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Metamorphosis, Growth, and Settlement of Pacific Sanddab (Citharichthys sordidus) to
a Continental Shelf Nursery, Inferred from Otolith Microstructure
CHAPTER 1

Introduction
OVERVIEW

Life history strategies
Most marine fishes have complex life histories with distinct larval and juvenile phases.

The transition between phases represents a major ecological shift and includes changes in
morphology, habitat, behavior, diet, and growth rate. Many species have transparent pelagic
larvae that metamorphose into pigmented benthic juveniles. Metamorphosis is particularly
pronounced in flatfishes and includes migration of one eye across the top of the head resulting
in an asymmetrical juvenile (Brewster, 1987). Pelagic larvae generally occur offshore and must
move inshore to reach juvenile nurseries (Minami and Tanaka, 1992). This inshore movement
may depend upon favorable currents (Nelson et al., 1977; Boehlert and Mundy, 1988; Miller,

1988). Recent studies suggest that survival of late larval and early juvenile stages may be
critical determinants of year class success (Sissenwine, 1984; Peterman et al., 1988; Bradford,
1992).

The early life history strategies of flatfishes are quite variable (Moser, 1981). Most
flatfishes metamorphose at relatively small sizes of 10-25 mm SL, have short pelagic periods on

the order of 1-3 months, and settle to shallow nearshore and estuanne nursery areas (Ahlstrom

et al., 1984; Miller et al., 1991; Chambers and Leggett, 1992). Research on recruitment of
flatfishes has focused on species with this life history strategy, and is particularly well
documented for temperate flatfishes in the North Atlantic (Lockwood, 1980; Van der Veer,
1986; Bergman et al., 1988; Van der Veer et al., 1990; Beverton and lies, 1992; Leggett and

Frank, 1997). A smaller number of flatfishes transform at large sizes, have long pelagic
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durations, and settle to nursery areas on the mid-continental shelf (Pearcy Ct al., 1977; Miller et

al., 1991; Markle et al., 1992; Minami and Tanaka, 1992; Toole et al., 1997). The early life
history of these species, including the processes which affect settlement and recruitment to deep
nurseries, are not well understood.

Otolith analysis
Research on the early life history of fishes has profited greatly from otolith analysis.

Fish otoliths contain a variety of detailed life history information. Several properties of otolith
growth make otoliths valuable information storage structures. Otolith growth is incremental,
producing daily marks that can be used to estimate age. Otolith growth rate, microstructure, and
composition are affected by the environment and life history events, and thus record experience

and timing of development. Because otolith material is not resorbed or reworked after
deposition (Campana and Neilson, 1985), the otolith contains a complete permanent daily
record of early life.

Since the discovery of daily increments in fish otoliths (Pannella, 1971), counts of
increments have been widely used to estimate age and average growth rates of larval and

juvenile fishes. In addition to average growth, the width of daily increments provide a record of
otolith growth rate for the entire life of the fish. A few studies have demonstrated a direct
correlation between otolith increment width and somatic growth (Yolk Ct al., 1984; Karakiri and

von Westernhagen, 1989; Sogard, 1991). However other studies have shown that the
relationship between otolith growth and somatic growth is more complex (Reznick et al., 1989;

Secor and Dean, 1989, 1992). Microstructural features in the otolith have been shown to
correspond to specific life history events such as hatching, yolk absorption, metamorphosis, and
settlement (Victor, 1983; Campana, 1984; Hare and Cowen, 1994; Wilson and McCormick,

1997). The timing and location of these landmarks, when combined with age and size

information from the otolith, allow backcalculation of the age and size of an individual at
important life history events.
Otoliths may also contain individual environmental histories stored in chemical form.
Otoliths are composed primarily of calcium carbonate in the aragonite form (Degens et al.,

1969), but numerous elements are also incorporated into the otolith matrix. Concentrations of
these elements can be influenced by environmental conditions at the time of deposition (Radtke
and Shafer, 1992). Cross-otolith variation in element concentrations has been used to infer the
temperature histories of individual fish (Radtke, 1989; Townsend et al., 1989, 1995; Radtke et
al., 1990) and the timing of migrations among habitats (Tzeng and Tsai, 1994; Radtke et al.,

1996; Secor and Piccoli, 1996). Differences in otolith composition or 'elemental fingerprints'
among geographic groups of fish have been used to infer or confirm stock or population
structure (Mulligan et al., 1987; Edmonds et al., 1989, 1992; Campana and Gagne, 1994;
Campana et al., 1994).

Scope
This dissertation focuses on the transition period during the early life of Pacific sanddab

(Citharichthys sordidus), and briefly that of Dover sole (Microstomus pacflcus). Both species
transform at large sizes and appear to settle to nurseries on the continental shelf (Matarese et al.,

1989; Markie et al., 1992; Toole et al., 1997). Benthic Pacific sanddab used in these studies
were collected during stratified surveys of continental shelf and upper slope off central Oregon
in 1989-1994, and pelagic Pacific sanddab were obtained from midwater collections off central

California in 1994. Although distribution and abundance patterns were derived from this survey
data, much of the life history data was derived from analysis of otolith microstructure and
microchemistry. The overall goal of the research was to gain a better understanding of the
transitional period during early life of Pacific sanddab and other flatfishes with similar life
history strategies.
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This dissertation consists of four main chapters. Chapter 2, "Relationship between
otolith microstructure, growth, and metamorphosis in Pacific sanddab (Citharichthys
sordidus)", describes the process of metamorphosis with emphasis on developmental rate,
variation in size and age at metamorphosis, and describes relationships between the otolith

record, somatic growth, and events during metamorphosis. Chapter 3, "Settlement, distribution,
and abundance of age-O Pacific sanddab (Citharic/zthys sordidus) on the Oregon continental

shelf', describes the settlement process, including timing of settlement, depth of the nursery,
inshore movement, and annual variation in settlement abundance and its relationship to Ekman

transport. Chapter 4, "Ontogenetic and individual variation in otolith microchemistry in two
recently-settled flatfishes, Dover sole (Microstomus pacflcus) and Pacific sanddab
(Citharichthys sordidus)", examines whether cross-otolith patterns in microchemistry represent
an environmental record of settlement and inshore movement, then tests for and uses fixed
differences in otolith composition as natural tags to discriminate among settling cohorts and

infer patterns of settlement and larval patch dynamics. Chapter 5, "Sources of variation in time
series of otolith growth of settling Pacific sanddab, Citharichthys sordidus (Paralichthyidae)",
examines the relationship between mean daily otolith growth (growth histories) and seasonal

variation in broad-scale sea surface temperature. Growth histories of individual fish are tested
for synchrony to determine if the large "unexplained" variation was random or due to the
presence of a few subgroups with distinct but asynchronous growth histories. Growth histories
were related to mesoscale features and used as natural tags to examine patterns of settlement
and larval patch dynamics. Finally, Chapter 6 summarizes the maj or conclusions of the
dissertation and suggests directions for future research.
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ABSTRACT
Most flatfishes metamorphose at lengths of 10-25 mm SL. We describe metamorphosis
in Pacific sanddab (Citharichthys

sordidus)

which transform at larger sizes and relate

metamorphosis to changes in otolith microstructure and growth. Metamorphosis consists of two
phases: eye migration which takes 3 months and "metamorphosis proper" which takes an
additional 1-2 months. Eye migration began at 16-22 mm SL, then halted while larvae
continued to grow. As a result, the right eye was partially migrated for 3 months or half the
larval period. Larvae that had recently completed eye migration (CEM) ranged from 30-46 mm
SL (mean=38.2, n=70) and were 125-224 d old (mean=174, n=65), although ages were not
validated. Coefficients of variation in length and age at CEM were 0.08 1 and 0.122, similar to
flatfishes that transform at smaller sizes.

During eye migration, accessory primordia (AP) formed in the sagitta, growth from the
central primordium shifted abruptly from translucent (clear) to opaque, and sagitta growth rate
temporarily tripled. Otolith growth rate also doubled in the asteriscus, which lack AP,
suggesting AP formed in the sagitta in response to conditions that promote rapid otolith
deposition. Unlike most flatfishes, AP formed 2-3 months before the start of the juvenile

period. Somatic growth did not slow during the period of rapid otolith growth. Individual
growth rates of larvae 18-46 mm SL ranged from 0.14 to 0.32 mm SL/d (mean=0.21, cvO.157,

n128).
Metamorphosis proper did not begin until after CEM. During metamorphosis proper,
relative body depth decreased, relative eye diameter increased, length of 2nd and 3 dorsal rays
decreased, and pectoral fin rays, scales, and juvenile pigmentation began to develop. Somatic

growth appeared to halt for about 50 d then resumed. In addition, otolith growth slowed, sagitta
density decreased, a distinct translucent band formed in some sagittae, and contrast of
increments decreased in some asterisci. Increments formed at the same rate in the two otoliths,
but the first increment formed in the asteriscus an average of 46 d after forming in the sagitta.

11

INTRODUCTION
Size at metamorphosis is highly variable among flatfishes, ranging from about 5 to
>120 mm SL (Moser, 1981). However, most flatfishes metamorphose at relatively small sizes
of 10-25 mm SL (Ahlstrom et al., 1984; Chambers and Leggett, 1992), have a short pelagic life,
and settle to shallow coastal nurseries. Metamorphosis in some of the smaller flatfishes is rapid
and takes only 1-2 weeks in species such as winter flounder, Pleuronectes americanus

(Chambers and Leggett, 1987), and plaice, Pleuronectesplatessa (Modin et al., 1996). Rapid
metamorphosis is consistent with the idea that intermediate forms are poorly adapted to either

the pelagic or benthic habitat. Curiously, some flatfishes transform at large sizes, have longer
pelagic periods, and settle to deep continental shelf or slope nurseries. For example, rex sole,
Errex zachirus, complete metamorphosis at 49-89 mm SL (Pearcy et al., 1977) and Dover sole,

Microstomuspacflcus, complete metamorphosis at 49-79 mm SL (Markle et al., 1992). Both
settle on the mid-continental shelf of the eastern Pacific. Dover sole metamorphosis is also
unusually slow, taking 9 months to >1 year, and eye migration is uncoupled from the rest of
metamorphosis resulting in optically asymmetrical planktonic larvae (Markle et al., 1992;
Butler et al., 1996).

Microstructures of fish otoliths are often used to understand timing of life history events
such as hatching, yolk absorption, and settlement. In many flatfishes, secondary growth centers
or accessory primordia (AP) are important microstructures associated with eye migration,
metamorphosis, and settlement (Campana, 1984b; Kramer, 1991; Sogard, 1991; Modin et al.,
1996). The timing of AP formation has been combined with increment counts to backcalculate
age at metamorphosis and settlement dates for plaice (Alhossaini et al., 1989). In Dover sole,
multiple AP formation begins after eye migration and coincides with a transition from clear to
opaque material and with the initiation of metamorphosis (as defined by Markle et al., 1992)
(Toole, et al., 1993). Settlement in Dover sole is approximated by the otolith landmark at which
growth from AP completely encloses growth from the central primordium, but no landmark is
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associated with completion of metamorphosis (Toole et al., 1993). The protracted
metamorphosis in Dover sole suggests that AP formation is associated with initial
metamorphosis and merely confounded with eye migration and settlement in species with rapid
metamorphosis.

The generality of the Dover sole results can be explored in Pacific sanddab,
Citharichthys sordidus, which is a paralichthyid rather than a pleuronectid, and which
metamorphoses at moderate sizes, 20 to >50 mm SL (Matarese et al., 1989; Sakuma and

Larson, 1995). Adults inhabit the continental shelf from Baja California to the Bering Sea
(Miller and Lea, 1972) in areas with sand substrates, and mostly at depths of 35 - 90 m
(Demory, 1971). Early larval stages have been described (Matarese et al., 1989; Moser, 1996),
but little is known about metamorphosis. Sakuma and Larson (1995) suggested there is little
growth during metamorphosis and that migration of the eye from right of the midline to the left

side takes 3 weeks. The duration of the larval period is not known but assumed to be long
because of the large size at metamorphosis. In this paper, we describe Pacific sanddab
metamorphosis, microstructure of Pacific sanddab sagittae and asterisci, and relate
microstructures to the process and rate of metamorphosis and growth.

METHODS
Collections
Larval, juvenile, and adult Pacific sanddab were collected from the continental shelf
and upper slope off central Oregon (43.8-45.8°N) at depths of 50 to 400 m. Benthic fishes were
collected with a 27.4 m headrope commercial shrimp trawl composed of 34.9 mm mesh

(stretched) and lined with 6.4 mm mesh in the cod end and were frozen at sea. Most of the
Pacific sanddab examined were collected in March 1992, 1993, and 1994, but a few larger
young-of-the-year juveniles were collected in September 1991 with the shrimp trawl and in
May 1994 using a 7.6 m otter trawl. In addition, we examined a sample of 57 pelagic larvae
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and juveniles obtained from the annual juvenile rockfish survey conducted by NMFS scientists
off central California (36.7-38.0°N) in May 1994 using a 26 m x 26 m modified Cobb midwater
trawl (cruise number DSJ-9406).

Sample processing
In the laboratory, standard length (SL), body depth, and eye diameter were measured to
0.1 mm on fresh, defrosted fish. Pelagic fish were preserved in ethanol, but lengths were not
corrected for potential shrinkage which prior experience suggests would be small. Fish were
classified into four metamorphic stages based on the position of the right (migrating) eye: stage
0- eyes symmetrical; stage 1 - eye beginning to migrate but right of midline; stage 2 - eye
intersecting the midline; and stage 3 - right eye migrated to left side. Individuals classified as
stage 3 have not necessarily completed metamorphosis. In addition, pigmentation pattern was
classified as one of six groups (early larval to juvenile) for fish collected in 1994.
Sagittae and asterisci were removed, cleaned of adhering tissue, and mounted in
thermoplastic resin. Otoliths were measured under a light microscope with the aid of either an
ocular micrometer or a video camera connected to an image analysis system. Whole otoliths
were ground in the sagittal plane on both faces to the level of the central primordium (core) to

expose increments. Otoliths were ground on silica sandpaper and polished with 0.05 jtm
alumina powder. Increments were counted under a light microscope at 100-1 000x

magnification. For sagittae, separate counts were made in the clear central region and the
opaque outer regions. Only opaque increments were counted for pelagic fish. Increments in
each sagitta were counted two times on different dates without knowledge of the size of the fish
and the counts were averaged. If counts differed by more than 15%, the otolith was read a third
time and the two most similar counts were averaged. Asteriscus increments were counted once.

Age was estimated by adding 5 days to the total number of sagittal increments. We
assumed the first sagitta increment formed at yolk absorption which we estimated to occur 5
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days after hatching based on the development of English sole, Pleuronectes vetulus (Laroche et

al., 1982). Individual growth rates were estimated by subtracting average length at hatching
(2.5 mm; Moser, 1996) from standard length and dividing by age. Kruskal-Wallis nonparametric ANOVA was used to test for significant differences in length and age among stages.
Post-hoc pairwise comparison a levels were adjusted using the Bonferroni inequality.

Relationships between standard length and otolith size were complex. A segmented,
three-part regression model incorporating a power function for the third segment described the
relationships well. Inflection points were first estimated by fitting a three part linear model to
the data (Bacon and Watts, 1971; Laidig et al., 1991). Regressions were then fit sequentially to

data below, between, and above the two inflection points. The general form of the model for
each segment was SL = a + b(OL-c1)' where c is the otolith length at the inflection point at the
start of the segment. Simple linear regression (d=1) was used for segments 1 and 2.

RESULTS

Metamorphosis
Metamorphosis in Pacific sanddab consists of two phases: eye migration and

"metamorphosis proper" (see below). Eye migration occurs first and because it was the basis of
our classification system, does not adequately characterize the entire process of metamorphosis.
Length increased with metamorphic stage (stage 0 - 13.9-21.5 mm SL, stage 1 - 16.0-38.1 mm
SL, stage 2 - 2 1.2-42.5 mm SL, and stage 3 fish caught in March - 29.8-55.6 mm SL) indicating

considerable growth during eye migration (Figure 2.1). Overlap of these ranges indicates that
the right eye began to migrate at 16-22 mm SL, reached the midline at 2 1-38 mm SL, and

completed migration at 30-42 mm SL. Differences among these ranges indicate that larvae
grew at least 8 mm SL and perhaps as much as 26 mm SL while the eye was migrating. Benthic
stage 3 fish caught in March 1992 and pelagic stage 3 fish caught in May 1994 were an average
of 21.4 and 16.8 mm SL larger than stage 0 larvae (Kruskal-Wallis, P<0.001, Figure 2.1).
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50% of observations, and vertical lines are the range. Means and numbers of fish
are shown.
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Mean age increased with metamorphic stage indicating eye migration was a gradual

process. A pre-metamorphic, stage 0 larvae (18 mm SL) was 89 d old while four
metamorphosing, stage 1 larvae of a similar size (16.0-21.5 mm SL) were 78-107 d old. The
range in age of all stage 1 larvae was 78-165 d, stage 2 larvae was 108-196 d, and stage 3 fish
125-268 d (Figure 2.2). Overlap of these ranges indicates that the eye began to migrate at an
age of approximately 78-89 d, reached the midline at 108-165 d, and completed migration at
125-196 d. Differences among these ranges indicate that larvae require 36-118 d to complete
eye migration.

Mean length and age at completion of eye migration (CEM) were estimated from early
stage 3 fish (those with <50 opaque sagittal increments, see below). Mean length of these early
stage 3 fish was 38.2 mm SL (range=29.8-46.1 mm SL, n=70) and the coefficient of variation

(CV) was 0.081. Mean age was 174 d (range=125-224 d, n=65) with a CV of 0.122. Thus
length at CEM was less variable than age at CEM. If larvae begin eye migration at 16-22 mm
SL (above), and these data suggest completion at about 30-46 mm SL, then larvae grew from 830 mm SL during eye migration. Similarly, if larvae begin eye migration at 78-89 d (above),
and these data suggest completion at 125-224 d, then eye migration takes 36-146 d.
Although eye migration began at 16-22 mm SL, other major morphological changes
associated with metamorphosis did not begin until after fish reached 3 0-42 mm SL and

completed eye migration (stage 3). We refer to this period of change as "metamorphosis

proper". During stage 3 relative body depth decreased from 0.37 to 0.34 SL and relative eye
diameter increased from 0.07 to 0.09 SL (Figure 2.3). Juvenile pigmentation began to develop
in stage 3. All stage 2 larvae and 21% of stage 3 fish (n=120) had larval pigmentation
consisting of several large clusters of melanophores along the body (Figure 2.4 a, b, c).
Melanophores were greatly reduced in other stage 3 fish (Figure 2.4 d, e) and the complete

asymmetrical juvenile color pattern (not shown) was present only in fish> 60 mm SL. Other
stage 3 changes include reduction in length of the 2'' and 3l dorsal fin rays, elongation of
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Figure 2.4. Development of larval (a-c) and juvenile (d-e) pigmentation in Pacific sanddab
(Citharichthys sordidus). a) 24.8 mm SL stage 1, b) 34.0 mm SL stage 1, c) 36.3
mm SL stage 2, d) 40.3 mm SL stage 3, e) 44.7 mm SL stage 3.
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pectoral fins, development of pectoral fin rays, and initiation of scale formation along the lateral

line. An endpoint for metamorphosis proper is difficult to define. However, plots of body
depth and eye diameter versus number of opaque sagittal increments (Figure 2.3) suggest that
these features reached the juvenile state between 60 and 90 d after the opaque region formed or
1-2 months after CEM.

Otolith microstructure and relationship to metamorphosis
Sagitta

Clear central region
Three regions were visible in sagittae of large juvenile Pacific sanddab; a clear central region, a
middle high density (HD) opaque region, and an outer low density (LD) opaque region. The
innermost region of the sagitta was translucent (clear), with all growth originating from a single

central primordium (Figure 2.5). The first increment formed at a radius of 1.3-13.4 jim

(mean=5.3, n25). Increment width gradually increased from 1.2-4.0 tm (mean=1.7, n25)
near the core to 1.8-6.1 jim (mean=3.6, n=23) near the edge of the clear central area. A notch
was present in the anterior portion of the clear region in most sagittae of larger fish.. This notch

was absent in sagittae of stage 0-2 larvae 18.0-32.0mm SL (n17) and present in stage 0-2
larvae 20.1-29.8 mm SL (n13), suggesting the notch formed during metamorphic stages 0-2.
Right and left sagittae were not symmetrical. Left sagittae initially grew at a similar rate in all
directions, but right sagittae grew more rapidly in the anterior field, resulting in a core that
appears slightly off center of the clear central area (Figure 2.5). The number of clear increments

ranged from 77-184 (mean=124, cvO.171 , n241) in sagittae in which the HD opaque region
had formed.
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right

notch

0.1 mm
left

AP
Figure 2.5. Photographs of polished left and right sagittae from a 28.0 mm SL stage 1 Pacific
sanddab (Citharichthys sordidus) showing asymmetry in locations of the central
primordia, notches in the anterior field, and the first few accessory primordia (AP).
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High density opaque region
Numerous secondary growth centers or accessory primordia (AP) formed along the

periphery of the clear region during metamorphosis. The first (most proximal) AP usually
formed in the notch in the anterior field (Figure 2.5). Growth from AP was very dense and

opaque. About the time the first AP formed, growth from the central primordium shifted
abruptly from clear to opaque (Figure 2.6). This transition from clear to opaque increments
occurred at a sagitta length of 0.42-0.61 mm (mean=0.52, cv=0.088, n=47). Opaque increments
from the central primordium became enclosed by opaque growth from numerous AP and

together formed the continuous HD opaque region. The number of HD opaque increments
ranged from 18 to 75 (mean=43, n60) in a subsample of sagittae in which the LD opaque
region had formed.

Sagitta growth rate increased markedly about the time the first AP and HD opaque

region formed. Width of increments from the central primordium increased from an average of
3.6 tm at the edge of the clear region to 7.8 j.tm in the opaque region. Increments within AP
were generally wider, averaging 11.2 Jim (range=6- 17 .tm). Sagitta growth rate remained high
for an average of 40-50 d after the opaque region formed, then declined sharply (Figure 2.7). A
plot of sagitta length versus number of opaque increments shows a strong inflection at a sagitta

length ofl.5 mm and 45 opaque increments. Slopes of regressions fit to the two segments
indicate a mean increment width of 11.7 tm in fish with <45 opaque increments and 2.2 im in

fish with 45 opaque increments.
The HD opaque region formed during eye migration. Opaque increments were absent
in pre-metamorphic larvae (stage 0), present in 31% of stage 1, 72% of stage 2, and 100% of
stage 3 fish. Thus the HD opaque region formed when the migrating eye was either to the right
or on the midline. Stage 3 fish had a minimum of 14 opaque increments and stage 2 larvae had
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Figure 2.6. Photograph of a polished sagitta from a 37.6 mm SL stage 2 Pacific sanddab
(Citharichthys sordidus) using transmitted light which shows the transition from the
clear central region to the opaque outer region (white arrow) and accessory
primordia (black arrows).
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up to 49 opaque increments, indicating that the HD opaque region formed 2-7 weeks before
CEM.

