ap-
proach described here is equally useful in identifying
promising candidates within a parameter group as it
is in guiding allocation of effort among groups. Finally,
the actual impacts of the new disturbance, of course,
cannot be known a priori, and effects on populations
and chemical-physical parameters certainly can be
much larger (or variation much smaller) than antici-
pated based on extrapolations from other data sets.
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It is useful to consider why the population-based and
chemical-physical parameters had low and similar
power, because low power arose for different reasons.
Population parameters were highly responsive to pro-
duced water (i.e., larger impact), but exhibited much
greater natural variability. In contrast, the chemical-
physical parameters had much lower variability in del-
tas, but were not greatly altered by the discharge of
produced water. It appears that these results generally
will hold for other types of point-source disturbances
in the marine environment. Many chemical-physical
parameters probably are influenced largely by large-
scale oceanographic processes that similarly affect
nearby sites. For example, certain chemical-physical
attributes (e.g., sedimentation rate, water temperature,
nutrient flux) are strongly associated with upwelling
conditions, which is a region-wide phenomenon (e.g.,
Landry and Hickey 1989). In these situations, differ-
ences in these parameter values between Control and
Impact sites (i.e., the deltas) will be similar through
time (see also a related discussion in Magnuson et al.
[1990], which discussed temporal coherence of chem-
ical-physical and biological parameters in freshwater
lakes).

The relatively small response that we observed of
chemical-physical parameters to the discharge of pro-
duced water is also consistent with recent analyses of
the general effect of waste discharges on the distribution
of trace elements in coastal waters. For example, mas-
sive discharges (10° L/d) of wastewaters in the Southern
California Bight have had a negligible (<1%) impact
on concentration of cadmium in those waters (Safiudo-
Wilhelmy and Flegal 1991). Similarly, Schmidt and
Reimers (1991) found that, in the Santa Barbara Basin,
the fraction of certain metals (Cd, Cu, Ni, Pb) from
human sources that is deposited in sediments near mu-
nicipal outfalls is quite small (<1%) compared to the
amount released. In both cases, natural inputs and
physical mixing processes appeared to have reduced
the contribution from human inputs to a small fraction
of the background level. So for chemical-physical pa-
rameters the large spatial scale of events that drive
natural variation can lead to low variability in deltas,
while other natural processes can greatly diminish the
signal provided by anthropogenic perturbations.

Population density, by comparison, is known to be
highly responsive to local conditions, and can exhibit
considerably different temporal patterns among neigh-
boring sites (e.g., Holbrook et al. 1990, Magnuson et
al. 1990, Schmitt and Holbrook 1990). The high sen-
sitivity to local conditions potentially can translate into
strong local responses to natural phenomena (thus in-
creasing S,) as well as anthropogenic perturbations such
as wastewater discharges (thus increasing effect size).
Within-site sampling error also can contribute to the
high variability as benthic populations are notoriously
difficult to sample (Vezina 1988, Thrush et al. 1994).
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It is important to note that the variability reported
here (e.g., Fig. 2) is a measure of the variability (over
time) in estimates of the differences between sites. This
variability includes both the true temporal variation
in deltas and variation due to sampling error within a
site (which adds error to the estimation of delta on any
date). The contribution of sampling error will be a
function of spatial variability within a site and sam-
pling intensity, and therefore will vary with the within-
site sampling design. This suggests that the variation
in deltas (S,) for population-based parameters could
be reduced by more intensive sampling on each date,
rather than increasing the number of dates. However,
partitioning of observed variation for the long-term
data set revealed that the deltas for population-based
parameters were more variable due both to sampling
error (i.e., high within-site spatial variation) and site-
specific temporal variability (i.e., high variation in the
actual deltas through time) (C. W. Osenberg, personal
observation); increasing the sampling intensity within
a date would reduce the observed variation (S,) by
only =350%. Therefore, even if sampling error were
removed (e.g., through more exhaustive sampling),
population-based parameters still would be more vari-
able than the chemical-physical or individual-based
parameters (see Fig. 2).

Our estimates of S, probably are typical because the
within-site sampling design of our long-term study is
similar to that used in many assessment studies (see
Thrush et al. 1994). The costs and benefits of adjusting
within-site sampling intensity to achieve greater power
can be analyzed (e.g., the importance of within-site
accuracy vs. more sampling dates), although with lim-
ited resources greater precision ultimately would be
accomplished at the cost of fewer sampling dates (which
is the unit of replication in a BACIP design).

Difficulty in sampling populations or other param-
eters within sites not only can affect the variance of
the estimate, it also might lead 1o overestimation of
effect sizes from After-only studies (Figs. 3 and 4). This
would be true especially for a parameter that is not
affected by the perturbation, and thus should have an
effect size of zero. Our approach would overestimate
this effect by confounding sampling error and any un-
derlying spatial gradient as an effect of the perturbation.
If so, the calculated number of surveys (sample size)
needed for a given level of power would be underes-
timated. While this bias will exist for any parameter,
our data suggest that, on average, it will be most acute
for population-based parameters. Hence, limitations
on detecting impacts at the population level may be
even more difficult than our analyses suggest.

In contrast to population and chemical-physical pa-
rameters, individual-based parameters had relatively
high power owing to relatively low levels of variability
(Fig. 2) and intermediate effect sizes (Fig. 4). Although
80% power could be achieved for many of the param-
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eters we examined with fewer than 10 sampling dates,
it is unwise to reduce the sampling intensity below a
level at which model development and testing can be
performed (Stewart-Oaten, in press). Our data also in-
dicate that variability in the deltas for individual-based
parameters can be reduced by use of transplants (Fig.
4), which results in increased power (Fig. 5). This pre-
sumably occurs because, compared with estimates from
field collections, transplants remove noise introduced
by individual variation as well as variability between
sites over time. For example, size-specific growth rates
can be assessed accurately using marked individuals of
known size; because size can influence growth and size
distributions can vary among sites (e.g., Osenberg et
al. 1988), an analysis based on marked individuals is
likely to be more powerful than one based on field
collections.

It should be noted that several of the transplant-
derived parameters for which we had relatively high
power are closely related to population-based param-
eters, which had much lower power. For example,
transplants of abalone larvae provided estimates of per
capita settlement rates. In the field, natural rates of per
capita settlement can be estimated from observed set-
tlement rates and/or larval supply, both of which re-
quire estimation of density (e.g., Olson 1985, Keough
1986, Victor 1986, Raimondi 1990). Therefore, these
field estimates would have considerable error for the
same reasons that population parameters were highly
variable. The use of transplants surmounted much of
this problem by using cohorts of known size, thereby
eliminating much of the variability that plagues the
population parameters.

The observation that individual-based parameters
may yield more powerful assessments is troubling giv-
en the rarity with which they are measured in field
assessments. Care must be taken to guard against only
considering parameters that yield low probabilities of
demonstrable results (e.g., chemical-physical and pop-
ulation attributes), and inclusion of individual-based
parameters could greatly increase the sensitivity of as-
sessment studies (Carney 1987, Osenberg et al. 19924;
see also Jones et al. 1991). However, the need to in-
vestigate individual-based parameters goes far beyond
power considerations; it is the individual-based (and
demographic) parameters that provide the mecha-
nisms that underlie changes at the population (and
therefore community) level. Furthermore, these indi-
vidual-based parameters provide an explicit connec-
tion with detailed laboratory studies that focus on in-
dividuals and mechanisms of toxicity. What is needed
are more realistic studies of individual-based effects
under field conditions combined with both mechanistic
laboratory studies and field assessments of population-
level consequences. Recent advances with individual-
based models (DeAngelis and Gross 1992) provide an
explicit framework for making these fundamental link-
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ages among environmental chemistry, physiology, and
population ecology (e.g., Hallam et al. 1990). Such
models provide a powerful, mechanistic approach to
assessing impacts on natural populations and comple-
ment the traditional approach of monitoring environ-
mental impacts.
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VI. RECOVERY OF INFAUNA AND MUSSELS FOLLOWING CESSATION OF
PRODUCED WATER DISCHARGE: APPLICATION OF THE BEFORE-AFTER-
CONTROL-IMPACT PAIRED SERIES (BACIPS) DESIGN

A. Introduction

Our previous field research documented spatial variation in ecological parameters that
correlated with distance from the produced water outfall. These patterns suggested that there
were effects of produced water, but could not equivocally isolate effects of produced water
from other factors that covaried in space with produced water. To provide stronger inferences
we applied the BACIPS assessment design to data collected during two periods: 1) during
discharge (or while the plant was “in operation”), and 2) after discharge stopped (or while the
plant was “shut down”). Krause (1995) and Raimondi and Schmitt (1992) both took similar
approaches, but had data from only a single “shut down” period. Ideally, a time series of
samples should be taken both during operation and after the plant has shut down. Here, we
report data from several surveys conducted during operation and several conducted after the
separation facility stopped discharging produced water. The results provide the best
documentation to date of the ecological effects of produced water.