Formation of the first AP and HD opaque region also depended on body size. Lengths
of stage 1 and stage 2 larvae indicate the right eye reached the midline at 2 1.2-38.1 mm SL, a

range of 16.9 mm SL. However the first AP formed over a more narrow range, from 25.0 to
32.0 mm SL. Likewise, the HD opaque region was absent in all larvae <26.6 mm SL and
present in all >34.6 mm SL, a range of only 8 mm SL. This pattern suggests formation of the
first AP and the HD opaque region are more closely related to standard length than to the exact

position of the migrating eye. Mean length at opaque formation was estimated for larvae with
1-25 opaque increments using the equation

SLopaque

= SL

(0 *

Jopq),

where G is the individual

growth rate and iopq is the number of opaque increments. Mean length at formation of the
opaque region was 32.2 mm SL (range 27.2-36.0, cv=0.070, n=45).

Low density opaque region

Otolith density and otolith growth rate both decreased as sagittae grew. The decrease in
density was gradual in some sagittae, but in many there was a rapid transition from HD to LD
opaque regions (Figure 2.8). This transition was accentuated by a distinct translucent band in

some but not all sagittae. The band was distinct in 36%, indistinct (faint, partial, or
discontinuous) in 46%, and absent in 18% of large juveniles

(n=11 1).

The diameter of this band

indicates it formed at a sagitta length of 0.91-1.69mm (mean=1.35, n=50). Overlap among
stage 2 and stage 3 fish shows that sagitta length at CEM ranged from 0.81 to 1.64 mm.
Furthermore, the LD opaque region was only present in sagitta of stage 3 fish, indicating the
transition from HD to LD occurred at or shortly after CEM. Mean sagitta growth rate also
decreased from 11.7 to 2.2 j.tmld at a mean sagitta length of 1.5 mm (Figure 2.7).
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Figure 2.8. Photographs of polished sagittae from 42.1 mm SL (top) and 41.7 mm SL (bottom)
stage 3 Pacific sanddab (Citharichthys sordidus) under reflected light. The inner
clear region is surrounded by the high density and low density opaque regions. The
transition can be distinct and accentuated by a translucent band (top, marked by
arrow) or gradual (bottom).
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Sagittae ofpelagic fish
Sagittae of pelagic Pacific sanddab, 20.1-48.0mm SL, did not appear to differ from

those of benthic fish. AP and opaque regions were present in all fish 29.7 mm SL. Low
density opaque increments and translucent bands were present in sagittac of some large
juveniles, which would seem to suggest that these features are not induced by settlement.
However sand was present in the stomachs of 17 of 38 (45%) stage 3 fish, indicating that some
individuals had settled and then re-entered the water column.
Asteriscus

Growth of the asteriscus was less complex than the sagitta (Figure 2.9). The core was
irregular and larger than in the sagitta with a radius of 2.4-48.1 p.m (mean=20.4, cv=0.385,

n=1 79). Asteriscus increments were translucent and all growth was from the central
primordium. AP did not form and increments did not become opaque during metamorphosis.
However, contrast of increments decreased sharply in some but not all asterisci at a radius of
0.17-0.28 mm (mean=0.2 1, cv=0. 144, n=36, Figure 2.9). Overlap in asteriscus radius of stage 2

and stage 3 fish shows that CEM occurred at a radius of 0.18-0.26 mm. For comparison, an
asteriscus radius of 0.20-0.34 mm (mean=0.26) corresponds to the range at which the

translucent band formed in the sagitta. As in the sagitta, asteriscus increment widths
temporarily increased during metamorphosis. Although the pattern differed among fish, mean
increment width increased from 1.5 p.m at a radius of 0.05 mm to a maximum of 3.0 p.m at a
radius of 0.18 mm, and decreased to 1.7 p.m at 0.35 mm (n=191).

The number of asteriscus increments was regressed on the number of sagitta increments
to compare growth of the two otoliths (Figure 2.10). The slope of the GM regression was 0.98,
indicating that increments formed at the same rate in both pairs of otoliths. The intercept of the
regression showed that the first asteriscus increment formed an average of 46 d after the first
sagitta increment.

0.1 mm

Figure 2.9. Photographs of polished asterisci from Pacific sanddab (Citharichihys sordidus).
top: whole otolith, 43.7 mm SL stage 3. bottom: transition from high to low
contrast increments, 39.2 mm SL stage 3.
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Relationships between otolith size and somatic length
Temporary increases in otolith growth rates resulted in complex relationships between

otolith size and standard length. The relationships shifted twice during metamorphosis and
were best described by a three segment regression model (Table 2.1). Sagitta growth rate
dramatically increased relative to somatic growth at sagitta length of 0.6 mm and standard
lengths of 27-35 mm. This first shift occurred during eye migration (stages 1 and 2) and
roughly coincided with the formation of the HD opaque region (Figure 2.11). Sagittae 0.6-1.4
mm long had 6-63 opaque increments (mean=25, n=95). Relative sagitta growth rate slowed

markedly at a sagitta length of-1.7 mm, after CEM and during metamorphosis proper (Figure
2.11). Sagitta growth slowed slightly relative to somatic growth in larger juveniles and adults.
This relationship was best described by a power function. The association between standard
length and sagitta length was strong in small and large fish (segments 1 and 3), but was weak

during the period of rapid otolith growth (r=0.16, n384, Table 2.1).
Similar though less dramatic shifts occurred in the asteriscus (Figure 2.11, Table 2.1).
Asteriscus growth also increased relative to somatic growth at 27-3 5 mm SL and an asteriscus

length of-0.3 mm. Relative asteriscus growth rate slowed at an asteriscus length of-0.6 mm,
again after CEM and during metamorphosis proper (Figure 2.11). Asteriscus growth also
slowed relative to somatic growth in larger juveniles and adults. The association between
standard length and otolith length during the period of rapid otolith growth (segment 2) was
stronger in the asteriscus than in the sagitta, but still relatively weak (r2=0.28, n=240, Table
2.1).

Somatic growth
Somatic growth rates were estimated for the periods corresponding to the clear, HD

opaque, and LD opaque regions of the sagitta. Individual growth rates of larvae without an
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Results of regressions of standard length (mm) on sagitta and asteriscus length
(mm) for Pacific sanddab (Citharichthys sordidus). The general form of the model
for each segment was SL = a + b(OLci)d where is the otolith length of the
inflection point at the start of the segment. Simple linear regression (d=nl) was used
for segments 1 and 2.

Table 2.1.

c1

segment
sagitta
1

2
3

asteriscus
1

2
3

a

b

c

9.54
34.98
39.25

42.27
31.28

0
0.60

13.78
33.03
40.33

62.12
25.14
132.79

3.91

1.69

0
0.31

0.60

d
-

1.082

-

1.429

n

r2

63

0.79
0.16
0.97

52

0.77
0.28
0.96

384
1188

240
290
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opaque region in the sagitta ranged from 0.14 to 0.32 mmld (mean=0.20, cv=0.188, n=33).
Growth rates of individuals with 1-45 opaque increments also ranged from 0.14 to 0.32

(mean=0.21, cv=0.157, n121) and a regression of standard length on number of opaque
increments yielded an estimated growth rate of 0.19mm SLId (r2=0.38, n=120, P<0.001,
Figure 2.7). Thus somatic growth did not appear to slow during the period of rapid otolith
growth. In contrast, regression showed that standard length did not increase among individuals
with 50-100 opaque increments (r2<0.0l, n=98, P=0.98), suggesting that somatic growth
temporarily halted after the period of rapid otolith growth (Figure 2.7). This period of no
somatic growth occurs after CEM and roughly coincides with metamorphosis proper (Figure
2.3). Length increased in individuals with >100 opaque increments at 0.20 mm SL/d (r2=0.74,

n=77, P<0.001). Overall, length increased at approximately 0.13 mmld in individuals with >50
opaque increments (r2=0.57, n= 175, P<0.00 1).

DISCUSSION

Metamorphosis
In Pacific sanddab, eye migration begins at 16-22 mm SL and is completed at 30-42

mm SL. Fish grow 8-26 mm SL during the process, which takes 36-118 d. Other metamorphic
changes (reduction in body depth (Figure 2.3), enlargement of the eye, reduction in length of the
2nd

and

3rd

dorsal fin rays, elongation of pectoral fins, development of pectoral fin rays,

initiation of scale formation along the lateral line, and development of asymmetrical juvenile
coloration) occur after eye migration is completed, in stage 3 at 30-42 mm SL. Our results
show a total transformation time in Pacific sanddab of 4-5 months; eye migration takes about 3
months and other metamorphic changes take about 1-2 months.

Variation in length and age at metamorphosis was small. The coefficient of variation
(CV) for length at CEM in Pacific sanddab was 0.08 1. The average CV for length at
metamorphosis for lab-reared winter flounder was 0.051 (mean SL =8 mm), for lab-reared
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starry flounder, Platichthys stellatus, 0.056 (mean SL 7 mm), and for lab-reared yellowtail
flounder, Pleuronectesferrugineus, - 0.128 (mean SL =17 mm) (Policansky, 1982; Chambers
and Leggett, 1987; BenoIt and Pepin, 1999). Thus, variation in length at metamorphosis in
Pacific sanddab was similar or less than flatfishes that metamorphose at smaller sizes.
Variation in age at metamorphosis is also remarkably similar among flatfishes; Pacific sanddab

CVO.122, winter flounder CV= 0.123, starry flounder CV= 0.132, and yellowtail
flounder CV= 0.130 (Chambers and Leggett, 1987; BenoIt and Pepin, 1999). Similar
variation among these flatfishes is consistent with the hypothesis that variation in size and age
at metamorphosis in marine fishes is generated by a common mechanism (BenoIt and Pepin,

1999). Length at CEM was also less variable than age at CEM in Pacific sanddab, consistent
with the hypothesis that flatfishes metamorphose when they reach a target length rather than a
specific age (Chambers et al., 1988).

Pacific sanddab fit a pattern in which the duration of flatfish metamorphosis is related
to size at metamorphosis. Metamorphosis takes 6 d in starry flounder which transform at 5-9
mm SL (Policansky, 1982), 1 week in winter flounder which transform at 8 mm SL (Chambers
and Leggett, 1987), 15-50 d in Japanese flounder, Paralichthys olivaceus, which complete eye
migration at 10-17 mm SL (Fukahara, 1986; Seikai et al., 1986), 30-90 d in summer flounder,
Paralichthys dentatus, which complete eye migration at 14-2 1 mm SL (Keefe and Able, 1993),
and 9 months to >1 year (excluding eye migration) in Dover sole, which begin metamorphosis
proper at 4 1-58 mm SL (Markie et al., 1992; Butler et al., 1996). Pacific sanddab approach
Dover sole in their size at the beginning of metamorphosis proper, 30-52 mm SL, but not in

duration. Metamorphosis may take longer in Dover sole because it requires greater
morphological restructuring, including a two-fold reduction in body depth and the development
of an intestinal loop (Markle et al., 1992).

Because eye migration in Pacific sanddab is interrupted, the right eye is partially
migrated, and larvae are asymmetrical, for an average of 3 months, about half the larval period.
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Most species of flatfish metamorphose at 10-25 mm and an age of 1-2 months (Ahistrom et al.,
1984; Miller et al., 1991), a size range assumed to be pleisomorphic for the group (Hensley and

Ahistrom, 1984). In Pacific sanddab, eye migration begins within this size range (16-22 mm
SL), but halts while larvae continue to grow for several months to 30-52 mm SL before
completing eye migration. This pattern suggests that large size at metamorphosis in Pacific
sanddab was achieved by interrupting eye migration rather than delaying its onset. A similar
developmental pattern occurs in Dover sole where eye migration begins at 9-13 mm SL, halts
while larvae continue to grow to 4 1-58 mm SL before eye migration is completed (Markle et al.,

1992). In contrast, eye migration in rex sole begins at 35-50 mm SL and large size at
completion of eye migration, 49-89 mm SL, (Pearcy et al., 1977) is apparently due to delay.
Published figures show that the start of eye migration in some bothids that transform at large
sizes (e.g. Laeops and Chascanopsetta) is also apparently delayed until larvae reach large sizes

(Amaoka, 1979). Because transitional forms are often assumed to be maladapted, large size at
metamorphosis would be expected to be achieved through delay rather than through interrupted
eye migration. The long period of asymmetry in Pacific sanddab and Dover sole represents one
way to achieve large size at metamorphosis if initiation of eye migration is unchanged from the
ancestral state. The similarity in development pattern between species in different families
(Pacific sanddab and Dover sole) and differences within the pleuronectids support the view that
large size at metamorphosis must have evolved independently in several lines of flatfishes
(Hensley and Ahlstrom, 1984).

Earlier studies report 'length at metamorphosis' in Pacific sanddab to range from 20 to
>39 mm SL (Matarese et al., 1989) and 25 to 40 mm SL (Moser, 1996). These ranges appear to
refer to larvae with the migrating eye on the midline, an inappropriate metric of variation given

the metamorphic process described herein. Although CEM does not mark the end of
metamorphosis, it is a convenient landmark. Pacific sanddab caught in our study completed eye
migration at 30 to 46 mm SL, and transforming larvae up to 52 mm SL (equivalent to stage 2)
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have been collected off central California (Sakuma and Larson, 1995). Thus, the length at CEM
in Pacific sanddab ranges from 30 to >52 mm SL.

Counts of sagittal increments suggest that Pacific sanddab are 125-224 d or 4-7 months

old at CEM. Because metamorphosis proper takes an additional 1-2 months, we estimate
Pacific sanddab are approximately 5-9 months old at the start of the juvenile period. Sakuma
and Larson (1995) reported that pelagic Pacific sanddab were up to 271 d old, but their sample

may have included individuals well past CEM. Our estimates of age at CEM for Pacific
sanddab are similar to those for speckled sanddab, Citharichthys stigmaeus, which also settle
off Oregon and California and metamorphose at a similar length. Age at settlement in speckled
sanddab, which appears to coincide with CEM, ranged from 104 to 324 d with a mode at 180-

200 d (Kendall, 1993). Both Citharichthys studies are unvalidated, but several lines of evidence
support the assumption that increment formation is daily. First, our results, based on counts of
sagitta! increments, show that Pacific sanddab grew an average of 0.13 mmld after CEM.

Seasonal increases in mean length also show that settled juveniles grew at 0.11 to 0.13 mmld

(Donohoe and Markle, MS [Ch. 3]). Second, spawn dates backcalculated from counts of
sagittal increments agree with estimates of spawning season based on adult condition (Donohoe

and Markle, MS [Ch. 3]). The general agreement of these estimates suggests increment
formation in the sagitta was approximately daily. Further studies are needed to validate daily
increment formation and the age at first increment formation for Pacific sanddab.

Relationship between otolith microstructure and metamorphosis
Our results show that sagitta of Pacific sanddab have 3 regions: a clear central region,

AP and an associated HD opaque region, and a LD opaque region. Several species with
mesopelagic early life history stages also show this pattern, including myctophids (Ozawa and
Peflaflor, 1990; Gartner, 1991; Linkowski, 1991) and Dover sole (Toole et al., 1993).
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Clear central region

The clear central region of the sagitta represents the early larval period. By stages,
100% of stage 0, 69% of stage 1, 28% of stage 2, and 0% of stage 3 only have a clear central

region. The first AP formed at 25-32 mm SL and the HD opaque region formed at 27-35 mm
SL, but eye migration began at lengths of 16-22 mm SL, well before the changes in the sagitta.

Thus we detected no consistent microstructural mark associated with initiation of eye migration.
AP and associated high density opaque region

The first AP and HD opaque region formed after initiation and 2-7 weeks before
completion of eye migration in Pacific sanddab sagittae. AP form in otoliths of flatfishes and
several other groups of fishes during the larva to juvenile transition (Brothers, 1984). AP form
as the migrating eye crosses the midline in winter flounder (Sogard, 1991) and plaice

Pleuronectesplatessa (Modin et al., 1996), and just after completion of eye migration in Dover
sole (Toole et al., 1993). Flatfish AP may therefore form before, during, or after the migrating
eye crosses the midline. In winter flounder and plaice, metamorphosis is rapid and completed
shortly after eye migration. As a result, AP serve as valuable landmarks for the start of the
juvenile period (Sogard, 1991) and can be used to backcalculate timing of metamorphosis and
settlement (Alhossaini et al., 1989). In Pacific sanddab and Dover sole, metamorphosis is
slower and not completed until 2-12 months after the first AP forms (Markle et al., 1992; Toole
et al., 1993) suggesting that AP formation is not a universal proxy for the start of the juvenile
period in flatfishes, especially those with a protracted metamorphosis.
AP formation has been attributed to either a shift in habitat (Campana, 1 984b; Gartner,
1991) or to physiological changes associated with metamorphosis such as the shift in allometry

in bluefish, Pomatomus saltatrix (Hare and Cowen, 1994). In Pacific sanddab, AP formation
coincided with an increase in relative otolith growth rate (Figure 2.11). Increments within AP
were much wider than increments from the central primordium. Increments within AP are also

wider than those from the central primordium in other flatfishes, (Campana, 1984b; Toole et al.,
1993) and relative otolith growth rate increases at AP formation in many but not all myctophids

(Ozawa and Peflaflor, 1990; Linkowski, 1991). In Pacific sanddab, growth from the central
primordium also increased relative to earlier increments at AP formation and otolith growth rate
also increased in the asteriscus, which lack AP. These observations suggest that sagittal AP
form coincident with a general increase in overall otolith growth rate. The abrupt shift from
clear to opaque increments within the central field also suggests a change in surrounding
endolymph composition at AP formation. Thus AP may form because conditions that promote
rapid otolith growth may also favor nucleation at new sites.

Low density opaque region
The formation of the LD opaque region and the translucent band occurred after CEM
and was associated with a reduction in mean increment width from 11.7 to 2.2 tm (Figure 2.7).
These features may be valuable landmarks for the start of metamorphosis proper but the
transition was gradual in some specimens and the translucent band was not always present.
Although otolith density was not directly compared to increment widths, the decrease in otolith

density appears to reflect slowing of otolith growth. Likewise, the narrow translucent band may
form in response to the temporary cessation of somatic growth and other changes in physiology
associated with restructuring during metamorphosis proper. These hypotheses are consistent
with the general observation that less dense or translucent regions of otoliths generally form

during periods of slow growth. Conversely, the translucent band may form in response to a
decrease in temperature at settlement. Many Pacific sanddab appear to settle to the middle
continental shelf around CEM and start of metamorphosis proper (Donohoe and Markle, MS

[Ch. 3]). Discriminating among these two hypotheses is difficult. Comparing otoliths of
benthic and pelagic fish was not informative because Pacific sanddab appear to alternate
between habitats during settlement. Arora (1951) noted this translucent band in Pacific sanddab

39

sagitta and concluded that all growth inside the band represented the pre-metamorphic period.
A similar translucent band is present in sagittae of speckled sanddab Citharichthys stigmaeus

(Kendall, 1993). The band was absent from pelagic larvae and present in recently settled
juveniles and thus was interpreted as a reliable settlement mark. We suspect the translucent
band is a marker for initiation of metamorphosis proper. If settlement involves a period of
alternation between habitats rather than a discrete event, and if initiation of metamorphosis
proper coincides with the beginning of this period, the translucent band would indeed be a
useful marker.

However, the translucent band is not universally present in sagitta of Pacific sanddab.
Translucent or hyaline bands are also found in sagitta of flounder, Platichthysflesus, and some

plaice, Pleuronectes platessa, but are absent from most sole, Solea solea (Berghahn, 2000).
Translucent bands in these flatfishes appear to be a stress response caused by extreme

environmental conditions in intertidal portions of coastal nurseries (Berghahn, 2000). It is not
clear if translucent bands in Pacific sanddab are also a response to extreme environmental
conditions during settlement on middle continental shelf nurseries. But, variability in the
presence or absence of the band in metamorphic, settled fish suggests that the band may not be a

reliable marker of either metamorphosis or settlement. As is the case with all otolith
microstructures, it is important to determine if the band is induced by internal (metamorphosis)
or external (settlement) events and to determine the degree of coincidence between events.
Asteriscus

The transition from high to low contrast increments in the asteriscus occurred over the
same range in otolith radius as CEM and the start of metamorphosis proper. This suggests the
decrease in contrast is a response to physiological changes associated with metamorphosis
proper. Abrupt decreases in increment contrast have been observed in otoliths of other fishes at
time of metamorphosis and settlement (Victor, 1983; May and Jenkins, 1992; Wilson and
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McCormick, 1997, 1999). These regions of low or poor contrast may be due to poor growth or
stress during metamorphosis proper. Conversely, the shift from high to low contrast may
represent settlement. Die! variation in temperature, such as that experienced by vertically
migrating fish, has been shown to enhance increment contrast in some species (Campana,
1984a). The sharp decrease in contrast is a potentially valuable marker of metamorphosis

proper or settlement. But because it was not visible in all asterisci of large juveniles, this mark
is also not a reliable landmark of either event.

Re!ationships between otolith and somatic growth
Strong correlations between oto!ith size and standard length before and after
metamorphosis (segments 1 and 3, Figure 2.11) indicate that it is possible to backcalculate
length at age from otoliths. However nonlinear models must be used to compensate for the
large shifts in the otolith-somatic relationships during metamorphosis (Laidig et al., 1991).
Poor correlations during the period of rapid otolith growth (segment 2) indicate low precision
for backcalculated estimates of length around the time of metamorphosis. Preliminary data
suggests that some of the observed variation is due to interannual differences in the otolithsomatic relationships. It may be possible to improve precision by constructing separate
relationships for each year.

Otolith growth appears to be a conservative process in Pacific sanddab. Somatic
growth appeared to halt for about 50 d during metamorphosis proper. Sagitta growth slowed
during this period but did not appear to halt (Figure 2.7), suggesting that sagitta and somatic
growth rates are temporarily uncoupled during metamorphosis proper. Otolith growth has been
shown to continue even if somatic growth has ceased (Secor and Dean, 1992). Somatic growth
also ceases for

60 d during metamorphosis in English sole (Rosenberg and Laroche, 1982).

The asteriscus offers few advantages and several disadvantages over the sagittae as a
record of somatic growth and age. Because growth of the asteriscus is less complex than in the
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sagitta, shifts in the otolith-somatic relationship were less dramatic, and the correlation during
rapid otolith growth was slightly higher, the asteriscus should provide a better history of
somatic growth than the sagitta. Unfortunately the first asteriscus increment does not form until
well after hatching, and thus the asteriscus is not suitable for aging in Pacific sanddab.
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ABSTRACT
Depth stratified benthic surveys were conducted on the continental shelf and upper
slope off central Oregon bimonthly in 1989 and in March 1990-1994 to determine patterns of

settlement and depth distribution of Pacific sanddab (Citharichthys sordidus). Cross-shelf
patterns suggest settlement was not a singular event, but a gradual transition from pelagic to
benthic life. In March, larvae that had not completed eye migration occurred primarily on the
upper slope and outer shelf, while more advanced stages were most abundant at depths of 80119 m. Individuals on the middle shelf were an average of 50-60 d older than those on the

upper slope, suggesting gradual inshore movement. Settled fish migrated further inshore in
summer to depths of 50-99 m. The depth distribution of young-of-the-year was similar to older
conspecifics, indicating there is no separate nursery area for Pacific sanddab. In 1989,
settlement was highest in late fall and winter prior to the onset of upwelling, but some
settlement occurred throughout the year. Recently settled Pacific sanddab captured in March
were spawned from July to December and completed eye migration from December to March,
supporting the conclusion of late fall and winter settlement. Abundance of recently settled fish
in March was highest in 1992, due to presence of a large fall-spawned cohort absent in other

years. Abundance on the upper slope and outer shelf in March was strongly correlated to
onshore Ekman transport during the preceding 30 d (r=0.91, P=0.013,
temperature during March surveys (r=0.82

,

n=6)

and to sea surface

P0.05, n=6). These results suggest onshore

Ekman transport can be important for fishes that do not settle nearshore or in estuaries but have
nurseries on the middle shelf.
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INTRODUCTION
Recruitment of most marine fishes is variable and dependent upon survival of early life
history stages. Although research has focused on the early larval stage, survival of late larva!
and early juvenile stages may be critical determinants of year class success (Sissenwine, 1984;
Peterman et al., 1988; Bradford, 1992). Survival of these early stages can be affected by
numerous processes, including wind-driven surface transport of larvae. Offshore Ekman
transport during the early larval period may reduce survival by carrying larvae away from
nursery areas over the continental shelf (Bailey, 1981). Onshore Ekman transport appears
responsible for moving late-stage larvae from offshore to nearshore and estuarine nursery areas
(Nelson et al., 1977; Boehlert and Mundy, 1987). Recruitment of Dover sole, which settle to
nurseries on the mid-continental shelf, has been correlated to offshore convergence of surface
waters caused by unequal wind stress (Hayman and Tyler, 1980) although Toole et al. (1997)
found no such relationship.

The early life history strategies of flatfishes are quite variable (Moser, 1981). Most
flatfishes metamorphose at relatively small sizes of 10-25 mm SL, have short pelagic periods on
the order of 1-3 months, and settle to shallow nearshore and estuarine nursery areas (Ahlstrom

etal., 1984; Miller et al., 1991; Chambers and Leggett, 1992). Research on recruitment of
flatfishes has focused on species with this life history strategy, and is particularly well
documented for temperate flatfishes in the North Atlantic (Lockwood, 1980; Van der Veer,
1986; Bergman et al., 1988; Van der Veer et al., 1990; Beverton and Iles, 1992; Leggett and

Frank, 1997). A smaller number of flatfishes transform at large sizes, have long pelagic
durations, and settle to nursery areas on the mid-continental shelf (Pearcy et al., 1977; Miller et

al., 1991; Markle etal., 1992; Minami and Tanaka, 1992; Toole et al., 1997). The early life
history of these species, including the processes which affect settlement and recruitment to deep
nurseries, are not well understood.
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Pacific sanddab, Citharichthys sordidus, occur along the western coast of North

America from Baja California to the Bering Sea (Miller and Lea, 1972). Adults inhabit the
continental shelf in areas with sand substrates and are most abundant at depths of 35 to 90 m
where they prey primarily on pelagic crustaceans (Demory, 1971; Pearcy and Hancock, 1978).
Adults attain a maximum size of 400 mm TL and age of 10+ years (Arora, 1951; Miller and
Lea, 1972) and support small but important commercial fisheries off Oregon and central
California.

Adults are reported to spawn off central California from July to September with a peak
in August and in Puget Sound from March to May (Smith, 1936; Arora, 1951), but small larvae
are present in the plankton all year (Moser et al., 1993). Spawning occurs on the continental
shelf and is centered off northern Oregon (Urena, 1989; Doyle, 1992). Eggs occur near the
surface and early larvae are found deeper in the water column and are extensively dispersed
offshore (Doyle, 1992). Compared to many other flatfishes, Pacific sanddab metamorphose at a

large size and have a long larval period. Recent studies show that larvae complete
metamorphosis at a length of 30-52 mm SL and age of 4-7 months (Sakuma and Larson, 1995;

Donohoe and Markle, MS [Ch. 2]). Because the pelagic period is long, larvae are potentially
advected long distances by strong alongshore currents (Strub et al., 1987).

The process of settlement in Pacific sanddab is poorly understood. Early metamorphicstaged larvae are offshore in the upper portion of the water column and appear to be vulnerable
to transport, while more advanced stages occur closer to shore and deeper in the water column,
perhaps in preparation for settlement (Sakuma and Larson, 1995; Sakuma and Ralston, 1995).
Individuals that have completed eye migration also occur in the water column which suggests
that settlement may not coincide with metamorphosis (Sakuma and Larson, 1995). The primary
nursery appears to be on the continental shelf, but the depth distribution of benthic young-ofthe-year has not been reported. Juveniles <120 mm SL are most abundant at 37-91 m (Demory,
1971) and individuals <70 mm SL have been collected from depths of 74-102 m (Pearcy, 1978).
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Young-of-the-year Pacific sanddab generally have not been reported from bays or close to shore
(Pearcy and Myers, 1974; Kramer, 1991; Yokiavich et al., 1991), but see Rogers (1985). The
season of settlement has also not been determined.

Our study examines the process of settlement in Pacific sanddab. In particular, we
describe the timing of spawning and settlement, cross-shelf patterns in size, age, and
metamorphic stage during settlement, and the seasonal depth distribution of young-of-the-year
and older conspecifics. We compare abundance of settlers during a season of transitional
oceanographic conditions (March) to onshore transport to explain annual variation. From this
information we describe the process of settlement in Pacific sanddab.

METHODS
Survey design
Pacific sanddab were collected from the continental shelf and upper slope off central
Oregon during surveys originally designed to capture larval and juvenile Dover sole,

Microstomuspacflcus (Toole et al., 1997). Benthic fish were collected with a 27.4 m headrope,
28.5 m footrope commercial shrimp trawl composed of 34.9 mm mesh (stretched) and lined
with 6.4 mm mesh in the cod end. Stratified random surveys were conducted in three transects;
a northern transect off Netarts Bay, a central transect off Cape Foulweather, and southern
transect off Heceta Head (Figure 3.1). Each transect was 18.5 km (10 nm) wide and oriented
perpendicular to shelf isobaths. Transects were divided into 6 depth strata bounded by the 50,
80, 100, 120, 160, 220, 400 m isobaths. Benthic tows were made at randomly selected depths
and locations within each stratum for five minutes along the selected isobath after paying out
the pre-determined length of cable for the given depth. Because the area swept by each tow
could not be estimated accurately, abundance is reported as number caught per tow. The
approximate area swept by each tow was 0.005 km2 (Toole et al., 1997). Rocky areas were not
sampled.
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Figure 3.1.

Locations of the trawl transects off the central Oregon coast. Contours are
boundaries of depth strata (m).
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Sampling frequency and effort differed among years. In 1989, surveys were made in
January, March, May, July, September, and November in all three transects. A minimum of 3
tows was attempted in each transect and depth stratum, although the number of successful tows
varied from 0 to 13 (Table 3.1). From 1990-1994, surveys were conducted primarily in March

in the central transect. Additional surveys were conducted in September 1991 and February
1993 to increase seasonal and geographic coverage (Table 3.1). Sampling effort was not
proportional to stratum area but was greater in the narrow midshelf strata (80-159 m) to increase
the catch of recently settled flatfish. A seventh depth stratum (25-49 m) was added in 1992.

Sample processing
During the first 3 years (1989-1991), Pacific sanddab were measured at sea to the
nearest centimeter total length (TL) and then discarded. Large catches were subsampled.
Beginning in September 1991, all young-of-the-year and subsamples of larger, older Pacific
sanddab were measured at sea and then frozen. In the laboratory, fish were thawed, standard
length (SL) was measured to 0.1 mm and metamorphic stage was recorded. Fish were classified
into four metamorphic stages based on the position of the right (migrating) eye: stage 0 - eyes
symmetrical, stage 1 - eye beginning to migrate but right of midline, stage 2 - eye intersecting

the midline, and stage 3 - eye migration complete. Individuals classified as stage 3 have not
necessarily completed metamorphosis (Donohoe and Markie, MS {Ch. 2]).

Otolith preparation and analysis
We examined otoliths of benthic Pacific sanddab collected in March 1992, 1993, and
1994. In addition, we examined otoliths of 57 pelagic Pacific sanddab obtained from the annual
juvenile rockfish survey conducted by NMFS scientists off central California in May 1994
using a 26 x 26 m modified Cobb midwater trawl (cruise number DSJ-9406). These pelagic
fish were preserved in ethanol, but lengths were not corrected for potential shrinkage, which
prior experience suggested would be small.
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Table 3.1.

Number of benthic tows made in each survey by transect (north, central, and
south) and depth stratum
depth stratum (m)

date

transect

25-49

120-159

total

160-219

220-400

4

1

0

8

13

3

1

25

7

2

0

17

3

5

3

2

18

3

5

3

3

19

3

3

3

4

2

18

3

3

3

3

3

3

18

3

3

3

3

3

2

17

2

3

2

3

3

3

16

3

3

3

4

3

1

17

3

3

4

4

3

3

20

3

3

3

3

3

0

15

3

3

3

3

3

3

18

3

3

3

3

3

3

18

3

3

3

5

3

1

18

3

3

3

3

3

2

17

3

3

3

3

3

3

18

3

2

4

3

3

2

17

46

49

56

77

52

34

314

50-79

80-99

100-119

0

0

3

3

2

3

1

3

4

2

3

2

3

3

1989

Jan

N
C
S

Mar

N
C
S

May

N
C
S

July

N
C
S

Sep

N
C
S

Nov

N
C
S

March
1990

C

4

4

7

5

3

5

28

1991

C

6

5

6

9

3

3

32

1992

C

6

6

7

7

3

3

3

35

1993

C

4

4

7

8

6

4

4

37

1994

C

1

5

8

11

5

5

4

39

11

25

31

39

28

18

19

171

other

Feb

1993

C

2

7

6

6

7

3

3

34

Sep1991

C

5

6

7

8

3

3

3

35

5

4

5

7

8

4

3

3

34
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Sagittae were removed, cleaned of adhering tissue, and mounted in thermoplastic resin.

Whole otoliths were ground in the sagittal plane on both faces to the level of the central

primordium (core) to expose increments. Otoliths were ground on silica sandpaper and polished
with 0.05 p.m alumina powder. Increments were counted under a light microscope at 1001 000x magnification. Separate counts were made in the clear central region and the opaque

outer region, but only the opaque increments were counted for pelagic fish. Increments in each
sagitta were counted two times on different dates without knowledge of the size of the fish and
the counts were averaged. If the counts differed by more than 15%, the otolith was read a third
time and the two most similar counts were averaged. We assumed the first sagittal increment
formed at yolk absorption which we estimated to be 5 days after hatching based on the

development of English sole, Pleuronectes vetulus (Laroche et al., 1982). Age was therefore
estimated by adding 5 to the total number of increments. Spawn dates were calculated by
subtracting age and an additional 5 day incubation period from the date of capture. Pacific
sanddab eggs are 0.78-0.84 mm in diameter (Moser, 1996). Fish eggs of this size generally
hatch in 4-6 d at 8-12 °C (Pauly and Pullin, 1988).

Eye migration in Pacific sanddab is completed and metamorphosis proper begins 14-49
d after the first opaque increment forms in the sagitta (Donohoe and Markle, MS [Ch. 2]).
Metamorphosis was therefore estimated to occur 30 d after the first opaque increment formed.

Individual growth rates were estimated by subtracting length at hatching (2.5 mm, Moser, 1996)
from length and dividing by age.

Estimates of CPUE and abundance
Individuals were assigned to either the 0 or 1 age class based on analysis of the length
frequency distribution for each survey. The first size mode was generally distinct (see results).
If the first size mode overlapped the second mode, individuals in the common length interval
were divided equally among the two age classes. Length frequency analysis was also used to
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corroborate otolith-based daily age estimates for the 1992-1994 year classes. Total lengths were
converted to standard length using the equation SL = 0.848 * TL -1.093 mm (r2=O.999,

n291 1).
The distributions of catch per unit effort (CPUE) for age 0 and age 1 Pacific sanddab
were not normal. Typical of trawl data, a large proportion of the data consisted of zero catches.
The distributions of the nonzero catches did not differ from lognormal for most depth strata and

surveys (Kolmogorov Smirnov test, P>0.05). Catch data were therefore transformed by
CPUE=ln(number per tow+ 1). Because the distribution of log-transformed catch data also
differed from normal (due to the large proportion of zero catches), means and 95% confidence
intervals (CI) for the log-transformed data were estimated using the bootstrap method (Efron
and Tibshirani, 1993). Although the means of log-transformed data can be biased, the mean is
less sensitive to the occasional large catch. The bootstrap is a resampling method that allows
estimation of a mean and CI for nonsmooth distributions of data. Parameters are estimated by
drawing a random sample of size m with replacement from the original n observations. The
mean is calculated for the m values and the process is repeated a large number of times (B). The
sample mean and CI are then calculated in the usual manner for the resulting B bootstrap

replicates. In this study, resampling for each estimate was repeated 1000 times.
Within-stratum mean CPUE was estimated using a resample size of m=n. Transect
means (across-strata) were estimated using an extension of the bootstrap to stratified survey

designs (Rao and Wu, 1988; Smith, 1997). This procedure used a resample size of mh = flh-1
(rescaled bootstrap) to reduce bias of the variance estimate. Transect mean CPUE was
estimated as the sum of the stratum mean CPUE weighted by the relative area and proportion of
tows in each stratum (Cochran, 1953; Smith, 1997). Transect mean CPUE is proportional to
abundance of fish within the entire transect and was used as an index of abundance. Confidence
limits for within- and across-strata means were estimated using the bias corrected and
accelerated (BCa) method (Efron and Tibshirani, 1993). The bootstrap was also used to
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calculate confidence limits for the average difference between two means (e.g. between depths,

months, years). The two means were considered to be significantly different if the 95%
confidence interval of the average difference Qercentile method) did not include zero.

Statistical tests
The index of abundance of age 0 Pacific sanddab in the central transect during March
1989-94 was compared to the average daily onshore component of Ekman transport at 45 °N

and 125 ow during the 30 and 90 d preceding each March survey (Bakun and Parrish, 1980).
Ekman transport was calculated by U.S. Navy Fleet Numerical Meteorological and
Oceanographic Center, Monterey, California and was obtained from the Pacific Fisheries
Environmental Laboratory of the National Marine Fisheries Service.

Kruskal-Wallis non-parametric ANOVA was used to test for significant differences

among group means for non-abundance data. Post-hoc pairwise comparison a levels were
adjusted using the Bonferroni inequality. Annual means of size, age, and spawn date were
weighted by stratum abundance (i.e. not sampling effort).

RESULTS

Distribution and abundance
General

The distribution of age 0 Pacific sanddab in the study area was patchy. Age 0 fish were
caught in 187 of 485 tows (39%) made in 1989 and March 1990-94. The catch rate varied from
0 to 55 per tow (mean=3.1). For nonzero tows, the mean catch rate was 8.0 per tow (n=187).

Lloyd's index of patchiness (Lloyd, 1967), (P = 1

(2

)/2)

was 6.6 for all depth strata

and 4.3 for the two strata in which settled fish were most abundant. Values of P >1 indicate an
aggregated distribution. Consequently, the variances associated with estimates of mean catch
rates were high.
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Depth distribution
Age 0

Mean CPUE of age 0 Pacific sanddab in the 3 transects in 1989 differed among depth
strata in all 6 months (Kruskal-Wallis, P=0.04 to <0.00 1). Mean CPUE was highest in the 5079 m, 80-99 m, and 100-119 m depth strata in most months, but the distribution appeared to
shift with season (Figure 3.2). Age 0 fish were present in the 3 deepest strata (120-159 m, 160219 m, and 220-400 m) in March and May. The distribution shifted inshore to depths of 50-99
m in July, then increased at depths of 100-159 m in September, suggesting some fish returned
offshore.

Depths of 25-49 m were not sampled in 1989, but age 0 fish were absent from this stratum in
September 1991.

Mean CPUE of age 0 Pacific sanddab in the central transect in March 1989-1994 also
differed among depth strata (Figure 3.3). Differences were significant when data from all 6

years was pooled (Kruskal-Wallis, P<0.001). Mean CPUEs for the 6 years were highest in the
80-99 m and 100-119 m strata, lowest in the 25-49 m strata, and intermediate in remaining

strata (bootstrap paired comparisons, P<0.05). Mean CPUE on the middle shelf was similar
among years, but was more variable on the outer shelf and upper slope (Figure 3.3). Age 0 fish
were absent or rare in the 160-2 19 m and 220-400 m strata in three years (1989, 1991, and

1993). Mean CPUE was moderate in two years (1990 and 1994), and highest in 1992, resulting
in a bimodal distribution in these years.
Age 21

Depth distributions of age 1 Pacific sanddab in the 3 transects in 1989 were similar to

those of age 0 fish (Figure 3.2). Mean CPUE of age 1 fish was highest in the 50-79 m, 80-99
m, 100-1 19 m, and 120-159 m depth strata. Age

1 fish were rare in the 2 deepest strata. It

appears that age 1 fish in the 100-1 19 m and 120-159 m strata migrated inshore to 50-79 m
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Seasonal changes in depth distribution of age 0 and age ?l Pacific sanddab
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and 80-99 m strata during the spring and summer then returned offshore in late summer and fall
(Figure 3.2).

Depth distributions of age 1 Pacific sanddab in the central transect in March 19891994 were also similar to those of age 0 fish (Figure 3.3). Mean CPUE of age

1 fish for all 6

years (pooled) was highest in the 80-99 m and 100-1 19 m strata, intermediate in the two
adjacent strata (5 0-79 m and 120-159 m) and lowest in remaining strata (bootstrap paired

comparisons, P<0.05). The depth distribution was slightly broader in 1993 and 1994 than in
other years.

Seasonal and annual abundance
Age 0

Abundance of age 0 Pacific sanddab in the 3 transects during 1989 varied with season
(Figure 3.4). Mean abundance (mean of stratum CPUEs weighted by stratum area) increased
from January to a peak in March, and remained high to November. A few small fish, most
likely members of the next year class, were also caught in November 1989. This pattern
suggests that most Pacific sanddab settled during late fall and winter. In 1993, abundance in the
central transect was low in February and significantly higher in March (Figure 3.4). Only 10
age 0 fish were caught in 34 tows in February compared to 174 fish in 37 tows in March. The
low February catch suggests that most age 0 fish caught in March 1993 settled to the survey
area within the previous 38 days.

Abundance of age 0 Pacific sanddab in the central transect in March differed among

years (Figure 3.5). March abundance was significantly higher in 1992 than in the other 5 survey
years (bootstrapped paired comparisons, P<0.05). Abundance of age 0 fish was lowest in 1991,
higher in 1989 and 1994, and intermediate in 1990 and 1993. High abundance in 1992 was due
to higher abundance of fish on the outer shelf and upper slope (Figure 3.5). Abundance was
less variable on the middle shelf.
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Age el
Abundance of age 1 Pacific sanddab within the survey area also varied with season in
1989. Mean abundance in the 3 transects was high in January and March, decreased to a low in
July, and then increased in September and November (Figure 3.4). The decline occurred in
summer as the distribution of these fish shifted inshore (Figure 3.2) and may be the result of
some age

1 fish moving inshore of the survey area.

March abundance of age

1 fish during 1989-1994 also differed among years. Mean

abundance in the central transect was high in 1990 and 1993, lower in 1991, 1992, and 1994,
and intermediate in 1989 (Figure 3.5). The high abundance of age

1 in 1993 followed the high

abundance of age 0 fish in the previous year.

Relationship between abundance and environmental variables
March abundance in 1989-1994 was compared post-hoc to environmental variables in
an attempt to explain annual variation. Seasonal variation in abundance (Figure 3.4) suggests
that Pacific sanddab settle primarily in late fall and winter, during the 3 months prior to March
surveys. Abundance of age 0 fish within the entire central transect in March was not
significantly correlated with mean onshore Ekman transport at 45 °N during the 90 d prior to the
survey (r=0.68, P=0. 13, n=6, transport data not shown). However abundance on the upper
slope and outer shelf (160-400 m) in March was significantly correlated to mean onshore

Ekman transport during the 30 d prior to the March survey (r=0.91, P 0.013, Figure 3.5) and to
mean surface temperature over the upper slope and outer shelf during March surveys (r=0. 82,

P= 0.047, n=6). The relationship was driven by the high abundance on the slope in 1992.
Slope abundance was also negatively correlated to survey date (r=-0.95, P=0.004, n=6). The
1992 survey was conducted about 1 week earlier than the 1994 survey and 2 weeks earlier than
surveys in the other 4 years.
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Length and age
Length frequency (at sea measurements 1989-1994)

Length of Pacific sanddab caught during all surveys ranged from 1 to 34 cm TL. The
first size mode was distinct for most months (Figure 3.6 and Figure 3.7). The seasonal
progression and alignment of the first size mode in 1989 clearly showed that this mode
represented the first age class and suggests that spawning andlor recruitment was strongly
seasonal. Modal length of age 0 fish in the 3 transects increased from January to November in
1989, but a few individuals as small as 4 cm TL (<37 mm SL) were caught in all months

(Figure 3.6, Table 3.2). Mean length increased from 4.3 cm TL in January to 8.1 cm TL in

November. This increase represents a linear growth rate of 0.013 cm TL/d or 0.11 mm SL/d
during the first year (r2=0.98, n=6, P<0.001). In 1991, mean length of age 0 fish increased from
4.6 cm TL in March to 7.4 cm TL in September, equal to a linear growth rate of 0.015 cm TL/d
or 0.13 mm SL/ d. Mean length of age 0 fish in March 1989-1994 ranged from 3.8 to 5.0 cm
TL or 31 to 42 mm SL (Figure 3.7, Table 3.2).

Age 0 fish were often much less abundant in our collections than larger size classes
suggesting that the efficiency of the trawl for age 0 fish was low (Figure 3.6 and Figure 3.7).
Variation in the relative heights of the age 1 and age 2 size modes among years indicates that
local recruitment was high for the 1988, 1990, and 1992 year classes (Figure 3.7).
Length. stage. and age of settling fish (March 1992-1994)

Cross-shelfpattern
Length, age, and metamorphic stage of age 0 fish showed a distinct cross-shelf pattern
in all 3 years. On average, fish on the middle continental shelf were larger, further through
metamorphosis, and older than fish on the outer shelf and upper slope, suggesting inshore
movement of settling fish. Length of age 0 fish caught in all 3 years ranged from 13.9 to 54.8

mm SL. Fish on the outer shelf and upper slope (>160 m) ranged from 13.9 to 42.3 mm SL
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Figure 3.6.