B. Mussel Production and Shell Barium Content

During each survey taken when the plant was in operation, we consistently found a negative
relationship between mussel growth, condition and production and distance from the diffuser.
These spatial patterns disappeared as soon as the plant stopped discharging produced water
(Figure VI-1), as anticipated if the toxicants were water-borne. Based on 7 (and 4) surveys
obtained during operation and 6 (and 2) after shut down for M. californianus (and M. edulis),
produced water reduced tissue production by 20 - 30% at sites within 10 m of the outfall
(Figure VI-1). As distance increased, the effects diminished. Because our most distant sites
were at 1 km, we were unable to discern effects beyond this point.

M. californianus M. edulis
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Figure VI-1. Tissue production of M. californianus and M. edulis. The difference between the two periods provides an estimate of the effect of
produced water on tissue production.
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Shell barium content was a useful marker of exposure to produced water. During operation,
mussels placed close to the diffuser accumulated the highest levels of barium (e.g., Osenberg
et al. 1992b), but after discharge ceased, these spatial patterns disappeared (Figure VI-2).
When the plant was in operation, we consistently found a negative relationship between
barium concentration in shells and distance from the diffuser. Barium content typically
reached background levels around 100 m (range: 50-500 m) from the diffuser. As expected, r
barium content and mussel performance were negatively correlated (e.g., for the first survey:
= -0.96, n = 6, P<0.01), suggesting that the observed variation in mussel performance was

M. californianus M. edulis
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(ppm above ambient)
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Figure VI-2. Shell barium content in M. californianus and M. edulis. The difference between the two periods provides an estimate of the
effect of produced water on shell barium content.
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Figure VI-3. Reductions in tissue production in relationship to increased shell barium content in M. californianus and M. edulis. Tissue
production was standardized as the percent of the distant sites (1000 m), whereas shell barium content was standardized as the absolute
deviation from background. As a result, “no effect” would be indicated by standardized values of 1 (for tissue production) and O (for shell
barium content).
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directly related to exposure to produced water. In contrast to the data from the discharge
period, we found no consistent variation in barium content during the post-shutdown period.
Barium content was relatively uniform among sites and did not covary with distance from the
diffuser, although it exhibited considerable temporal variation. Comparison of the “in
operation” and ‘“shut down” periods suggests that barium remained elevated in the water
column only out to 50 — 100 m from the diffuser. Yet, effects on mussels seemed to persist
out to 500 m (Figure VI-1). Overall, however there was a strong negative correlation between
the degree to which barium was elevated above ambient and the extent to which mussel

production was depressed (Figure VI-3).

In addition to its role as a marker of produced water, barium may also be an important source
of toxicity in the produced water. For example, research by Cherr and Higashi and their co-
workers have shown that the majority of toxicity is removed by Chelex (Higashi et al. 1992),
and that this component contains high concentrations of Ba and Sr, but not other more
"classical" toxic elements (e.g., Cu, As, and Cr). Subsequent work by Spangenberg and Cherr
(1996) has demonstrated that barium can produce similar patterns of toxicity as observed in
the Carpinteria produced water.

C. Infaunal Density

As also observed for mussels, there were spatial patterns of infaunal density during the period
when produced water was discharged (Osenberg et al. 1992b). Following shut down of the
facility, these patterns largely disappeared, demonstrating that previously documented patterns
had resulted from the effects of produced water on infaunal density. These results, however,
were less dramatic and more variable than observed for mussels and occurred on a more
limited spatial scale. For example, nematodes were stimulated by the discharge of produced
water, showing higher densities near the diffuser and lower densities at more distant sites.
Within the first year following cessation of discharge, this signal was reduced considerably
and by the second year, there was no noticeable association between nematode abundance and
the diffuser (Figure VI-4a). Stimulatory effects of organic enrichment on nematodes have
been observed at wastewater outfalls and natural oil seeps (Davis and Spies 1980, Motagna et
al. 1989, Steichen et al. 1996). Most other taxa, showed depressed densities near the diffuser
(Osenberg et al. 1992b), and many of these patterns dissipated after cessation of discharge
(Figure VI-4b).

Several taxa showed more complex spatial patterns, possibly due to negative (“toxic”) effects
combined with stimulatory, enrichment effects (Osenberg et al. 1992, Steichen et al. 1996):
Figure VI-5a. For example, bivalves showed a pattern during discharge that suggested a
humped-shaped relationship with distance: maximum abundances occurred at intermediate
distances (e.g., 10 — 100 m). Shortly after cessation of produced water discharge, bivalve
abundances peaked near the diffuse and declined as distance increased (Figure VI-5b),
suggesting a continuing response to enrichment but the absence of any lingering deleterious
effects. After additional time (on the order of six months), this enrichment effect was reduced
by about 50%, and after a year, there was little remaining effect (Figure VI-5b). Overall,
however, these effects on population density occurred over very limited spatial scales
compared to effects on individual-based and demographic parameters (Osenberg et al. 1992b):
e.g., compare Figure VI-1 with Figures VI-4 and VI-5.
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Figure VI-4. Density of nematodes (a, top) and nermerteans (b, bottom) as functions of the distance from the
diffuser during three different sampling periods: 1) when produced water was discharged (open symbols); 2)
within one year after discharged ceased (gray); and 3) from 1 — 4 years after cessation of produced water
discharge (closed circles). The intermediate sampling period is omitted in the bottom panel for clarify.
Densities were rescaled relative to the density at the most distant sites. As a result, the absence of spatial
variation would be indicated by uniform relative abundances of 1.0. Produced water effects are indicated by
differences between the “In operation” and “Post-operation” lines. Please note that the diffuser is located a
the midpoint of the transect.
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Figure VI-5. Density of bivalves as a function of distance from the diffuser during four different
sampling periods: a (top) when produced water was discharged (open symbols); and b (bottom) during
three periods following cessation of produced water discharge. Densities were rescaled relative to the
density at the most distant sites. As a result, the absence of spatial variation would be indicated by
uniform relative abundances of 1.0. Produced water effects are indicated by differences between the
“In operation” and “Post-operation” lines. The diffuser is located at the midpoint of the transect.
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The Department of the Interior Mission

As the Nation's principal conservation agency, the Department of the Interior has responsibility for most
of our nationally owned public lands and natural resources. This includes fostering sound use of our
land and water resources; protecting our fish, wildlife, and biological diversity; preserving the
environmental and cultural values of our national parks and historical places; and providing for the
enjoyment of life through outdoor recreation. The Department assesses our energy and mineral
resources and works to ensure that their development is in the best interests of all our people by
encouraging stewardship and citizen participation in their care. The Department also has a major
responsibility for American Indian reservation communities and for people who live in island territories
under U.S. administration.

The Minerals Management Service Mission

As a bureau of the Department of the Interior, the Minerals Management Service's (MMS) primary
responsibilities are to manage the mineral resources located on the Nation's Outer Continental Shelf
(OCS), collect revenue from the Federal OCS and onshore Federal and Indian lands, and distribute
those revenues.

Moreover, in working to meet its responsibilities, the Offshore Minerals Management Program
administers the OCS competitive leasing program and oversees the safe and environmentally sound
exploration and production of our Nation's offshore natural gas, oil and other mineral resources. The
MMS Royalty Management Program meets its responsibilities by ensuring the efficient, timely and
accurate collection and disbursement of revenue from mineral leasing and production due to Indian
tribes and allottees, States and the U.S. Treasury.

The MMS strives to fulfill its responsibilities through the general guiding principles of: (1) being
responsive to the public's concerns and interests by maintaining a dialogue with all potentially affected
parties and (2) carrying out its programs with an emphasis on working to enhance the quality of life for
all Americans by lending MMS assistance and expertise to economic development and environmental
protection.