Length frequency distribution of Pacific sanddab (Citharichthys sordidus) caught
in January to November 1989 (all 3 transects), September 1991 (central and south
transects), and February 1993 (central transect). Age 0 = gray bars, age 1 =
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Table 3.2.

Length frequency distributions of age 0 Pacific sanddab (Citharichthys sordidus)
based on measurements at sea for A) January to November 1989 in the 3
transects, and B) March 1989 to 1994 in the central transect. Mean lengths were
weighted by stratum area.

1989

Mar

May

Jul

Sep

Nov

52

34

5

1

3

2

26

93

85

39

10

33

65

83

49

24

10

32

55

73

27

51

135

32

102

TL (cm)

Jan

3

2

4
5

6
7
8

9

29

10

mean TL (cm)

4.3

4.9

5.5

6.3

7.2

8.1

mean SL (mm)

35

41

45

52

60

67

n

80

160

165

182

200

365

1992

1993

1994

March

TL(cm)

1989

1990

1991

2

8

3

24

2

4

10

34

35

65

9

92

5

37

30

48

68

149

112

6

18

2

10

16

35

mean TL (cm)

5.0

4.6

4.6

3.8

5.0

4.7

mean SL(mm)

42

38

38

31

42

39

n

65

66

83

175

174

241

(mean=30.3, n=85) and those on the middle continental shelf (<120 m) ranged from 30.3 to 52.9

mm SL (mean=39.5, n=426). Mean length differed among depth strata in all 3 years, but
differences were small in 1993 and 1994 (Kruskal-Wallis, P<0.01, Figure 3.8). In 1992, fish on
the middle shelf were an average of 9.8 mm larger than those from >160 m (Kruskal-Wallis,
P<0.001).

Fish on the middle shelf tended to be older than those in deeper water (Figure 3.9). Age
of settling fish on the outer shelf and upper slope ranged from 78 to 196 d (mean= 138, n=5 1)

and those on the middle shelf ranged from 125 to 268 d (mean=200, n=167). Mean age

progressively increased from deep to shallow strata in all 3 years. Fish caught in the shallowest
stratum were an average of 63, 59, and 48 d older than those from the deepest stratum (KruskalWallis, P<0.05).

Fish on the middle shelf were also further through metamorphosis Table 3.3). Over
97% of settling fish on the middle shelf had completed eye migration (stage 3). In contrast,
over 90% of settling fish on outer shelf and upper slope were stage 0 to stage 2. It should be
noted that most of the stage 0 - stage 2 larvae were caught in one year, 1992. Differences in
otolith microstructure also show that fish on the middle shelf were further through

metamorphosis. Opaque regions were present in sagittae of all fish on the middle shelf, but
only 48% of fish on the outer shelf and upper slope. In addition, the mean number of opaque
increments in the sagitta increased from deep to shallow strata in all 3 years (Kruskal-Wallis,

P<0.001, Figure 3.10). Means increased from 5 to 63 increments in 1992, from 22 to 103
increments in 1993, and from 16 to 80 increments in 1994.
Annual variation

Mean length, metamorphic stage, mean age, and mean growth rate of settling fish
differed among years. On average, age 0 Pacific sanddab caught in 1992 were smaller, less
advanced, and younger than those caught in 1993 and 1994. These differences were mainly due
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Table 3.3.

Percentage of age 0 Pacific sanddab that had completed eye migration by depth
stratum for surveys in March 1992, 1993, and 1994. Number of fish in each
stratum is shown in parentheses.

depth stratum (m)

year
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220-400

n
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Figure 3.10. Number of opaque increments in sagittae of benthic Pacific sanddab
(Citharichthys sordidus) in the central transect in March 1992, 1993, and 1994 by
depth stratum. Horizontal lines are the mean, boxes enclose 50% of observations,
vertical bars are the range. Means and numbers of fish at each depth are shown.

to the presence of small, young fish on the upper slope and outer shelf in 1992 (Figure 3.11 and

Figure 3.12). Catch data showed that age 0 fish were abundant on the slope in March 1992 but
not in other years, with only one caught on the slope in 1993 (Figure 3.5). Interannual
differences in length of fish on the middle shelf (<160 m) were smaller. Mean length of fish on

the middle shelf in the three years was 38.2, 41.5, and 38.5 mm SL. Fish were significantly
larger in 1993 than in 1992 and 1994 (Kruskal-Wallis, P<0.001). Mean length of fish on the
outer shelf and upper slope in 1992 was 29.5 mm SL, about 9-12 mm SL less than those on the

middle shelf (Figure 3.11). Mean age of fish on the middle shelf in the three years was 174,
202, and 211 d (Figure 3.12). Therefore fish on the middle shelf in 1993 and 1994 were an
average of one month older than in 1992 (Kruskal-Wallis, P<0.001). Mean age of fish on the
outer shelf and upper slope in 1992 was 130 d or an average of 44-81 d less than those on the
middle shelf. Mean growth rate of Pacific sanddab with fewer than 50 opaque increments from
all depths did not differ between 1992 and 1993 but was lower in 1994 (Kruskal-Wallis,

P=0.004). Mean growth rates in the three years were 0.214 (n=67), 0.213 (n=28), and 0.184
mmld (n=18).

Spawn dates

Counts of sagittal increments show that age 0 Pacific sanddab caught in March 19921994 were spawned over a 6 month period, from June to December (Figure 3.13). Mean spawn
date for fish from all depth strata (weighted by stratum abundance) differed among all 3 years
(Kruskal-Wallis, P <0.00 1). The weighted mean spawn dates for the 3 years were 9 October
1992, 24 August 1993, and 11 August 1994, or about 6 and 8 weeks later in 1992 than in 1993
and 1994. Mean spawn date was later in 1992 due to the presence of a large group of fall-

spawned fish on the outer shelf and upper slope (Figure 3.13). Mean spawn dates for fish on the
middle shelf (<160 m) differed by 4 weeks, ranging from 4 August to 4 September (KruskalWallis, P <0.00 1). In contrast, fish on the outer shelf and upper slope in 1992 were spawned an
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average of 6, 8, and 10 weeks later than those on the middle shelf in 1992, 1993, and 1994
(Figure 3.13). Mean spawn date for the small group of fish on the upper slope in 1994 was
about 2, 3, and 6 weeks later than those on the shelf.

Date of metamorphosis
Metamorphosis (completion of eye migration) was estimated to begin 30 d after the first
opaque increment formed in the sagitta. The approximate date of metamorphosis ranged from
November to after April for Pacific sanddab caught in March 1992-1994 off central Oregon

(Figure 3.14). Metamorphosis occurred later in 1992 than in 1993 and 1994. In 1992,
metamorphosis occurred primarily from Febmary to April, but the opaque region had not yet
formed in half of settling fish. In 1993 and 1994, the distribution of dates was bimodal with
peaks in December-January and March. The date of metamorphosis was later in pelagic Pacific
sanddab collected in May and June 1994 off central California. In these fish, metamorphosis
occurred from March to July, but the opaque region had not yet formed in a third of the sampled
fish.

DISCUSSION

Spawning season
Recently settled Pacific sanddab caught in March off central Oregon were spawned
from July to December, a wider range than suggested by spawning condition of adults. Arora
(1951) examined adult Pacific sanddab off California and concluded spawning occurs from July
to September with a peak in August. More recent studies of larval abundance off Washington,
Oregon, and California indicate that Pacific sanddab spawn all year (Urena, 1989; Moser et al.,
1993; Sakuma and Ralston, 1995; Moser, 1996). Our data and the literature indicate protracted,
seasonally-biased spawning. Because our surveys were conducted in March and the larval
period lasts 4-7 months, fish spawned after September would be under-represented in our

benthic samples. However, the distinct size modes we observed for age 0 and age 1 Pacific

10

1992

n=19

P1

:

>160m

5

:

(+24noopaque)

U<160m

0

j(+3OPaue)

5
0

[II

0

0

0

1993

n=80

:

LIlliiIi
1994

n=8

(+2 no opaque)

5

rfl

0
10
5
0
10

May1994

lif.Pela9ic)38JL

5

0

Nov

Dec

Jan

Feb

Mar

Apr

May

Jun

Jul

Approximate date of metamorphosis
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sanddab in most years (Figure 3.6 and Figure 3.7) suggest that successful recruits were
produced by seasonal spawners with a peak in late summer.

Settlement season
Seasonal increases in abundance from before January to March 1989 suggest that most
Pacific sanddab settle off Oregon during winter (Figure 3.4). The large increase in abundance
from February to March 1993 also suggests peak settlement in winter. Most age 0 Pacific
sanddab caught in March 1992-1994 completed eye migration from December to March (Figure

3.14). If settlement coincides with metamorphosis (see below), then the timing of
metamorphosis supports the conclusion of late fall and winter settlement. Because Pacific
sanddab move inshore after initially landing on the upper slope, the presence of age 0 fish in the

220-400 m stratum in May 1989 (Figure 3.2) and of small individuals (4 cm IL or 29-37 mm
SL) from July to November 1989 (Table 3.2), suggest limited settlement off Oregon during
summer and fall. Seasonal peaks in abundance of pelagic larvae of Pacific sanddab also suggest
a smaller settlement peak in late spring. Abundance of early larvae off northern California and
Oregon is highest in late fall with a smaller peak in mid-spring (Urena, 1989). Early larval
Pacific sanddab are present in the plankton off California and Baja California in all months,
with a seasonal peak in abundance from August to October and a smaller peak in January and

February (Moser et al., 1993). Our age data show Pacific sanddab are about 6 months old at
settlement (Figure 3.9). If the pelagic larvae in the above studies are about 1 month old,

settlement would peak from January to March with a smaller peak from June to July. Our
results and the literature from pelagic surveys of Pacific sanddab suggest that settlement, like

spawning, is protracted and seasonally-biased. Peak settlement is in winter with lower
settlement in spring and summer and minor settlement in summer and fall. Latitudinal and
annual variation in timing of settlement probably occur.

Depth of the nursery
Our surveys show that age 0 Pacific sanddab are most abundant between 80-119 m in

March and between 50-99 m in summer and fall. Because our surveys did not extend inshore of
50 m, age 0 fish may be abundant further inshore during summer and fall. No previous study
has specifically examined the depth distribution of age 0 Pacific sanddab. However, juvenile
Pacific sanddab <120 mm SL were concentrated at 37-1 10 m in February and moved inshore to
18-73 m in May (Demory, 1971).

Age 0 Pacific sanddab migrated inshore between May and July, as did older age classes
of Pacific sanddab (Figure 3.2) and other flatfishes. Recently settled Dover sole move inshore
from 100-159 m in March to 50-79 m between May and July and older Dover sole move
inshore between March and May (Demory, 1971; Pearcy, 1978; Toole et al., 1997). Small and
large size classes of butter sole (Pleuronectes isolepis), slender sole (Eopsetta exilis), rex sole
(Errex zachirus), and English sole (Pleuronectes vetulus) also migrate inshore in late spring

(Demory, 1971). Demory's data show that all these species moved about 20 fa (37 m) shallower
even though the center of their depth distributions ranged from 65 to 160 m. Toole et al. (1997)
hypothesized that recently settled Dover sole move inshore to avoid predators such as Pacific
hake and sablefish or to move into more productive inshore waters. Hayman and Tyler (1980)
suggested the outer shelf provided better feeding and environmental conditions for recently
settled Dover sole and these fish move inshore as their requirements changed. The widespread
nature of the spring migration suggests fish move inshore in response to a common variable,
one that affects several species, size classes, and a broad range of depths. Inshore migrations
coincided with spring decreases in bottom temperature during seasonal upwelling, but
differences in temperature among isobaths on the middle shelf appear to be small (Huyer,
1977).

Process of settlement
Movement from upper slope to middle shelf
Increases in size, metamorphic stage, and age from deep to shallow strata suggest that
Pacific sanddab land on the upper slope and outer shelf and then move further inshore and settle
to the middle shelf (Figure 3.8 -Figure 3.10, and Table 3.3). Overall, these cross-shelf patterns
suggest that the process of settlement in Pacific sanddab is not a singular event, but a gradual
transition from pelagic to benthic life.

Stage 0 to stage 2 larvae occurred almost exclusively on the outer shelf and upper slope
while stage 3 fish were caught primarily on the middle shelf (Table 3.3). Stomachs of several
larvae from the outer shelf contained sand and shelled gastropods, evidence these fish had been
on the bottom. In addition, sagittae of most Pacific sanddab on the outer shelf and upper slope
had <30 opaque increments while most on the middle shelf had >30 (Figure 3.10). Because
completion of eye migration occurs about 14-49 d after the opaque region forms (Donohoe and
Markle, MS [Ch. 2]), these patterns suggest that Pacific sanddab land on the upper slope prior to
completion of eye migration then move inshore and settle to the middle shelf at about the time
they complete eye migration. However, settlement to the middle shelf may not always coincide

with metamorphosis. The low abundance of Pacific sanddab in the February 1993 survey
(Figure 3.4) suggests that nearly all age 0 fish captured in March 1993 had settled within the

previous 38 d. The fact that many of these fish appear to have completed eye migration in
December and January (Figure 3.14) suggests that some Pacific sanddab delay settlement and
remain in the water column for a few months after completing eye migration. Alternatively,
fish caught in March 1993 may have settled outside of our survey area in December and January
and migrated into it after February. Unfortunately, we cannot differentiate between these two

possibilities. If settlement does not always coincide with completion of eye migration, the first
opaque increment in the sagitta may not be a reliable proxy for settlement.

Progressive increases in mean age from deep to shallow strata suggest that settling
Pacific sanddab take an average of 5 0-60 d to move from the upper slope to the middle shelf.

Similar cross-shelf transit times have been reported in other fishes. Larval gulf menhaden
Brevoortia patronus take 40-74 d and sand seatrout Cynoscion arenarius take 3 0-94 d to cross
the shelf to estuarine nurseries in the Gulf of Mexico (Shaw et al., 1988).

Pacific sanddab may move from the upper slope to middle shelf either along the bottom
or by re-entering the water column. Our surveys show that Pacific sanddab ranging from 14 to
55 mm SL occurred on the bottom, with stage 0 stage 2 larvae on the slope and outer shelf and

stage 3 fish on the middle shelf. Pacific sanddab in this same size range and stage of
development also occur in the upper 30 m of the water column, with more advanced stages
occurring closer to shore (Sakuma and Larson, 1995). This broad overlap in sizes combined
with the offshore-onshore pattern in metamorphic stages suggest that Pacific sanddab alternate

among habitats as they move inshore to the middle shelf. Sand was present in the stomachs of
many large pelagic Pacific sanddab (Donohoe and Markle, MS [Ch. 2]) which confirms that
some fish re-enter the water column after settling. Food habits indicate that small Pacific
sanddab continue to enter the water column long after reaching the middle shelf. Juveniles 50100 mm SL feed on pelagic crustaceans (Pearcy and Hancock, 1978) and adults feed on pelagic
fishes (Kravitz et al., 1976).

Settling Dover sole also alternate between the pelagic and benthic habitats as they move
across the upper slope to a nursery on the middle shelf (Markle et al., 1992; Toole et al., 1997).
Markle et al. (1992) suggested the upper slope functions as a 'landing zone' for settling Dover
sole on their way to the nursery on the middle shelf. The upper slope appears to serve the same
function for settling Pacific sanddab. Settling Pacific sanddab may descend in the water column
to test the bottom for the nursery and ascend to take advantage of onshore currents in the upper
water column. Unlike fishes that settle nearshore or in estuaries, fishes with nurseries on the
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middle shelf must periodically descend as they move toward shore to avoid overshooting the
nursery.

Movement from offshore to continental shelf
Prior to settlement, early stage Pacific sanddab larvae occur offshore beyond the
continental shelf (Doyle, 1992; Sakuma and Ralston, 1995). Metamorphic-staged larvae occur
in the upper 110 m of the water column at night, but are most abundant in the upper 30 m
(Sakuma and Larson, 1995), placing them in or near the surface Ekman layer. Our results show
that abundance of age 0 Pacific sanddab on the upper slope and outer shelf in March 1989-1994

was correlated with onshore Ekman transport during the previous 30 d (Figure 3.5). A period of
30 d is an appropriate temporal window because larvae do not appear to accumulate on the
upper slope, but continue inshore. This correlation suggests that movement of Pacific sanddab
larvae from offshore to the continental shelf is facilitated by surface Ekman transport. Previous
studies have shown that onshore Ekman transport is important for fishes settling to inshore and

estuarine nursery areas. Recruitment of Atlantic menhaden, Brevoortia tyrannus, was
correlated to onshore Ekman transport during the larval period (Nelson et al., 1977). The
abundance of English sole, Pleuronectes vetulus, settling to Yaquina Bay, Oregon was also

related to onshore Ekman transport (Boehlert and Mundy, 1987). In contrast, Myers and
Drinkwater (1989) found no relationship between Ekman transport and recruitment in 8 stocks

in the Northwest Atlantic. Our results suggest that onshore Ekman transport can be important
for fishes that do not settle nearshore or in estuaries but have nurseries on the middle shelf
Settling Pacific sanddab may use multiple mechanisms to move inshore. Although
Pacific sanddab settling off Oregon in winter appear to use surface Ekman transport to move
inshore, late larvae are present and presumably settle in areas and at times when surface Ekman

transport is reduced or predominantly offshore. Surface Ekman transport during fall and winter
is predominantly onshore off Oregon and Washington, but it is weak or offshore off California
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(Parrish et al., 1981). Late larval Pacific sanddab are common off central California in May and
June during the upwelling season when surface Ekman transport is predominantly offshore.
These fish may use one or more alternate mechanisms to move inshore. During the upwelling
season, there are periods when alongshore winds weaken, allowing surface waters to relax and
move onshore. These relaxation events appear to transport invertebrate larvae to the intertidal
zone (Farrell et al., 1991), and may transport Pacific sanddab larvae inshore as well.
Alternately, settling Pacific sanddab may move shoreward in the weaker subsurface onshore
return flow that occurs during active upwelling (Smith, 1981; Sakuma and Ralston, 1995).
Peterson et al. (1979) proposed that certain species of copepods use this subsurface return flow
to maintain the population within the upwelling region. Some pelagic juvenile rockfishes also
move deeper in the water column during upwelling, presumably to avoid offshore advection in

the surface layer (Lenarz et al., 1991). In addition, swimming may be an important mode of
onshore movement for settling Pacific sanddab. Early juvenile bluefish, Pomatomus saltatrix,
swim over 100 km across the shelf to estuarine nurseries (Hare and Cowen, 1996). Late pelagic
stages of reef fishes are also capable of sustained swimming (Stobutzki and Bellwood, 1997).
Late larval Pacific sanddab are large and probably capable of sustained swimming. We suspect

that Pacific sanddab larvae swim and exploit both surface and subsurface transport. Further
studies needed to determine the importance of these mechanisms for fishes settling to nurseries
on the continental shelf.

Our results and the literature suggest that shoreward movement of Pacific sanddab is
initiated by a change in vertical migration behavior of late stage larvae. Stage 0 to stage 2
larvae make small vertical migrations, moving up in the water column at night and deeper

during the day (Sakuma et al., 1999). Diel vertical migration has been observed in many
species of flatfishes including yellowtail flounder, Limandaferruginea (Smith et al., 1978),
sand sole, Psettichthys melanostictus (Boehlert et al., 1985) and stone flounder, Kareius

bicoloratus (Yamashita et al., 1996). Vertical migrations of larvae typically become more

extensive as fish grow and develop (Smith et al., 1978; Neilson and Perry, 1990; Brodeur and

Rugen, 1994). We propose that Pacific sanddab make larger vertical migrations during late
stage 2, moving both higher and deeper in the water column. Such an increase in the amplitude
of vertical migrations by Pacific sanddab would result in an increase in mean depth with
metamorphic stage, consistent with the observed pattern (Sakuma and Larson, 1995). A few
stage 1 or stage 2 larvae have been captured in midwater at depths of 200 to >500 m (W.G.
Pearcy, unpublished data). Migrations to depths of >400 m would explain the presence of late
larvae on the upper slope as they move inshore.

Slope abundance was also correlated with surface temperature in the study area during
March and with survey date. Higher temperatures can affect abundance by increasing larval

growth rate and reducing stage duration and mortality (Houde, 1987). However mean growth
rates were the same in 1992 and 1993 suggesting that the high abundance in 1992 was not due

to a shorter larval period. We suspect that the direct influence of temperature was small and
that the observed correlation merely reflects the transport of warm offshore water onto the shelf
and upper slope. The high age 0 abundance in 1992 does not appear directly related to the
1992-93 El Niflo because these conditions did not develop off northern California and Oregon

until March (Lenarz et al., 1995). High abundance in March 1992 is also not an artifact of
earlier sampling because the high abundance persisted and resulted in a large year class (Figure
3.7).

Early life history strategy of Pacific sanddab
Although in different families, the early life history strategy of Pacific sanddab is
remarkably similar to two pleuronectids that occur off Oregon and transform at a large size.
Spawning in Pacific sanddab peaks in summer to early fall, fish are pelagic for 4-7 months,
complete metamorphosis at 30-52 mm SL, and settle to depths of 80-119 m in late fall and
winter prior to the onset of upwelling. Dover sole are spawned primarily in winter and spring

off Oregon, are pelagic for 9 months to 2 years, metamorphose at 49-79 mm SL, and settle to
depths of 100-159 m on the shelf in winter (Markle et al., 1992; Butler et al., 1996; Toole et al.,

1997). Rex sole (Errex

zachirus)

also spawn in winter and spring, metamorphose at 49-89 mm

SL, are pelagic for about 1 year, and settle to depths of 150-200 m on the shelf off Oregon in
winter (Hosie and Horton, 1977; Pearcy et al., 1977). Larvae of all 3 species are advected
offshore. Although the season of spawning and length of the larval period differs, all three
species settle off Oregon in winter during seasonal onshore transport. This pattern is consistent
with the hypothesis that the life history strategies may be timed to use onshore Ekman transport
to return to the shelf from further offshore (Parrish et al., 1981).

The large size at metamorphosis and long pelagic period in Pacific sanddab may be
related to settlement in deep water. Flatfishes that settle to deep nurseries or live deep generally

metamorphose at large size and have long pelagic periods (Minami and Tanaka, 1992). Moser
(1981) noted that flatfishes with large larvae often have broader geographic ranges suggesting
an adaptation to increase dispersal. Large size at metamorphosis is also advantageous if food
abundance is low or if large predators occur in the nursery area (Minami and Tanaka, 1992).
Moser (1981) also suggested that species with long pelagic phases may have a broader window
for settlement and metamorphosis, increasing the probability of settlement success. The
settlement process in these species appears to require coupling of a behavioral change with a
seasonally predictable oceanographic process. Because the strength and duration of Ekman
transport is variable, the strategy resembles the "lottery" strategy of tropical reef fishes (Sale,
1978), especially in Pacific sanddab where the strategy is coupled to protracted seasonally-

biased spawning. The result of the spawning strategy is protracted seasonally-biased settlement
with metamorphically competent Pacific sanddab available for settlement all year but the
majority available when the probability of onshore Ekman transport is highest. Protracted,
seasonally-biased spawning could result if timing of spawning was age related, such that
younger fish spawning early or late in the season have a greater probability of producing

successful recruits. A better understanding of size, age, and season of reproduction in Pacific
sanddab would facilitate understanding the impacts of a fishery on this unusual life history
strategy.

Summary
In summary, settlement in Pacific sanddab is not a singular event but a gradual
transition from pelagic to benthic life. Peak settlement off Oregon is in late fall and winter and
coincides with onshore transport. Movement from offshore to the continental slope appears to
be facilitated by onshore Ekman transport when it is available, but can occur when transport is
absent or offshore, possibly by subsurface transport or swimming. The upper slope and outer
shelf serve as a landing zone for Pacific sanddab as they move inshore to the nursery.
Settlement to the middle shelf generally coincides with metamorphosis, but some fish may
delay settlement. The nursery is located between 80-119 in late winter and shifts inshore to
<50-99 m in summer. Because age 0 Pacific sanddab occur at the same depths as older age
classes, commercial fisheries that target adults may affect young-of-the-year.
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CHAPTER 4

Ontogenetic and Individual Variation in Otolith Microchemistry of Two Recently-Settled
Flatfishes, Dover Sole (Microstomuspacificus) and Pacific Sanddab
(Citharichthys sordidus)

Christopher J. Donohoe and Douglas F. Markie

Department of Fisheries and Wildlife
Oregon State University

ABSTRACT
Concentrations of Ca, Sr, Cl, Na, K, and P in otoliths of settling Dover sole
(Microstomus pacJIcus) and Pacific sanddab (Citharichthys sordidus) were measured with a
wavelength dispersive electron microprobe to determine if cross-otolith patterns represent an
environmental record of settlement and inshore movement and to test for fixed differences that
could be used to discriminate among settling cohorts. Transects across otoliths revealed strong,
consistent trends in concentrations of Sr, K, and P in both species and of Ca in Dover sole.
These trends explained an average of 74% of the variation in Sr, 46% of the variation in K, 59%
of the variation in P, and 50% of the variation in Ca in individual fish. None of the 6 elements
showed a consistent shift in concentration at settlement, although P increased in about half of
Pacific sanddab at settlement. Cross-otolith patterns in Sr concentration did not correspond to
thermal experience or to known patterns of otolith and somatic growth. Element concentrations
at the margin were not related to depth or temperature at capture (<17% of observed variation
explained), but concentrations of Cl (both species) and K (Dover sole) near the otolith margin
were strongly correlated with levels near the core (r=0.78 to 0.87) which indicated an individual
(perhaps genetic) effect present early in life. Margin concentrations of these elements differed
among groups of fish caught as little as 5-8 km apart, potentially indicating meso-scale

patchiness at settlement. If these patchy distributions resulted from patchy settlement, this
implies that groups of fish (cohorts) tended to remain together during the pelagic period and
settle together. This result is surprising given the 9 month to 2 year pelagic period of Dover
sole.

INTRODUCTION
Dover sole (Microstomus pacficus) and Pacific sanddab (Citharichthys sordidus) are
commercially important flatfishes that occur along the western coast of North America from
Baja California to the Bering Sea (Miller and Lea, 1972). Larvae are pelagic and occur offshore

beyond the edge of the continental shelf (Pearcy etal., 1977; Doyle, 1992). Dover sole are
pelagic for 9 months to 2 years (Markle et al., 1992; Butler et al., 1996) and Pacific sanddab for

4-7 months (Donohoe and Markle, MS [Ch. 3]). Patterns of larval drift have not been
determined, but larvae are probably transported long distances by strong seasonal alongshore
currents (Strub et al., 1987; Markle et al., 1992). Although the process of settlement is not fully
known, larvae of both species appear to temporarily settle to the outer shelf and upper slope,
then move shoreward to nursery areas on the mid-shelf (Markle et al., 1992; Toole et al., 1997;
Donohoe and Markle, MS [Ch. 3]). Details of the settlement process have been difficult to infer
from survey data because individuals settle over a wide size range and a period of several
months (Markle et al., 1992; Toole et al., 1997). Otolith landmarks that serve as rough proxies
for settlement have been identified (Toole et al., 1993; Donohoe and Markle, MS [Cli. 2]), but
these have been insufficient tools for resolving the exact timing and depth of settlement and
subsequent movements of individuals.

Otolith microchemistry may provide valuable information about the settlement process.
Sagittal otoliths are composed primarily of calcium carbonate in the aragonite form (Degens et
al., 1969), but numerous elements are also incorporated into the otolith matrix. Concentrations
of these elements can be influenced by environmental conditions at the time of deposition

(Radtke and Shafer, 1992). Because the otolith grows each day and otolith material is not
resorbed or reworked after deposition (Campana and Neilson, 1985), the otolith may contain a
detailed record of environmental experience.

Element concentrations in otoliths have been shown to vary with several environmental
variables including temperature (Radtke, 1989; Townsend et al., 1995), salinity (Secor et al.,

1995), and water chemistry (Mugiya et al., 1991). Element concentrations in some soft tissues
covary with concentrations in sediments (Hanson, 1997). Element concentrations in otoliths
also vary with ontogenetic variables such as size or age (Edmonds et al., 1992; Hoff and
Fuiman, 1993; Campana and Gagne, 1994) and growth rate (Kalish, 1989; Sadovy and Severin,
1992, 1994). In addition, genotype may influence element concentrations, as concentrations at
the otolith core, which generally forms before hatching, can differ among fish from different
geographic regions (Campana and Gagne, 1994; Thresher et al., 1994) and concentrations often
vary greatly among individuals reared under identical conditions (Hoff and Fuiman, 1995).
These studies suggest a first order model of element concentration:
Concentration = Environment + Ontogeny + Genotype + COr

that is, the concentration of an element in the otolith is dependent upon the combined
influences of environment, ontogeny, genotype, and random variation. The relative importance
of these four factors and their interaction terms are likely to vary among elements and species.

Variation in otolith composition has been interpreted primarily in two ways. Crossotolith variation has been used to infer the temperature histories of individual fish (Radtke,
1989; Townsend et al., 1989, 1995; Radtke et al., 1990) and the timing of migrations among

habitats (Tzeng and Tsai, 1994; Radtke et al., 1996; Secor and Piccoli, 1996). Otolith Sr/Ca
ratios in Dover sole vary during early life with a minimum around settlement (Toole et al.,
1993). These studies suggest otolith composition of Dover sole and Pacific sanddab may vary
in response to settlement. Because metamorphosis and settlement do not coincide in Dover sole
(Markle et al., 1992), it may be possible to discriminate between the influence of these two
events on otolith microchemistry. An elemental settlement mark, combined with otolith age
information, would allow precise estimation of the timing of settlement for individual fish.
Differences in otolith composition or 'elemental fingerprints' among geographic groups
of fish have been used to infer or confirm stock or population structure (Mulligan et al., 1987;
Edmonds et al., 1989, 1992; Campana and Gagne, 1994; Campana et al., 1994). Although these
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differences may be genetic or environmental, these studies suggest otolith composition may
differ among cohorts and allow identification of geographic structure within a settling year

class. The scale of this structure may allow inferences about the scale of the processes
controlling settlement and recruitment.

In this study, we examined otolith composition of two species of flatfish during

settlement. The specific goals were to 1) characterize elemental variation in the otoliths of
Dover sole and Pacific sanddab, 2) determine if cross-otolith patterns in element concentrations
represent an environmental record of settlement and inshore movement, 3) determine if there
are inherent (fixed) differences in otolith composition among individuals, and if so to 4) use
these inherent differences to determine if there is small-scale geographic structure within the
settling year class. Our primary approach was to compare natural variation in element

concentrations to life history events and environmental conditions at time of capture. A
secondary approach was to evaluate the influence of sediments on element concentrations in a
laboratory experiment.

MATERIALS AND METHODS
Collections
Settling Dover sole (47-70 mm SL) and Pacific sanddab (23-42 mm SL) were collected
at 22 stations on the continental shelf and upper slope off central Oregon at depths of 88-357 m

(Figure 4.1, Table 4.1). Most stations (A to Z) were located within a 700 km2 area off Cape
Foulweather, just north of Newport. Two stations (1 and 2) were located 100 km to the south,
off Heceta Head. At each station, a single benthic tow was made with a 27.4 m commercial
shrimp trawl lined with 6.4 mm mesh in the cod end. Tow duration was short, so that fish in
each haul were caught within 300 m of one another. Most fish were collected in March 1992

and frozen at sea. Live Dover sole and sediments were collected in February 1993 for a
laboratory experiment (see below).
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Figure 4.1.

Map of the central Oregon coast showing locations where Dover sole
(Microstomus pacJIcus) and Pacific sanddab (Citharichthys sordidus) were
collected. Stations A to Z were off Newport; stations 1 and 2 were -l00 km to
the south off Heceta Head. Stations A to Q, 1, and 2 were sampled in March
1992. Stations S to Z were sampled in March 1993. Live Dover sole and
sediments were collected at stations X, Y, and Z. Depth contours (m) are also
shown.

Table 4.1.

Number of Dover sole (Microstomus pacflcus) and Pacific sanddab
(Citharichthys sordidus) otoliths that were analyzed along transects or near the
otolith margin, listed by station, depth, and month of capture.

number examined
transects
location dates

station

Newport
March 1992

A
B
C
D

E
F
G
H
I

J
K
L
M
N

0
p

March 1993

Heceta Head
March 1992

Q
S

T
1

2

totals

depth
(m)

Dover
sole

near margin

Pacific
sanddab

88
108

99
110
110
95
104
108
119
132
132
157
176
174
207
307
357
230
276

Dover
sole

Pacific
sanddab

1

6
1

1
1

4

5

5

1
1
1

3

4

6

1

5
1

2

1

2

1

2

3

1

6

2

2

2

5

1

1

1

2

1

1

2

3

2

90
210

4

8
8

17

14

39

40

100

In the laboratory, fish were thawed, measured, and metamorphic stage was recorded.

Dover sole stages were assigned using the criteria of Markle et al. (1992): stages 1 and 2 are
pelagic larvae, stage 3 is a recently-settled larva, stage 4 is a late-metamorphic demersal larva,

and stage 5 is a fully transformed juvenile. Pacific sanddab were classified into four
metamorphic stages based on the position of the right (migrating) eye: stage 0 - eyes
symmetrical, stage 1

eye beginning to migrate but right of midline, stage 2 - eye intersecting

the midline, and stage 3 right eye migrated to left side. Individuals classified as stage 3 have

not necessarily completed metamorphosis. Sagittae were removed, cleaned of adhering tissue,
rinsed with water, and mounted in Crystalbond 509 thermoplastic resin. Whole otoliths were
ground in the sagittal plane to the level of the central primordium (core) to expose increments

from the core to margin. Sagittae were ground on silica sandpaper and polished with 0.05 jm
alumina powder. Millipore-filtered distilled water was used to wet sandpaper and powder and
to rinse otoliths. Polished sagittae were carbon coated just prior to elemental analysis.

Microprobe analyses
Concentrations of Ca, Sr, Cl, Na, K, P, and Mg in the sagitta were measured with a
Cameca SX-50 wavelength dispersive electron microprobe. The incident electron beam had an

accelerating voltage of 15 kV, a 30 nA current, and 15 tm defocused beam diameter which

yielded a beam power density of 2.5 xW tm2. Resulting X-rays were counted for 20 secs on
peak and 10 secs on background on the K a emission lines for all elements except Sr, which

was counted on the L a line. X-rays emitted by Ca, Cl, K, and P were diffracted by a PET
diffraction crystal, and those emitted by Sr, Na, and Mg by a TAP crystal.

Because microprobe analyses are based on counts of X-rays, it is possible to estimate
the statistical or counting error and thus the detection limit for each measurement. The standard
deviation of a single measurement was estimated by the method outlined by Williams (1987),
and the 99% lower limit of detection (LLD) of a single measurement was estimated as 2.58
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standard deviations above zero. The average minimum LLD for each element was calculated
by regressing LLD on element concentration, and solving for the point at which the LLD
equaled the measured concentration.

Elemental variation
Two distinct zones are visible in sagittae of both Dover sole and Pacific sanddab; a
clear central region and an opaque outer region (Figure 4.2). In both species, the opaque region
and numerous accessory primordia (AP) form around the start of a gradual metamorphosis
(Toole et al., 1993; Donohoe and Markie, MS [Ch. 2]). In Pacific sanddab, metamorphosis and
initial settlement appear to coincide, so that the transition between regions serves as a rough
landmark for both events (Donohoe and Markle, MS [Cli. 2]). In contrast, settlement in Dover
sole generally occurs several to many months after metamorphosis begins and roughly coincides
with complete enclosure of the clear central area by growth from accessory primordia that form
the opaque region (Toole et al., 1993). Thus there are separate landmarks for metamorphosis
and settlement in Dover sole sagittae.
Transects

Sagittae of 17 Dover sole and 14 Pacific sanddab were analyzed with the microprobe at
9-19 points (mean=15) along a transect from the otolith core to the margin. Distance between
point centers varied among fish and otolith regions, but averaged 48 jim in the clear central

region and 36 tm in the outer opaque region. Radial distance from each point to the core was
also recorded.

Cross-otolith trends
Cross-otolith trends in element concentration were assessed by regressing element
concentration on distance from the otolith core for each individual. Linear models were fit to
most elements, but a two-piece linear regression model was employed for Sr and P. Mean
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Figure 4.2.

Sagittal sections of the right sagitta of A) a 53.1 mm stage 3 Dover sole
(Microstomus pacficus) and B) a 23.3 mm stage 1 Pacific sanddab (Citharichthys
sordidus) showing the clear central region, opaque outer region, and accessory
primordia (AP). Enclosure of the clear central region by growth from accessory
primordia on the Dover sole sagitta is indicated by the arrow.
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cross-otolith trends for each species were estimated by fitting a single regression to pooled data
obtained from transects across otoliths (17 Dover sole or 14 Pacific sanddab) and from analyses
made at the otolith margin on an additional 33 Dover sole or 27 Pacific sanddab (see below).
Regressions that explained >10% of the variation in an element were used to adjust margin
concentrations to reduce size- or life history-related bias in later analyses. Deviations from
these regressions (residuals) represent 'normalized' concentrations and are denoted by a prime
(e.g. Ca', Sr', and K').
Changes at settlement and metamorphosis
Cross-otolith patterns in element concentration (elemental histories) were inspected to
determine if changes in concentration coincided with otolith landmarks associated with
settlement and metamorphosis. Elemental histories of fish settling to the same and different
stations on the continental shelf and slope were also compared. If element concentrations
reflect local environment, then elemental histories of fish which settled to the same station
should converge after settlement, while the histories of fish settling to different stations should
diverge.

Individual bias
The inherent or individual component of element variation was assessed by testing for
correlations between the concentration near the margin and that near the core. Concentrations
near the core were represented as the mean of transect points 2 and 3. Analyses of the core
(point 1) were excluded because the estimated concentrations differed markedly from adjacent
points in some elements, perhaps due to the presence of small cracks at the core.
Concentrations near the margin were represented by the mean of the two transect points nearest
the margin. A significant correlation would indicate that differences in element concentrations
among individuals tend to persist through early life.
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Margins

Otolith margins of 39 Dover sole and 40 Pacific sanddab caught at depths of

88-357

m

were analyzed to determine element concentrations at time of capture (Table 4.1).
Concentrations were measured at five points along the margin and then averaged. Otoliths from
different stations were interspersed in the analysis sequence to reduce potential bias caused by
instrument drift. Mean margin concentrations were normalized (adjusted) if necessary to reduce
size-related bias and regressed on temperature and depth of capture to determine if these
variables were related to elemental variation.
Sediment experiment
Live Dover sole (5

1-73

mm SL) and sediments were collected in February

1993

from

three stations on the continental shelf offNewport. Pacific sanddab could not be kept alive for
these experiments. The three stations (X, Y, and Z) were 10 km apart and located at depths of
126,

155,

and

179

m (Figure 4.1). Sediments were collected by trailing a small section of pipe

from the cod end of the trawl. Logistic problems prevented collection of both sediments and
live fish from a broader range of depths.

Captured Dover sole were reared sequentially on two types of sediment. Dover sole
were initially anesthetized with MS-222, injected with tetracycline to mark the otoliths, and
then reared in replicate aquaria containing sediments collected from the station at which they
were captured (native sediments). After 54 d, fish were anesthetized again and transferred onto
sediments taken from a different station (foreign sediments). After an additional 16 d, fish were
sacrificed. This design produced otoliths consisting of an inner region formed in the sea, a
tetracycline mark, a middle region formed on native sediment, and an outer region formed on
foreign sediment. Four combinations (treatments) of native-to-foreign sediment pairs were

used: 1)126 to

179

m; 2)155 to 126 m;

3)179 to

155 m; and 4)126 m to no sediment.
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Sagittae were prepared for analysis as described above. Element concentrations in each region
were measured at five points and then averaged.

The influence of captivity on each element was estimated as the mean difference in
concentration between the sea and native regions of an otolith, with n=2 to 6 fish per treatment.

Absolute concentrations were not used because initial concentrations differed among
individuals. The influence of sediment type was estimated as the mean difference between
native and foreign regions of an otolith, and the combined influence of captivity and sediment

type as the mean difference between the sea and foreign regions. Mean changes in element
concentrations were considered statistically significant if the 95% confidence interval around
the mean did not include zero.

Distributions of settling flatfish
Elements that showed strong individual bias (fixed differences) were used to evaluate

patterns of settlement in Dover sole and Pacific sanddab. Univariate and multivariate analysis
of variance (ANOVA and MANOVA) were used to determine if mean margin concentrations of
one or more of these elements differed among stations located 5 to 122 km apart. Multivariate
post-hoc contrasts or univariate post-hoc pairwise comparisons (Tukey's HSD) were also

performed. Cluster analysis was used to determine if fish with similar otolith composition
tended to occur at the same station. Individuals were clustered based on standardized element
concentrations, euclidean distances, and average linkage.

RESULTS

Element variation
General

Ca, Sr, Na, and K were present in otoliths of Dover sole and Pacific sanddab at
concentrations well above the average minimum LLD (Table 4.2). Concentrations of Cl were

below detection limits in 20 and 22% of analyses, but data were not censored. Cl
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Table 4.2.

Average minimum lower limits of detection (LLD) for elements measured by the
wavelength dispersive electron microprobe. The LLD of a single measurement is
2.58 standard deviations above zero. The average minimum LLD was estimated
by regressing individual LLDs on element concentration and solving for the point
at which LLD equaled element concentration. The percentage of measurements
below the LLD is also shown.

points below LLD (%)
element

average minimum LLD
(ppm)

Dover sole
(n=513)

Pacific sanddab
(n=383)

Ca

520

0

0

Sr

485

0

0

Cl

245

20

22

Na

260

0

0

K

170

0.2

0.3

P

245

64

14

Mg

170

88

56
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concentrations were log-transformed prior to statistical analysis to produce more normal
distributions. Measured concentrations of P in Dover sole and Mg in both species were below

the average minimum LLD at 56% of points and were therefore dropped from later statistical
analyses. One Dover sole (specimen 601, station 2) was a statistical outlier and was dropped
from all analyses because measured concentrations of five of seven elements were > 3.3
standard deviation units above the mean.
Transects

Cross-otolith trends
Transects revealed strong cross-otolith patterns in the concentration of most elements in

individual Dover sole and Pacific sanddab (Figure 4.3 and Figure 4.4). In general,
concentrations of K, Ca, and Na increased during the larval and early juvenile stages, but

regression showed that significant linear trends were not present in all fish (Table 4.3). K
concentrations increased with distance from the otolith core in 71% of fish in both species, with

distance explaining an average of 43% and 49% of the individual variation (Table 4.3). Ca
concentrations also increased in 76% of Dover sole and 50% of Pacific sanddab and Na
concentrations increased in 47% and 43% of fish, with distance explaining an average of 27% to
50% of the individual variation. In contrast, concentrations of Sr were highest near the core,
decreased with distance in the clear central region, reached minimum levels in the opaque outer
region, and then remained low or increased slightly to the margin (Figure 4.3 and Figure 4.4).
Two-piece regressions explained an average of 72% and 77% of the individual variation during
early life. This cross-otolith pattern was observed in nearly all individuals, but significance
levels were not available for the two-piece models. The cross-otolith pattern in P concentration
was more complex and differed among the two species. In both species, concentrations of P
were usually highest in the clear central region, either at the core or 5 0-200 im from the core,
and then decreased to low levels at the transition from clear to opaque regions. In the opaque
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Figure 4.3.

Cross-otolith patterns in element concentrations (by weight) for 17 Dover sole
(Microstomus pacflcus). Concentration scales differ among elements but are the
same for individuals. Concentrations were measured at 12-19 points along a
transect from the core to otolith margin. Squares indicate the transition from the
clear to opaque region (early metamorphosis) and stars indicate enclosure of
growth from the central primordium by growth from accessory primordial
(predicted settlement). The average minimum 99% lower limit of detection
(LLD) is shown as a dashed line for patterns that drop below the LLD.

109

CSrNa

Pacific sanddab

11111111

11111111

11111111

11111111

11111111

11111111

0
C
C.)

C

0
C.)

C
E
a)

w

A

11111111
600

11111111
0

600

11111111
0

600

11111111
0

600

11111111
0

600

11111111
0

600

Distance from core (pm)

Figure 4.4.

Cross-otolith patterns in element concentrations for 14 Pacific sanddab
(Cit harichthys sordidus). Concentration scales differ among elements but are the
same for individuals. Concentrations were measured at 9-16 points along a
transect from the core to otolith margin. Squares indicate the transition from the
clear to opaque region (predicted settlement). The average minimum 99% lower
limit of detection (LLD) is shown as a dashed line for patterns that drop below the
LLD.
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Table 4.3.

Mean and range of coefficients of determination (r2) for linear regressions of
element concentration on distance of the analysis from the otolith core for each of
17 Dover sole and 14 Pacific sanddab. Concentrations were analyzed at 9 to 19
points (mean= 15.0) along a transect from core to margin. Linear models were
used for most elements, but two-piece linear models were used for Sr and P. The
number of significant (P<0.05) positive and negative relationships are also shown.
P-values were not available for Sr and P.

frequency of significant
relationships
element

range

mean

Ca

0.08-0.93

0.50

13+

76

Sr

0.19-0.94

0.72

-

-

Cl'

0.00-0.83

0.28

2+, 4-

12, 24

Na

0.00-0.8 1

0.27

8+

47

K

0.12-0.80

0.43

12+

71

P

0.37-0.95

0.62

-

-

%

Dover sole (n17)

Pacific sanddab (n=14)
Ca

0.01-0.68

0.34

7+, 1-

50, 7

Sr

0.55-0.93

0.77

-

-

Cl'

0.00-0.90

0.35

2+, 3-

14, 21

Na

0.03-0.80

0.36

6+, 2-

43, 14

K

0.00-0.93

0.49

10+

71

P

0.08-0.9 1

0.55

-

-

'Cl concentrations were below the lower limit of detection at more than two points in 8
of 17 Dover sole and 6 of 14 Pacific sanddab.
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region, P concentrations remained below detection limits in most Dover sole but concentrations
increased in many Pacific sanddab. Two-piece regressions explained an average of 62% and
55% of the individual variation. Concentrations of Cl were fairly stable during early life in

most fish (Figure 4.3 and Figure 4.4). Significant cross-otolith trends in Cl were detected in
-35% of individuals but these trends had both positive and negative slopes.
Mean cross-otolith trends explained significant portions of the total variation in
concentrations of K, Ca, Na, Sr, and P within and among Dover sole and Pacific sanddab
(Figure 4.5). Distance from the otolith core explained 31% and 32% of the variation in K, 32%
and 19% of the variation in Ca, and 9% and 5% of the variation in Na when data from
individual transects and analyses near the margin were combined (Figure 4.5). Two-piece
regressions explained 63% and 62% of the variation in Sr concentrations and 26% and 14% of
the variation in P concentrations in Dover sole and Pacific sanddab. Mean concentrations of Cl
did not covary with distance from core in either species (r2 0.05).
changes at settlement
Concentrations of P, Sr, and Ca shifted near otolith landmarks associated with
settlement, but these changes were not consistent, occurring in <60% of individuals in either
species (Figure 4.3 and Figure 4.4). Concentrations of P were generally below detection limits
after metamorphosis in Dover sole, but concentrations increased from minimum levels at

settlement in 8 of 14 Pacific sanddab. Sr concentrations alsoincreased from minimum levels
around settlement in 6 of 17 Dover sole and in 5 of 14 Pacific sanddab, but these increases were
small. Step-like increases in Ca occurred in 8 of 17 Dover sole (Figure 4.3), but increases
coincided with the settlement landmark (enclosure) in three fish and coincided with the
metamorphosis landmark (transition from clear to opaque) in the other five. Ca concentrations
increased at settlement in only 1 or 2 Pacific sanddab. In both species, concentrations of CI, Na,
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Figure 4.5.

Relationships between element concentration and distance of microprobe analysis
from the central primordium (core) in sagittae of Dover sole (Microstomus
pacflcus) and Pacific sanddab (Citharicht hys sordidus). Concentrations (by
weight) are in parts per million for all elements except Ca, which is a percentage.
Symbol color indicates location of the analysis: white = clear central region, black
= opaque region, gray = transition between regions. Symbol shape indicates type
of data: square = single measurement from transect across otolith, diamond =
mean of 5 measurements near margin. Linear and two-piece regression lines and
associated r-squared values are shown. Significance of linear relationships are
indicated by asterisks; * * *< 0.001. Dashed lines represent the average minimum
99% lower limit of detection.
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and K were either constant at settlement, or changed only gradually at settlement, reflecting
long-term trends.

With one exception, element histories of fish caught at the same station did not appear
to converge after settlement in either species as would be expected if concentrations were
determined by the local environment (Figure 4.6 and Figure 4.7). Concentrations of several

elements did appear to converge among Dover sole caught at station I. At station I, Ca
concentrations first diverged after metamorphosis and then converged after settlement.
Concentrations of Na and K also appear to converge slightly among fish at station I (Figure
4.6). Element histories also converged among fish caught at several other stations, but these
convergences occurred well prior to predicted settlement. For example, Na histories of Pacific
sanddab at stations 1 and D and Ca histories of Dover sole at station H converged prior to
settlement (Figure 4.6).

Mean element histories for groups of fish caught at the same station did not diverge
after settlement from mean histories for other stations (Figure 4.6 and Figure 4.7). Variation
among mean element histories for each station also did not increase after settlement. Mean
concentrations of Na in Dover sole appeared to diverge slightly among stations, but the
divergence began well prior to predicted settlement.

Individual bias

Element concentrations near the core were compared to those at the margin to
determine if early differences among larvae persisted later in life. Cl concentrations near the
otolith core and margin were significantly correlated in Dover sole (r=O.56, n=17, P=O.02) and
highly significantly correlated in Pacific sanddab (r=O.87, n=14, P<O.001; Figure 4.8).

However, Cl concentrations were below the LLD at either the core or margin in 5 of 17 Dover
sole and in 6 of 14 Pacific sanddab. Among fish with Cl concentrations above the LLD, Cl
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Individual and mean cross-otolith patterns in element concentrations for 13 Dover
sole (Microstomus pacflcus) collected at stations H, I, P, and S (mean pattern for
station S not shown). Concentrations were measured at 12-19 points along a
transect from the core to otolith margin. Series are aligned by distance to the
otolith margin. Station patterns represent locally-weighted moving averages of
several fish. Squares indicate the transition from the clear to opaque region (early
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lines represent the average minimum 99% lower limit of detection.
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concentrations near the core and margin were significantly correlated in both Dover sole

(r=0.88, n=12, P<0.00l) and Pacific sanddab (r=0.91, n=8, P<0.001). K concentrations near
the core and margin were also highly correlated in Dover sole (r=0.78, n=17, P<0.001). In
addition, margin and core concentrations of Ca were correlated in both Dover sole (r=0.49,

n=17, P=0.04) and Pacific sanddab (r=0.55, n=14, P=0.04). Correlations for the remaining
elements were not statistically significant.
Margin concentrations

Analyses at the otolith margin confirmed that Sr concentrations are related to otolith
size and metamorphic stage (Figure 4.9). Among Dover sole, regression showed that margin
concentrations increased slightly with otolith radius (n=37, r2=0. 14, P=O.02, one outlier

excluded). However, Sr concentrations were also higher in stage 4 fish (late metamorphosis)
than in stage 3 fish, with metamorphic stage explaining a greater portion of the observed
variation in Sr (ANOVA, P<0.00 1,

SSsge/SStoi

=0.42). Even after removing the otolith size-

related trend, metamorphic stage still explained a greater portion of the variation in residual Sr
(ANOVA, P<0.O1,

SSstage/SStotai

=0.2 1). Among Pacific sanddab, margin concentrations of Sr

varied with otolith radius (n=40, r2=0.82, Figure 4.9). Sr concentrations decreased with otolith
radius in fish that had not completed eye migration (stages 0-2) and increased with otolith
radius in fish that had completed eye migration (stage 3).

Margin concentrations of several elements covaried with both depth and temperature at
time of capture, but depth and temperature explained only 10-17% of the observed variation
(Figure 4.10 and Figure 4.11). Concentrations of K, Sr, and Ca were adjusted prior to analysis
to reduce size- or life history-related bias. Because water temperature was strongly correlated

with depth (n=49, r-0.94, P<0.00 1), element concentrations show nearly identical relationships
with depth and temperature. In Dover sole, margin concentrations of Ca' and Na decreased

slightly with temperature (n38, r0.12 and 0.10, P < 0.05). In Pacific sanddab, margin
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concentrations of Cl increased with temperature (n-40, r2=0. 17). However, relationships

between Cl, P, and temperature were influenced by data below the LLD. If values below the
LLD are replaced with the detection limit (245 ppm for both elements), these relationships
become less significant for Cl and significant for P (Figure 4.10 and Figure 4.11). No element
showed a significant relationship with depth or temperature at capture in both species.

Length of fish used in the analysis did not covary with depth of capture for either

species (P=0.32 and P=0.11, Figure 4.12). However, regression showed that individuals of both
species caught at shallower depths tended to have larger otoliths (r2=0.19, P<0.01; r2=0.30,

P<0.00 1). Larger otoliths indicate fish were further through metamorphosis because otolith size
increases rapidly at metamorphosis in both species.
Sediment experiment

Sediment type appeared to have little effect on concentration of elements in otoliths of
laboratory reared Dover sole (Figure 4.13). Mean concentrations of Na decreased 260 ppm
(9.0%) as fish were moved from 126 to 179 m sediments (treatment 1) and also decreased 90
ppm (3.3%) as fish were moved from 179 to 155 m sediments (treatment 3), but sample size in

this treatment was small (n2 fish). However, no reciprocal increase in Na concentration was
observed for fish moved from 155 to 126 m sediments (treatment 2) as would be expected given

the declines observed in treatments 1 and 3. Mean concentration of K decreased 100 ppm
(13.5%) as fish were moved from 126 to 179 m sediments (treatment 1), but reciprocal
increases were not observed in other treatments. No changes in mean concentrations of Ca, Sr,
or Cl due to sediment type were detected.

Although unaffected by sediment type, Sr concentrations increased in otoliths of nearly

all juvenile Dover sole during laboratory rearing, regardless of sediment treatment.

Sr

concentrations increased an average of 140 ppm (7.8%) while fish were reared on native
sediments, although this increase was not significant in any of the four treatments (Figure 4.13).
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Sr concentrations continued to increase after fish were moved onto foreign sediments (and no
sediment), increasing an average of 350 ppm (18.4 %), significantly greater than pre-capture

levels in three of four treatments. Other elements were largely unaffected by the initial 54 d of
laboratory rearing. However a few small (0.4-12.4%) but statistically significant increases were
observed for Ca and K in some treatments.

Distribution of settling flatfish
Results showed that differences in margin concentrations of Cl and K among Dover

sole and in Cl among Pacific sanddab were established early in life (Figure 4.8). These

elements were therefore stable characters useful for classif'ing settling fish. Concentrations of
these elements were compared for fish collected from stations 5-122 km apart to determine if
there was small-scale structure within the settling year class.

Settling flatfishes did not appear to be randomly distributed among stations. Mean
combined concentration of Cl and K' at the otolith margin differed among Dover sole collected

at different stations (MANOVA, F = 6.41, P < 0.001, Table 4.4). Post-hoc contrasts showed
that combined concentrations differed among stations 113-116 km apart and also among

stations only 5-9 km apart (P < 0.05). Otolith compositions of Dover sole from station D did
not overlap those from station 2 (113 km away) or station J (5 km away). Otolith composition
did not differ among stations 2 and H (122 km apart). Univariate tests confirmed that mean
concentrations of Cl and K' differed among stations 5-116 km apart (ANOVA, P<0.05, Figure
4.14).

Cluster analysis based on concentrations of Cl and K' showed that Dover sole with
similar otolith composition often occurred at the same station. Dover sole clustered into 5
indistinct groups (Figure 4.15). Two clusters included fish from only one station and one
cluster included fish from the three stations 5-9 km apart (D, H, and J). Two clusters included
fish from stations over 100 km apart (2 and J, 2 and H).
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Distances between stations and corresponding P-values for pairwise comparisons
of mean margin concentrations. For Dover sole, concentrations of Cl and K' were
compared using MANOVA. For Pacific sanddab, Cl concentrations were
compared using the Tukey HSD test.

Table 4.4.

Dover sole
P-value \ distance (km)
station

2

D

H

J

2

---

113

122

116

D

<0.001

---

9

5

H

0.16

0.02

---

6

J

0.03

<0.00 1

0.04

Pacific sanddab
station

1

A

D

0

P

1

---

74

83

103

100

A

0.02

---

9

31

32

D

<0.001

0.06

---

23

25

0

<0.001

0.06

1.0

---

8

P

0.69

0.39

0.001

0.001
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In Pacific sanddab, mean concentrations of Cl at the otolith margin differed among
stations (ANOVA, P < 0.00 1, Figure 4.14). Post-hoc pairwise comparisons showed that mean

Cl concentration differed among stations 8-103 km apart (Table 4.4). Ranges in Cl
concentrations for several stations did not overlap (Figure 4.14). However, Pacific sanddab
with similar Cl concentrations always occurred at two or more stations. Fish with high Cl levels
were caught primarily at stations 1 and P (100 km apart), those with low Cl levels were caught

primarily at stations D and 0 (23 km apart), and fish with moderate Cl levels were caught at
stations A, 0, and P (8-32 km apart).
Length of settling fish did not differ among stations for either species (Kruskal-Wallis,

P=0.98 and P=0.34, Figure 4.14). Otolith size also did not differ among stations for Dover sole
(P=0.48), but Pacific sanddab caught at two shallow stations (1 and A) had larger otoliths than

those caught at station 0 in deep water (P=0.002).

DISCUSSION

Elemental variation
Cross-otolith patterns

Our analyses revealed consistent cross-otolith patterns in concentrations of Sr, K, and P

in both species and in Ca for Dover sole. These patterns demonstrate a strong influence of
either environment or ontogeny (or both) on concentrations of these elements during the larval

and early juvenile periods. Although we cannot discriminate between the effects of
environment and ontogeny with certainty, several of our results suggest that cross-otolith
patterns in element concentrations are not related to environmental experience but are primarily
ontogenetic (endogenous).

The lack of a consistent change in concentrations of Ca, Sr, Cl, Na, and K at or near
otolith landmarks associated with settlement (Figures 4.3 and 4.4) clearly shows that crossotolith patterns in these elements are not reliable records of settlement. Phosphorous may be an
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exception. Increases in P concentrations at settlement in >50% of Pacific sanddab suggest P
may be a response to the change in habitat (Figures 4.3 and 4.4), but because settlement and
metamorphosis coincide in Pacific sanddab, the observed increase could also be related to an
internal process. Other results suggest these increases in P are not a response to settlement.
Poor relationships between margin concentrations of P (and other elements) and
environmental factors suggests that element concentrations are not determined primarily by

temperature or other factors associated with depth (Figures 4.10 and 4.11). None of the
elements examined was strongly related to temperature even though temperatures ranged from 6

to 11°C at the time (Figure 4.11). Poor relationships could result if settling fish had only
recently arrived at the capture depth. Dover sole and Pacific sanddab initially settle to the outer
continental shelf and upper slope, then move inshore to nurseries on the middle shelf (Toole et
al., 1997; Donohoe and Markle, MS [Ch. 3]). In addition, some margin analyses did not include

the most recently formed increments due to rounding during polishing. However the effect of
these biases was probably small because settling fish move in the same direction (inshore) and

the rate of movement appears to be slow in both species (bole et al., 1997; Donohoe and
Markle, MS [Ch. 3]). Because margin concentrations were poorly related to depth of capture,
we conclude that cross-otolith patterns after settlement, including the observed increases in P,

are not records of settlement and inshore movement. Our results are consistent with those of
Thresher et al. (1994) who concluded that settlement had no effect on otolith concentrations of

Ca, Na, Cl, K, or S, and only a slight effect on Sr in Nemadactylus macropterus entering
estuarine nursery areas.

The stability of most elements at settlement also suggest that element concentrations are
not sensitive to changes in environment. Both species probably experience the largest change in
environmental conditions at settlement. Although differences in salinity and water chemistry
among pelagic and benthic habitats are probably small, temperatures on the bottom are several
degrees colder than in the upper water colunm and there is also a shift in available prey.
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However except for P, element concentrations were stable at settlement. This disparity suggests
that the large variations in Sr and P before settlement are not a response to a smaller change in
environment during the larval period. Because element concentrations did not shift in response
to settlement and were not related to temperature or depth after settlement, it is unlikely that
cross-otolith patterns are records of environmental experience, which in turn suggests that the
observed patterns in Sr, K, P, and Ca in Dover sole and Pacific sanddab are primarily
ontogenetic.

Previous studies have suggested that Sr concentrations (and Sr/Ca ratios) are inversely
related to temperature (Radtke, 1989; Townsend et al., 1989, 1995). However the cross-otolith
patterns in Sr concentration in Dover sole and Pacific sanddab do not correspond to thermal

histories. If Sr concentrations were inversely related to temperature, the observed Sr pattern
(Figures 4.3 and 4.4) would suggest both species begin life in cool water, continue to move into
progressively warmer water throughout the pelagic period, and then settle and remain in warm

water. This sequence is not consistent with our knowledge of the early life history. Eggs and
early stages of both species are offshore in relatively warm upper 50 m of the water column

(Pearcy et al., 1977; Urena, 1989; Doyle, 1992). Dover sole appear to move deeper into colder
water as metamorphosis begins, then move inshore, perhaps with upwelling water masses
(Markie et al., 1992). Late larval Pacific sanddab also move deeper in the water column as
metamorphosis progresses (Sakuma and Larson, 1995). Both species are likely to experience
colder water as they settle to the upper slope and then warmer water as they move inshore.
Thus the disparity between the Sr and temperature histories supports our earlier conclusion that
Sr concentrations are not inversely related to temperature in either species.

Sadovy and Severin (1992, 1994) suggested that Sr/Ca ratios are inversely related to
growth rate, and that observed relationships between Sr/Ca ratios and temperature were due to
correlations between temperature and growth. Sr concentrations in Dover sole and Pacific
sanddab do appear to be inversely related to otolith growth during the larval period. The steady
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decrease in Sr concentration in the clear central region coincides with a gradual increase in

increment widths in the clear central region in both species (bole et al., 1993; Donohoe and
Markle, MS [Ch. 2]). During metamorphosis however, as the opaque region and accessory
primordia form, otolith growth rates increase dramatically, tripling in Pacific sanddab, and
somatic growth in length temporarily slows or halts (Toole et al., 1993; Donohoe and Markle,

MS [Ch. 2]). Sr concentrations did not dramatically decrease or increase as the opaque region
formed as would be expected if Sr concentrations were tightly coupled to either otolith growth

or somatic growth in length. The relative stability of Sr during this period suggests that if Sr
concentrations are related to otolith or somatic growth, the relationships are weak. Toole et al.
(1993) also noted that Sr/Ca ratios in Dover sole were not inversely related to somatic growth
during metamorphosis, but a seasonal inverse relationship was observed in larger juveniles.
General relationships between Sr/Ca ratios and growth rate have observed in several species,
but much of variation remained unexplained (Kalish, 1989; Sadovy and Severin, 1994). In one
of the few studies that have directly compared Sr/Ca ratios to otolith growth, Sr/Ca ratios were
not related to increment widths in juvenile Girella elevata (Gallahar and Kingsford, 1992).

The exact cause of the cross-otolith pattern in Sr remains unclear. Similar cross-otolith
patterns in Sr and Sr/Ca ratios during the larval and early juvenile period have been observed in
several groups of fishes, but interpretation of these patterns has differed. Kalish (1991)
suggested that a decrease in Sr during the larval period was due to increased discrimination
between Sr and Ca by the gills and integument during development. Tzeng and Tsai (1994)

observed a decline in Sr around metamorphosis in otoliths of young Anguillajaponica and
concluded the pattern was related to decreased salinity as fish migrated into freshwater. Otake

etal. (1997) observed a similar decline in Sr/Ca ratios in otoliths of metamorphosing Conger
myriaster, but concluded the pattern was related to metamorphosis and the break down of a
unique Sr-rich matrix. Furthermore, Tzeng and Tsai (1994) noted that the Sr pattern in Anguilla

japonica was inversely related to the pattern of increment widths and an analysis of data
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presented by Otake et al. (1997) show that Sr/Ca ratios in Conger myriaster were inversely
related to increment widths (r2O.8O). These studies do suggest a link between Sr concentration
and metabolic rate.

Sediment experiment

Results of the laboratory experiment suggest that element concentrations were not
sensitive to sediment type (Figure 4.13), but the power of the experiment was probably low.

Conditions at sea prevented collection of sediments and fish from a greater range of depths and
habitats. Sample sizes were also small because some Dover sole and all Pacific sanddab died
on board ship. In addition, increases in Sr concentrations in 3 of 4 treatments may indicate that

Dover sole were stressed by laboratory rearing. Kalish (1992) observed a similar response of
elevated Sr due to stress in both laboratory and wild fish. Laboratory-induced stress can also
alter the relationship between temperature and Sr concentration (Townsend et al., 1989). Stress
may have influenced deposition of other elements as well. Increments formed in the laboratory
were also less distinct than those formed in the wild. Similar changes in otolith growth in
captive fish have been reported for many species (Kalish, 1989). Consequently, the use of
laboratory experiments for the study of elemental composition in Dover sole, and perhaps other
larval flatfishes, is limited.
Individual bias

Strong correlations between concentrations near the core and concentrations near the
margin show that much of the variation in Cl (both species) and K (Dover sole) among fish was

present early in life and persisted in juveniles. These correlations suggest there are large
baseline (fixed) differences in concentrations of Cl and K among individuals. Early differences
in Cl concentration persisted later in life because Cl was generally unaffected by ontogeny or
environmental experience in either species (Figures 4.3 and 4.4). In contrast, K concentrations

showed strong ontogenetic trends in both species. Early differences in K concentration
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persisted in Dover sole because K concentrations increased at similar rates in all fish (Figure
4.3). However, K concentrations increased at different rates among developing Pacific sanddab,
which obscured early differences (Figure 4.4). Early differences in Ca concentration were also
partially obscured by variable rates of increase during development.

There is some evidence of large baseline differences in Cl concentration among
individuals in other species. Differences in otolith composition among geographic groups were
greatest for Cl in Nemadactylus macropterus and

Proctor et al., 1995). Differences in Cl among

Thunnus maccoyii

(Thresher et al., 1994;

Thunnus maccoyii were

present across the otolith

(Proctor et al., 1995), indicating that Cl concentrations were established early in life.

Concentrations of K near the otolith core also differed among Nemadactylus macropterus from
different geographic locations (Thresher et al., 1994).

Although differences in concentrations of Cl and K were set early in life, it is not

known if these differences have a genetic basis. Baseline differences may be genetic or may
have been established during the egg or early juvenile period. Microprobe analyses cannot
distinguish between these two hypotheses because elemental concentrations, even those

measured entirely within the core region, may reflect environmental experience during the egg
stage or maternal experience (Kalish, 1990; Reiman et al., 1994). Thresher et al. (1994)
tentatively concluded that baseline differences in elemental concentrations have a genetic basis.
We suspect that baseline differences in C! and K in Dover sole and Pacific sanddab also have a

genetic basis. However, a genetic analysis or controlled laboratory experiment rearing sibling
and non-sibling groups is required to determine if concentrations of Cl and K are affected by
genotypes.

Distribution of settling flatfish
Our results show that margin concentrations of Cl and K' in Dover sole and Cl in
Pacific sanddab differed among stations as little at 5-8 km apart, and that fish with similar
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margin concentrations tended to occur at the same station. Differences in otolith composition
among stations did not appear to develop after settlement in response to local environmental
conditions. As previously shown, differences (and similarities) in margin concentrations of Cl
and K' were present early in life, neither element appeared sensitive to environmental
conditions, and concentrations did not converge after settlement (Figures 4.6 and 4.7). Proctor
and Thresher (1998) have suggested recently that concentrations of Cl, K, and other elements
can be affected by standard specimen handling and otolith preparation techniques. The methods
we used, freezing of larvae and rinsing polished otoliths with distilled water, had the smallest
effect on element concentrations in that study (Proctor and Thresher, 1998). More importantly,
after otoliths were extracted, the order of preparation and analysis was mixed, reducing the

possibility of systematic bias among stations. We conclude that differences among stations are
not artifacts of otolith preparation and analysis. Differences therefore suggest that recently
settled flatfishes are not distributed at random over the continental shelf and slope, but are
segregated in groups or patches.

If differences in otolith composition are genetic, then the observed distributions suggest
meso-scale genetic heterogeneity or patchiness at settlement in both species. At a broader scale,

a genetic analysis of adult Dover sole suggested the population along the west coast of North
America was well-mixed, but also revealed evidence of regional population structure (Stepien,
1995). This pattern of fine- to meso-scale genetic patchiness (chaotic patchiness) within a
broader panmictic population has been observed in other marine fishes (Johnson et al., 1994;
Doherty et al., 1995) and invertebrates (Johnson and Black, 1984; Johnson et al., 1993;
Hedgecock, 1994; McMillen-Jackson et al., 1994). Genetic patchiness may result from
differential mortality of particular phenotypes, or from temporal or spatial patchiness in

settlement. Differential selectivity and survival of particular phenotypes among stations seem
unlikely for settling Dover sole and Pacific sanddab given the apparent uniformity of the

continental shelf habitat. Genetic patchiness probably resulted from patchy settlement.
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Patchiness among benthic fish implies patchiness in the plankton. Furthermore, these
groups of larvae must have formed early in life and tended to remain together for the entire

pelagic period. This conclusion is somewhat surprising given the long pelagic phase of both
species. Dover sole are pelagic for 9 months to 2 years and Pacific sanddab are pelagic for 4-7
months (Markle et al., 1992; Butler et al., 1996; Donohoe and Markle, MS [Ch. 3]). Both
species are probably transported long distances by strong alongshore currents. Markle et al.
(1992) hypothesized that Dover sole larvae drift south in the California Current then migrate
into deeper water and are returned by the northward flowing Davidson Current. Larval patches
might be established by initial conditions such as time and place of spawning and maintained by
behavior (schooling, feeding on aggregated prey), ontogenetic changes in buoyancy, and
oceanographic processes such as meso-scale eddies and fronts. High densities of Pacific
sanddab larvae have been observed near fronts off central California (Sakuma and Ralston,

1995). Females are batch spawners and genetic half-sibs are likely to be released over an

extended period so apparent patchiness likely has several levels of complexity. Analysis of a
highly variable genetic locus combined with otolith microchemistry analysis is needed to better
understand meso-scale larval patches.

The size of these patches is difficult to estimate from our limited data. Margin
concentrations were similar among fish at stations 9-122 km apart, but it is not clear if these fish
are members of a single large patch or members of several smaller patches that have

overlapping otolith composition. Because fish were classified based on only one or two
elements that showed fixed differences, our ability to discriminate among patches was limited.

However, differences among stations only 5-8 km apart suggest some benthic patches may be
small, on the order of 5-10 km. This estimate is consistent with patch sizes observed in other
species. Collections of reef fish larvae or settled juveniles at multiple sites suggest that larval
patches vary in size from -1 km to >40 km (Victor, 1984; Doherty, 1987; Williams and
English, 1992; Thorrold et al., 1994).
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Otolith composition has not been used previously to discriminate among cohorts.
Previous studies have used otolith composition or 'elemental fingerprints' to discriminate
among stocks, populations, or among geographic areas. Otolith composition has been shown to
differ among groups of marine fish from sites lO-lOOs of km apart (Edmonds et al., 1989, 1992)

and among sites within the same bay (Thorrold et al., 1998). Our results suggest that otolith
composition is a useful tool for discriminating among settling cohorts or sub-cohorts. While
some cohorts can be identified based on differences in length-frequency distributions or
backcalculated spawn dates, differences in otolith composition can reveal the presence of
multiple cohorts when lengths and spawn dates overlap or for species that are difficult to age.
Thus otolith composition can serve as a natural tag that may aid the study of larval drift, patch
dynamics, and small scale patterns of settlement.

Conclusions
In conclusion, our study suggests that elemental histories are not reliable records of
settlement and environmental experience in Dover sole and Pacific sanddab. We found little
evidence that element concentrations were sensitive to environmental conditions. Rather,
otolith microchemistry of larvae and early juveniles appears to be influenced primarily by
ontogeny and individual (possibly genetic) biases. However, 50 to 72% of the variation in Ca,
K, Na, and P in individual fish was unexplained. This short-term variation may be induced by
environmental events or represent random variation. The interaction between ontogenetic
trends and individual bias for K shows that the relationship between otolith composition and
controlling factors is complex and that ontogenetic bias may be difficult to eliminate.
Differences in Cl and K among fish were largely inherent, may have a genetic basis, and
revealed small-scale population structure not evident from other characters. These results
suggest otolith composition can serve as natural tags that are useful for discriminating among
cohorts and may aid the study of larval drift and patch dynamics.
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CHAPTER 5

Sources of Variation in Time Series of Otolith Growth of Settling Pacific Sanddab,
Citharichthys sordidus (Paralichthyidae)
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ABSTRACT
We examined variation in time series of daily increment widths to understand factors
influencing growth of late larval and early juvenile Pacific sanddab (Citharichthys

sordidus).

Recently settled fish were collected off central Oregon in March 1992, 1993, and 1994 and
pelagic fish were collected off central California in May 1994. Otolith radius had a strong
effect on otolith growth rate, explaining 48% of the overall variation (ANOVA, F=54 1.1,

P<0.001, n=20,232). After removing the effect of otolith radius, calendar date explained 1226% of the variation in daily otolith growth anomalies for the 4 survey periods. Regression
showed that daily otolith growth anomalies increased with sea surface temperature (SST) in
1992 and 1994 (?=0.49 and 0.53) although the significance was marginal (P=0.06 and 0.07)

due to strong autocorrelation in both time series. Mean otolith growth rates were -30% higher
in 1992 and 1993 than in 1994 during settlement and inshore movement. Slower growth in
1994 appears to be due to a combination of slightly lower temperatures, earlier settlement, and

changes in the stratification of the water column that provide a potential thermal advantage to
late settlers.

Daily otolith growth rates of individual fish varied during early life. Day-to-day
changes (within fish) accounted for 67-78% of the variation in daily otolith growth anomalies.
Correlation coefficients (r) for all possible pairs of growth histories ranged from -0.92 to +0.97.
Asynchronous growth of most fish does not support the hypothesis that larval growth is
regulated primarily by broad scale processes. Cluster analysis identified 3-4 major growth
patterns in each of the 4 surveys. Discriminant analysis correctly classified 71% of pelagic fish
and 25-45% for benthic fish using the jackknife method, suggesting that major growth patterns
were distinct in pelagic fish.

Pelagic fish with the same major growth pattern tended to occur at adjacent stations,
indicating segregated distributions. This segregation broke down at settlement, perhaps due to

the vertical migration behavior of settling fish. Pelagic fish with growth pattern 'B' occurred
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most often around Monterey Bay. Moreover, growth pattern B resembled the SST history in
Monterey Bay, suggesting that growth patterns reflect the local temperature regime and can
serve as natural tags that allow study of larval patch dynamics and patterns of settlement.
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INTRODUCTION
Recruitment processes are thought to operate at a variety of spatial and temporal scales
(Haury et al., 1977; Doherty, 1987; Mullin, 1993; Doherty et al., 1995; Brodeur, 1997).
Synchronous time series of recruitment of species or stocks provide evidence that broad-scale

spatial processes influence year class size (Koslow, 1984; Hollowed et al., 1987; Thompson and
Page, 1989). Similarly, decadal patterns of fish recruitment, oceanographic conditions, and
zooplankton biomass have been described (Roemmich and McGowan, 1995; Brodeur et al.,
1996; Beamish et al., 1997; Francis et al., 1998; Hare et al., 1998). At the other end of the
spectrum, small-scale and meso-scale processes, such as those that affect the distribution and
abundance of food (Lasker, 1975), larval patchiness (McGurk, 1986), or transport of larvae
(Shanks, 1983) are also thought to be important. Identifying the appropriate scales of the
processes regulating recruitment is a prerequisite for designing sampling programs and testing
relationships between environmental and recruitment data (Taggart and Frank, 1990; Mullin,
1993).

Growth rate is one of several processes affecting recruitment and is especially important
because small changes during early life may result in large changes in stage duration, survival,
and ultimately year class strength (Houde, 1987, 1989). Although research has focused on the
earliest larval stages, growth and survival of late larval and early juvenile stages may also be
critical determinants of year class success (Sissenwine, 1984; Peterman et al., 1988; Bradford,
1992; Campana, 1996).

Pacific sanddab,

Citharichthys sordidus,

occur along the western coast of North

America from Baja California to the Bering Sea (Miller and Lea, 1972). Spawning occurs
throughout the year with a seasonal peak from August to October and a smaller peak in January
and February (Arora, 1951; Urena, 1989; Doyle, 1992; Moser et al., 1993). Eggs and pelagic
larvae are dispersed offshore, beyond the edge of the continental shelf (Pearcy et al., 1977;
Doyle, 1992; Moser et al., 1993; Sakuma and Ralston, 1995) and occur in the California
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Current, a system influenced by large-scale processes (Chelton et al., 1982; Francis et aL, 1998).

Late-staged larvae move inshore and settle to nurseries on the middle continental shelf (Sakuma
and Larson, 1995; Donohoe and Markle, MS [Ch. 3]). The settlement process is complex with
individuals apparently moving between the pelagic and benthic habitats (Donohoe and Markie,

MS [Ch. 3]). During the period 1992-1994, Pacific sanddab off central Oregon showed
significant variation in settlement abundance in March, mean larval growth rate, and mean date
of settlement (Donohoe and Markle, MS [Ch. 3]).

In this study, we examine variation in time series of daily otolith increment widths to
understand patterns of growth variation of Pacific sanddab during the late larval and early

juvenile stages. We partition growth variation into ontogenetic, seasonal, and individual
components, relate mean growth and temperature, and determine the extent of growth
synchrony of three year-classes.

METAMORPHOSIS AND SEASONALITY
Pacific sanddab larvae complete eye migration at 30-52 mm SL and an age of 4-7
months (Sakuma and Larson, 1995; Donohoe and Markle, MS [Ch. 2]). Off Oregon, late-staged
Pacific sanddab larvae move inshore and settle to middle continental shelf nurseries in late fall
and winter (Donohoe and Markle, MS [Ch. 3]). During the season of maximum settlement, sea
surface temperature (SST) tends to decline from October to January and rise from January to

March (Figure 5.1). Although differences among years varied with season, SSTs were often on
the order of 1-2 °C cooler in 1994 than in 1992 or 1993. Estimated bottom temperature at 100
m showed greater short term and interannual variability (Figure 5.1). Thermal stratification, the
difference between SST and estimated bottom temperature, showed a consistent seasonal
pattern. The difference between temperatures at the surface and 100 m was about 3-4 °C in
October, declined to a minimum in January, and rose to 2-3 °C by late March (Figure 5.1).
Temperatures recorded during our March surveys show a similar pattern, with mean bottom
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Figure 5.1

Seasonal variation in sea surface temperature (SST) and estimated bottom
temperature at the 100 m isobath off Newport, Oregon in 1991-1994. SST is the
mean of daily temperatures at Coos Bay and buoys off the Columbia River and
Stonewall Bank. Bottom temperatures were estimated from sea level height at
Neah Bay, Washington using the equation of Kruse and Huyer (1983).
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temperatures on the continental shelf around 2 °C cooler in 1994 than in 1992 or 1993 (Figure
5.2).

Although the importance of temperature on growth is still debated (Campana et al.,
1996; Sinclair and Swain, 1996), it is one of the most important environmental variables

regulating growth of larval and early juvenile fishes. Early-spawned Pacific sanddab probably
settle early during declining or low surface water temperatures and experience relatively little
thermal change during settlement while those spawned later should settle during rising surface

water temperatures and experience stratified thermal conditions. The spring transition to
seasonal upwelling and offshore transport may be a major factor confining settlement to late fall
and winter.

METHODS
Collections
Benthic larval and early juvenile Pacific sanddab (18-49 mm SL) were collected from
the continental shelf and upper slope off central Oregon (Figure 5.3). Benthic tows were made
at depths of 75 to 357 m for five minutes using a 27.4 m headrope commercial shrimp trawl
lined with 6.4 mm mesh in the cod end. Surveys were conducted in two transects located about
100 km apart (Figure 5.3). The northern transect was sampled in March 1992, 1993, and 1994.
The southern transect was sampled in March 1992 and 1994, but few Pacific sanddab were
caught at these stations. We examined fish from 3-8 stations in each of the 3 years (Table 5.1).

Distance among stations ranged from 4 to 103 km, but most were <32 km apart. We also
examined a few fish collected from the same general area in May 1994 to increase seasonal
coverage.

Pelagic Pacific sanddab (30-46mm SL) were obtained from the 1994 juvenile rockfish
survey conducted by NMFS scientists off central California (cruise number DSJ-9406). Fish
were collected from the upper 30 m of the water column using a 26 m x 26 m modified Cobb
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Table 5.1

Total number of Pacific sanddab examined from each survey by station.

survey

Oregon

March 1992
March 1993

March 1994
May 1994

California

May 1994

north transect

south transect

total

ni 6641010114

station 13

station
n

16

18

19

8

16
8

31
10

36

11

station 6

13

29

56

n13 1414

station

25

28

1

12

52

40

11

42

1

2

n6

2nd

total

6
140

n3 64323452214 39
1St

station

1

7

8

sweep
16

28

29

40

43

sweep
56 63 64

84

grand total

179
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midwater trawl. We examined a non-random subsample of fish collected at 12 stations located
between Point Reyes and the Monterey peninsula over a 2 week period (Figure 5.3, Table 5.1).
Stations were sampled in two sweeps of the survey area. Stations 1-29 were sampled in the first
sweep from May 18-25 and stations 40-81 from May 26 - June 1 in the second sweep. Distance
among stations ranged from 5 to 153 km. Stations were grouped into 4 regions based on
location and time of collection; north, central, south (Monterey Bay) during sweep 1, and south

during sweep 2. Details of the survey design are provided in Wyllie Echeverria et al. (1990).

Otolith preparation and measurement
In the laboratory, standard length (SL) was measured to 0.1 mm. Benthic fish were
frozen at sea and pelagic fish were preserved in ethanol but lengths were not corrected for

potential shrinkage, which prior experience suggested would be small. Fish were classified into
four metamorphic stages based on the position of the right (migrating) eye: stage 0 - eyes
symmetrical, stage 1 - eye beginning to migrate but right of midline, stage 2 - eye intersecting
the midline, and stage 3 - right eye migrated to left side. Individuals classified as stage 3 have
not necessarily completed metamorphosis. Sagittae were not suitable for analysis because their
growth is complicated by the formation of accessory primordia during metamorphosis
(Donohoe and Markle, MS [Ch. 2]). Asterisci were removed, cleaned of adhering tissue, and

mounted in thermoplastic resin. Otoliths were ground in the sagittal plane on both faces to the
level of the central primordium (core) to expose increments, then polished with 0.05 tm
alumina powder.

Increment widths were measured from the otolith core to the margin along the longest
growth axis (Figure 5.4) to produce a time series of daily otolith growth for each fish. Previous
studies suggest that increments form daily in asterisci of Pacific sanddab (Donohoe and Markle,

MS [Ch. 2], MS [Ch. 3]). Measurements were made at 400-l000x with the aid ofan image
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measurement
field

0.1 mm

Figure 5.4

Photograph of a polished asteriscus from a 43.7 mm SL stage 3 Pacific sanddab
(Citharichthys sordidus). Increment widths were measured along the longest
growth axis within the wedge-shaped region.
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analysis system (Optimas). Resolution of the system at was generally better than 0.1 j.tm.
Otoliths from the 4 surveys were mixed within the analysis sequence to reduce potential bias.
Radial distance of each increment from the otolith core (otolith radius at increment formation)
was also recorded. The calendar date that each increment formed was backcalculated from date
of capture and increment number counted back from the otolith margin.

Time series of increment widths (tm) were log-transformed using ln(width+1), then
filtered using a 5-day moving average function to reduce noise. Because the asteriscus does not
form until -50 d after hatching (Donohoe and Markle, MS [Ch. 2]), time series do not provide a

record of growth during the early larval period. We have adopted much of the terminology of
Ralston (1995) to describe components of otolith growth.

Analysis of mean growth patterns
The effect of ontogeny on otolith growth rate is usually large and can be modeled as a
function of either size or age. Previous studies have used age or increment number as the
ontogenetic covariate (Maillet and Checkley, 1991; Ralston, 1995). However a preliminary
analysis showed that in Pacific sanddab, otolith growth rate was more closely related to otolith

size than to increment number. Consequently, otolith growth rate was modeled as function of
otolith radius. Because fish from any one survey had similar birthdates, otolith radius covaried
with the calendar date of increment formation. This covariation precluded the use of a two-way
analysis of variance to simultaneously identify radius and date effects (Ralston, 1995). To
reduce this covariation, data from all surveys were pooled to include fish which were spawned
over the broadest possible range of dates and environmental conditions. The mean radiusspecific growth rate

(Gr) was calculated as follows. For each fish, increments within each 0.01

mm interval in otolith radius were pooled, and the mean growth rate [ln(width+ 1)] was

calculated for each interval. Interval means for all fish were pooled by otolith radius. Leastsquared means (grand means) for each radius interval were calculated using one-way analysis of
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variance. Finally, a polynomial model was fit to the least-squared means to produce a smooth
continuous function that allowed estimation of Gr for any otolith radius.
The effect of otolith radius on otolith growth was removed by subtracting the mean

radius-specific growth rate for all fish (Gr) from each observation. Specifically, this deviation
or otolith growth anomaly (A) was calculated as:

Air = (Gir

Gr ) / Gr

where

Gjr

is the otolith

growth rate for individual i at radius r and Gr is the radius-specific growth rate. Otolith growth
anomalies were expressed as a proportion because preliminary analysis showed that the

variance of deviations covaried with the mean (Gr).
The radius-specific pattern of somatic growth was estimated from otolith growth and

the relationship between standard length and asteriscus radius. This relationship was best
described by a three segment model which incorporates a function to smooth the transition
between segments (Bacon and Watts, 1971; Laidig et al., 1991). The slope of this relationship
was multiplied by mean increment width (untransformed) to yield mean somatic growth rate.
The effect of calendar date on otolith growth rate was evaluated for each of the 4
surveys using one-way analysis of variance (ANOVA). Daily otolith growth anomalies served
as the dependent variable and calendar date as the grouping variable.

The date of settlement was estimated based on otolith radius. Pacific sanddab initially
land on the upper slope prior to completion of eye migration (CEM) then move inshore,
reaching the middle shelf around CEM (Donohoe and Markle, MS [Ch. 3]). Asterisci of fish on
the upper slope and outer shelf are generally <0.225 mm in radius while those on the middle

shelf are >0.225 mm (Donohoe and Markie, unpublished). Settlement was estimated to occur
on the date the asteriscus increment at a radius if 0.225 mm formed.
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Environmental data
Records of daily sea surface temperatures (SST) for 1991-1994 were obtained from
shore stations and moored buoys located along the coasts of Oregon and central California
(Figure 5.3). Shore station data were compiled by Scripps Institution of Oceanography, San
Diego and buoy data were obtained from the National Data Buoy Center (NDBC), a part of the
National Oceanic and Atmospheric Administration (NOAA). Daily temperatures from several
locations within each region were averaged to represent the broad-scale temperature and reduce
the occurrence of missing data. Off California, SST data from shore stations at Santa Cruz and
Granite Cove and buoys off Bodega Bay and San Francisco Bay were averaged (Figure 5.3).
SST data from buoys at Half Moon Bay and Monterey Bay were incomplete, but were used in
some meso-scale analyses. Off Oregon, SST data from the shore station at Coos Bay and buoys

at Stonewall Bank and Columbia River were averaged. In addition, bottom temperatures at
the 100 m isobath off Newport, Oregon were estimated from sea level height at Neah Bay,

Washington using the equation of Kruse and Buyer (1983). Surface temperature and
temperature profiles were also recorded at each station during all surveys.

Cross-correlations and adjustments for autocorrelations
Relationships between time series of mean otolith growth anomalies and SST were

evaluated using linear regression. Significance of relationships was evaluated after
compensating for serial autocorrelations in both time series. Serial autocorrelations were

estimated using the methods of Box and Jenkins (1976). Both the otolith growth and
temperature time series were found to be highly autocorrelated, and thus observations were not
independent. To compensate, sample size was adjusted downward using the "modified
Chelton" method of Pyper and Peterman (1998). Briefly, the product of the autoregressive
parameters for the first N15 lags for the growth and temperature time series were summed and
used to calculate the effective sample size (N*) and critical value of r at the ct=0.05 level.

159

Cross-correlations between time series of temperature and otolith growth were estimated at lags
of up to ±30 d to determine if the response of otolith growth lagged behind changes in

temperature. All statistical analyses were performed using the Systat statistical package
(Wilkinson, 1990).

Individual growth histories
Individual time series of otolith growth were compared to determine if otolith growth of
the cohort was synchronous or asynchronous (random). For each survey, individual time series
of otolith growth anomalies were compared for fish from 3-6 stations. To maximize the length
of the period of comparison, a few of the youngest fish, those with short growth histories, were
dropped from the analyses. The number of fish examined for each survey and the length of the

period of comparison are shown in Table 5.2. Similarity among individual time series of daily
otolith growth anomalies (growth histories) were evaluated using the Pearson correlation
coefficient

(r)

for all possible pairs of fish. To compensate for the effect of autocorrelation on

correlations, effective sample sizes and critical values of r were calculated using the methods
described above.

Cluster analysis was used to identif' natural groups within the variety of growth
histories within each survey. Distance (dissimilarity) among individual growth histories was
calculated as 1 -r. These distances are not affected by differences in amplitude or means of the

time series; shape alone is important. Clusters were joined (linked) using Ward's minimum-

variance method. Ward's method uses an analysis of variance approach such that new members
are added to a cluster if the addition produces the smallest increase in within-group variance.

Groups identified by cluster analysis were fed into a discriminant analysis and jackknife
classification success was calculated to determine if the major growth patterns were distinct.
Frequency analysis was used to test if fish from particular stations were randomly distributed
among clusters.
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RESULTS

Mean growth patterns
Ontogenetic variation

Otolith radius had a strong effect on otolith growth rate. Mean otolith growth rate
(ln[j.tmld +1]) for fish from all surveys declined slightly after otolith formation, gradually

increased, and then declined with otolith radius (Figure 5.5). The equivalent untransformed
values indicate that mean growth rate increased from a low of 1.5 .tmId at a radius of 0.04 mm

to a peak of 3.4 p.mld at 0.18mm and declined to 1.7 tmId at a radius of 0.35 mm. Analysis of
variance showed that radial distance (0.01 mm intervals) explained 48% of the variation in
otolith growth rate (ln[p.mld +1]) (ANOVA, F=541.1, P<0.001, n=20,232).

The observed increase in otolith growth rate with radius was due in part to a shift in

relative otolith growth. The relationship between standard length and otolith size was not
linear, but shifted twice during metamorphosis (Figure 5.6). Changes in slope indicate that
relative otolith growth rate temporarily increased 3-fold at a radius of 0.15 mm, remained

relatively constant up to 0.38 mm, then decreased 4-fold. The relationship was strong however.
A three segment regression model fit to the relationship explained 94% of variation in standard

length. The first shift occurred prior to completion of eye migration (stage 3) and roughly
coincided with the formation of accessory primordia (AP) in the sagitta, while the second shift
coincided with completion of metamorphosis (Donohoe and Markle, MS [Ch. 2]).
Mean somatic growth rate was estimated as the product of otolith growth rate
(untransformed) and the slope of the standard length-otolith radius relationship (Figure 5.7).
Results indicate that mean somatic growth rate increased from 0.23 mm SL/d at a radius of 0.05

mm to 0.32 mm SL/d at a radius of 0.1 mm, declined to 0.13 mm SL/d at 0.18 mm, then
decreased to 0.07 mm SLId. Mean somatic growth rate declined as mean otolith growth rate
continued to increase.
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Effect of otolith radius on otolith growth rate of Pacific sanddab. Points are the
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Settlement date

Fish from 1994 settled earlier than those from 1992 or 1993 (Donohoe and Markie, MS
[Ch. 3]). Relative to February 1, 93% of 1994 fish in this analysis had settled by this date
whereas, only 40% of 1992 fish and 32% of 1993 fish had settled by 1 February. Mean otolith
growth anomalies were plotted against otolith surrogates for metamorphic stage and were

distinctly negative during settlement in 1994 and positive in 1992 and 1993 (Figure 5.8). In
contrast, mean anomalies during the pelagic phase of life were quite similar in the three years
(Figure 5.8).

Seasonal variation

Seasonal patterns in growth anomalies also showed interannual differences and
similarities (Figure 5.9). Early-settling fish in 1994 had negative growth anomalies in February
compared to 1992 and 1993 fish. Within years, early settling fish also had negative growth
anomalies in February in 1992 and 1993 and in January 1994 (Figure 5.10). During fall and
early winter, seasonal growth was similar with positive anomalies in October and November
and negative anomalies in December and early January in all 3 years (Figure 5.11). Mean

otolith growth anomalies off California in 1994 fluctuated from month to month, with positive
anomalies in January and again in late March and early April. Calendar date explained 12-26%
of the variation in daily otolith growth anomalies for the 4 survey periods (one-way ANOVA,

P<0.001, n3,888-5,506). The effect of calendar date was strongest in 1992 and 1993 (26% and
25%) and weaker in 1994 off Oregon and 1994 off California (10% and 14%).
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Annual variation
Interannual differences in the seasonal pattern of otolith growth were greatest from midJanuary through March. Mean otolith growth rates were higher in 1992 and 1993 than in 1994

(one-way ANOVA for March 1, F=33.736, P<0.001, n=134). Mean otolith growth rates in
December and January were slightly higher in 1993 than in 1992 and 1994, but differences were
not significant (one-way ANOVA for January 1, F= 1.708, P=0. 186, n = 126). Mean growth

rates in October and November did not differ among years (Figure 5.11).

Mean radius-specific otolith growth rates differed among the 4 survey periods.

Differences in mean otolith growth rates were small at radial distances of<0.l mm (Figure 5.8).
This portion of the otolith represents growth during the mid-larval period since the first 50 d of
life is not recorded in the asteriscus (Donohoe and Markie, MS [Ch. 2]). Interannual differences
in mean otolith growth rate began to develop at a radial distance of 0.1 mm and were greatest at

distances of 0.15 to 0.25 mm. Otolith growth rates at these distances were significantly higher
in 1992 and 1993 than in 1994, and intermediate in 1994 off California (ANOVA for

radius=0.22 mm, F=20.07, P<0.001, n=135). The observed difference at radius of 0.22 mm is
equivalent to 30% faster otolith growth in 1992 and 1993 than in 1994. Differences in mean
otolith growth rate declined at radial distances >0.3 mm.

Relationship to temperature
Seasonal variation in otolith growth rate was related to SST in 2 of 4 surveys. Time

series of mean daily otolith growth anomalies showed a positive relationship with daily SST in
1992 and 1994 (regression, r2=0.49 and 0.54, Figure 5.12). Relationships were marginally

significant (P=0.06 and 0.07) after adjusting effective sample sizes for the effects of

autocorrelation in both time series. Relationships for 1993 and 1994 off California were not
significant (Figure 5.12). The slopes of the relationships differed among years (ANCOVA,
F=42.8, P<0.001).
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Correlations between time series of otolith growth and SST were also calculated for
time lags of ±30 d to test the possibility that changes in otolith growth rate lagged behind
changes in SST. Small increases in correlations were observed at lags ranging from -25 d to
+23 d indicating that the direction and timing of the lag was not consistent among the 4 surveys.

Individual growth patterns
Growth synchrony

Growth histories of individual fish were examined in an attempt to explain some of the
74-88% of variation in daily otolith growth anomalies not explained by calendar date. Mean
daily otolith growth rates during the 56-103 d period of common growth (Table 5.2) differed

among fish in each of the 4 surveys (one-way ANOVA, P<0.001, n=2223-3960). Analysis of
variance showed that differences among fish accounted for 22%, 28%, and 27% of variation in
daily otolith growth anomalies in the 1992-1994 Oregon surveys and 33% of the variation in the
1994 survey off central California. Thus the remaining 67-78% of the variation was due to dayto-day changes in otolith growth rate.

Individual patterns of otolith growth were variable and not synchronous among all fish

within a year class. Time series of daily otolith growth anomalies (growth histories) were
compared for the 56-103 d period of common growth (Table 5.2). Correlation coefficients (r)
for all possible pairs of growth histories ranged from -0.92 to +0.97 (Figure 5.13). Mean r for
the 4 surveys ranged from 0.07 to 0.393. Distributions of r were strongly skewed in 1992 and
1993, with large proportions of positive correlations. A mean critical value of r was estimated
for each survey by adjusting the sample size to compensate for autocorrelation in both series.

First order autocorrelations were high, ranging from 0.81 to 0.99, reducing the effective number

of observations from 56-103 to an average of roughly 6-10. Based on the mean critical value of
r, the proportion of significant correlations ranged from 0.0 13 to 0.032 for the 4 surveys, less
than the 0.05 expected by chance.
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Table 5.2

Reduced number and date ranges of time series of daily otolith growth anomalies
used in the cluster analyses.
cruise

date range

March 1992
March 1993
March 1994

18 Dec - 26 Feb
29 Dec 11 Mar
19 Nov - 2 Mar

Oregon

California__________________________
May 1994
21 Mar 16 May

no. days

no. fish

70
72

45
36

103

40

56

38

173

150

lOG

1994

1992

OO

4n1fthhhI0

05'lO

1993
80

1994 CA
80

n=780

mean0.26

n703

meanO.23

.O.5O.O.Juhl.O

0.5iJll0[1u.0

Pearson correlation coefficient (r)

Figure 5.13

Similarities between all possible pairs of time series of daily otolith growth
anomalies for Pacific sanddab from each of the 4 surveys. The length of time
series and period of comparison for each survey is listed in Table 5.2.
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Time series analysis showed that growth histories of many pairs of fish were most
strongly correlated at time lag=0. However growth histories of some pairs of fish were more
strongly correlated at time lags of 1-10 days. In some cases, correlations increased markedly at
lags of a few days. For example, the correlation between growth histories for specimens 5060

and 5069 increased from r0.28 at lag 0 d to 0.75 at lag of 6 d.
Major growth pattern

Cluster analysis identified 3 or 4 major patterns of otolith growth in each of the 4
surveys (Figure 5.14-Figure 5.17). Mean growth patterns for each cluster are shown in Figure
5.18 and individual patterns in Appendix 1. To test the distinctiveness of the major patterns,
cluster memberships were used in a discriminant analysis to create models of the major growth

patterns. Jackknife reclassification success of the individual growth patterns was 71% for
pelagic fish collected off California in May 1994, suggesting that major growth patterns were

fairly distinct. In contrast, jackknife reclassification success was 25%, 36%, and 45% for
benthic fish collected off Oregon in March 1992-1994.

Patch dynamics and settlement
Cluster analysis showed that pelagic Pacific sanddab with similar growth histories
tended to occur at the same station or in same region (Figure 5.14). Most fish with growth
patterns A and B were caught in the central region or south region during sweep 2. Nearly all
fish with growth pattern B were stage 2 larvae (Figure A. 1). In contrast, most fish with growth

pattern C were caught in the north region or south region during sweep 1 (Figure 5.3), and had

completed eye migration (stage 3). Although expected frequencies were low, frequency
analysis suggest that fish were not randomly distributed among clusters A+B and C (Chi-square
=19.33, df=1 1, P=0.06).

175

region station

N

29

2

43

0

N 2 28
43

stage 1

12 40

2
40
c
16
IC 16
Ii
IC 16
01
N
81
IC 56
12 40

1
1

2 407
1

1 8
1
1
1

2

N
N
N
1

2

N
N
N
1
1

7

8
8

43
81
81

29

8

43
64
63
81
7
7

IN 28
1
1

7
7

N

63

N

29

Ii

1

0

1

2

3

4

5

6

7

Distance

Figure 5.14

Similarities among time series of daily otolith growth anomalies for 38 Pacific
sanddab caught at 12 stations off California in May 1994. Similarity is based on
the Pearson correlation coefficient (r). Clusters were linked using Ward's
minimum variance method. Distance is a measure of within-cluster variance.
Regions: N=north, C=central, 1 = south- 1St sweep, 2=south2h1d sweep.
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Figure 5.15

Similarities among time series of daily otolith growth anomalies for 45 Pacific
sanddab caught at 8 stations off Oregon in March 1992. Similarity is based on the
Pearson correlation coefficient (r). Clusters were linked using Ward's minimum
variance method. Distance is a measure of within-cluster variance. Stations 1 and
12 located in south transect, all others in north transect.
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Figure 5.16 Similarities among time series of daily otolith growth anomalies for 36 Pacific
sanddab caught at 4 stations off Oregon in March 1993. Similarity is based on the
Pearson correlation coefficient (r). Clusters were linked using Ward's minimum
variance method. Distance is a measure of within-cluster variance. All stations
located in north transect.
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Figure 5.17

Similarities among time series of daily otolith growth anomalies for 40 Pacific
sanddab caught at 4 stations off Oregon in March 1994. Similarity is based on the
Pearson correlation coefficient (r). Clusters were linked using Ward's minimum
variance method. Distance is a measure of within-cluster variance. Station 56
located in south transect, all others in north transect.
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Growth patterns of benthic fish collected in March 1992 were more evenly distributed
among stations, but some differences were observed (Figure 5.15). Most fish from station 25
had growth pattern A or B while most fish from station 28, only 9 km away, had growth pattern

C or D. Likewise, 9 of 12 fish from station 12, located 100 km south of most other stations,
had growth pattern B (Figure 5.3). Expected frequencies were low, but frequency analysis
suggest that the distribution of fish among clusters A+C+D and B was not completely random
(Chi-square =13.36, df=8, P=0.10). Growth patterns of benthic fish collected in March 1993

and 1994 were evenly distributed among stations (Figure 5.16 and Figure 5.17). Frequency
analysis confirmed that the distribution did not differ from random (1993 - Chi-square =7.50,

df=9, P0.59; 1994 - Chi-square =3.08, df=6, P=0.80).
Two of the 3 major patterns of otolith growth observed for pelagic fish from central
California in 1994 appear to be related mesoscale variation in temperature. Fish with growth
pattern B, caught primarily in the central and south regions, showed a sharp, temporary decrease
in otolith growth anomalies in late April, followed by an increase in early May (Figure 5.14,
Figure 5.19, A.1). SST recorded at the buoy in Monterey Bay showed a similar decrease in late

April (Figure 5.19). Temperature data prior to April 6 were missing. A regression of mean
otolith growth for pattern B on SST at the Monterey Bay buoy was not significant (? = 0.25,
n=48, N*=1 1.4, P=0.40). In contrast, fish with growth pattern C, most common in the north and
south regions, generally showed a steady decline in otolith growth anomalies in April and into
May. Mean SST outside of Monterey Bay (buoys off Bodega Bay, San Francisco, Half Moon
Bay, and the shore station at Granite Cove) showed a similar gradual decline over this same

period. A regression of mean otolith growth for pattern C on SST outside Monterey Bay was
not significant

(r2

= 0.33, n=140, N*=8.2, P=0.34).
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Figure 5.18

Mean growth patterns for the 3-4 main groups of Pacific sanddab identified by
cluster analysis for the 4 surveys. Letters indicate clusters. Vertical lines mark
the range of dates used in the cluster analysis. Anomalies are proportional
deviations from the mean radius-specific otolith growth rate (ln[.tmId + 1]) for all
fish.
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Figure 5.19

Top: Mean growth patterns for the 3 main groups of Pacific sanddab identified by
cluster analysis for the 1994 survey off central California. Anomalies are
proportional deviations from the mean radius-specific otolith growth rate (ln[j.tmld
+ 1]) for all fish. Bottom: Sea surface temperature (SST) in 1994 recorded at the
Monterey Bay buoy and the mean SST for the shore station at Granite Cove and
buoys at Bodega Bay, San Francisco, and Half Moon Bay.
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DISCUSSION

Mean growth patterns
Time series of daily otolith increment widths provide detailed information about growth
of larval and early juvenile Pacific sanddab that is not available from size and age at capture.
Daily otolith growth rate showed considerable ontogenetic, seasonal, annual, and individual
variation. Ontogeny (otolith radius) explained 48% of the total variation in otolith growth rate.
Season (calendar date) accounted for 12-26%, differences among fish (mean growth rate)
explained 22-33%, and day-to-day (within fish) accounted for 67-78% of the variation in daily
otolith growth anomalies. These sources of variation are discussed below.
Otolith radius had the largest effect on otolith growth rate, explaining 48 % of the total

variation (Figure 5.5). This ontogenetic variation was due to changes in both somatic and
relative otolith growth as fish completed metamorphosis (Figure 5.7). Because this ontogenetic
effect was large and probably varied among individuals, deviations from the mean radiusspec ific growth rate (otolith growth anomalies) most likely include residual effects of ontogeny.

These ontogenetic residuals may have added variation to our analysis of calendar date and

environmental effects. Several methods have been used to remove the dominant effect of
ontogeny from time series of otolith growth and to calculate growth variability (Maillet and
Checkley, 1991; May and Jenkins, 1992; Ralston, 1995). In our study, growth anomalies were
calculated as proportional deviations from the radius-specific mean. Some authors have used

deviations that were not scaled to fish size. Because otolith growth potential and thus the
potential response to changes in the environment will increase as larval and otolith size
increase, scaling is required to make meaningful comparisons of otolith growth rates of small
and large fish.

Calendar date explained 12-26% of variation in otolith growth anomalies in the 4
surveys, indicating moderate seasonal variation in mean otolith growth rate. Off Oregon,
calendar date effects were strongest in 1992 and 1993, due primarily to the large increase in

otolith growth anomalies in February and March. Mean otolith growth anomalies were lowest
in December and January (Figure 5.9). Seasonal variation in mean otolith growth rate suggests
that timing of spawning may have a strong affect on early survival. Pacific sanddab spawn all
year with a seasonal peak from August to October and a minor peak in January and February
(Moser et al., 1993). Our results suggest that fish spawned in late summer or early fall would
complete the early larval stage more quickly than those spawned later in the year, and thus may

experience lower cumulative mortality (Houde, 1987, 1989). Fish spawned in January and
February should experience the slowest early growth that may result in higher cumulative
mortality.

The relationship between the seasonal pattern of otolith growth and temperature

differed among surveys. Time series of otolith growth anomalies and SST were related for
1992 and 1994 surveys but not 1993, even though SSTs off Oregon were similar in all 3 years,

ranging from 9 to 13 °C (Figure 5.12). Slopes of the relationships for 1992 and 1994 also
differed markedly. Otolith growth rate of pelagic Pacific sanddab off California in 1994 also

was not correlated with broad-scale SST. This variability suggests a strong interaction
(synergism) between temperature and other factors that also affect growth, e.g. the availability

of food. Ralston (1995) also noted a surprisingly small effect of temperature on time series of
otolith increment widths in Sebastes larvae and speculated this was due to errors in time series
of SST which dampened the observed relationship.

Annual variation in the mean ontogenetic and seasonal patterns of otolith growth appear
related to timing of settlement. Interannual variation in mean otolith growth rate was greatest at

radial distances of 0.15 to 0.25 mm, with much slower growth in 1994 (Figure 5.8). Pacific
sanddab complete eye migration (CEM) and start 'metamorphosis proper' at an asteriscus radius
of 0.18 to 0.26 mm. Settlement to the middle continental shelf generally coincides with CEM
(Donohoe and Markle, MS [Ch. 3]). The process of inshore movement appears to be gradual,

taking an average of 50-60 d. Otolith growth rate is therefore most variable during
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metamorphosis and settlement. In terms of season, mean otolith growth rate was most variable
in February and March with much slower growth in 1994 than in 1992 and 1993 (Figure 5.9).
Peak settlement occurred from December to March in the 3 survey years (Donohoe and Markie,

MS [Ch. 3]). We attribute differences in both patterns to a combination of 3 factors: earlier
settlement, slightly cooler bottom temperatures in 1994, and seasonal changes in the
stratification of the water column. Pacific sanddab settled earlier in 1994 than in 1992 and 1993
survey years (Donohoe and Markie, MS [Ch. 3]). The 1994 year class probably settled in
December and January, while most of the 1992 year class settled in January-February and the
1993 year class settled from December-March with a peak in March (Donohoe and Markle, MS

[Ch. 2], MS [Ch. 3]). Early settlement from warm surface waters to colder bottom water

explains the much slower growth of the 1994 year class in February and March. The effect of
early settlement on otolith growth rate in 1994 is compounded by slightly cooler bottom
temperatures in 1994 and an increase in stratification of the water column as the settlement
season progressed (Figure 5.1). In all 3 years, the difference between surface and bottom
temperatures increased by 2-3 °C from January to March. Thus Pacific sanddab spawned late in
the season or that remain in the water column in February and March may gain a thermal
advantage of several degrees over fish that settled earlier. Off Oregon, this potential advantage
may be offset by an increased risk of offshore advection at the abrupt onset of the upwelling
season in late March and April (Huyer, 1983; Strub et al., 1987).

Individual patterns
Individual time series of daily otolith growth were correlated among some fish in each
of the 4 surveys (Figure 5.13). Strong correlations suggest that growth of some Pacific sanddab
was synchronous during the late larval and early juvenile periods.. These correlations, along
with the finding of a significant calendar date effect, suggest that broad scale processes have
only a weak influence on otolith growth of Pacific sanddab during the larvae and early juveniles
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period. Higher degrees of growth synchrony in 1992 and 1993 were associated with stronger
calendar date effects and faster growth (Figure 5.8 and Figure 5.13), and suggest the relative
influence of broad scale processes varies among years. In contrast, mean daily otolith growth
rates were strongly correlated among 5 species of larval rockfishes (Ralston, 1995) suggesting
broad synchrony in the growth of those fishes.

Individual time series of daily otolith growth of many fish were not correlated (Figure

5.13). Poor correlations among the growth histories of many fish do not provide evidence of
broad synchrony in growth during the late larval and early juvenile period. In turn,
asynchronous growth histories do not support the hypothesis that growth of the year class is

determined primarily by broad-scale environmental factors. However our ability to detect
synchrony was limited by several factors. Poor correlations among growth histories of some
pairs of fish improved markedly at time lags of 1-10 d, suggesting the two series were slightly

offset. Offsets may be caused by small aging errors. Increments near the otolith margin were
difficult to interpret in large fish. Even with error-free time series, broad-scale environmental
variation can produce slightly offset time series if fish are at different locations and therefore

experienced the same signal at slightly different times. The rapid change in correlation
coefficients at lags of a few days suggests that tests of similarity among time series using time

domain models (e.g. correlations) are sensitive to small lags or errors in time series. Use of a
frequency domain models such as Fourier (Finn et al., 1997), elliptical Fourier (Campana and
Casselman, 1993), or eigenshape analysis (Lohmann and Schweitzer, 1990) to characterize
growth patterns should be less sensitive to small offsets among time series.
Although we have limited our discussion to variation in otolith growth, there is strong
interest in the corresponding variation in somatic growth. Otolith growth rate in Pacific

sanddab is not an exact record of somatic growth. Many studies have shown that the
relationship between otolith and somatic growth rate is not linear, but varies with growth rate

(Reznick et al., 1989; Secor and Dean, 1989; Secor et al., 1989). Non-linearity can occur
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particularly during periods of very rapid or very slow growth. However, the general conclusion
is that otolith growth is a conservative process relative to somatic growth. Consequently,
changes in somatic growth or metabolic rate are probably larger than indicated by changes in
otolith growth rate. Our results show that the relationship between otolith and somatic growth

in length is complex (Figure 5.7). Shifts in this relationship were largely accounted for by
examining the residuals or anomalies from the mean radius-specific growth rate. However,
otolith growth and somatic growth in length appear to become temporarily uncoupled during

metamorphosis proper (Donohoe and Markie, MS [Ch. 2]). Thus rapid otolith growth did not
always correspond to rapid somatic growth. Otolith growth rate during this period may be more
closely related to changes in metabolic rate than somatic growth rate (Wright, 1991).

Patch dynamics and settlement
Pelagic Pacific sanddab with similar growth histories tended to occur at adjacent
stations while benthic fish with similar growth histories were more broadly distributed.
Although pelagic were captured off California and benthic fish off Oregon, these patterns
suggests that pelagic fish are segregated and that this segregation breaks down during the

process of settlement. Benthic fish are probably less segregated than pelagic fish because
multiple pelagic cohorts accumulate in the benthos. The most distinctive and aggregated group
of pelagic Pacific sanddab, those with growth pattern B, is composed almost entirely of earlier
(stage 2) larvae (Figure 5.14). Stage 3 pelagic-caught larvae, those with growth pattern C, were
more broadly distributed. Although our data are limited, it appears that segregation of larvae
begins to break down before larvae have completed settlement. Settling Pacific sanddab appear
to make extensive vertical migrations during stage 2 and 3 as they move from offshore to
nurseries on the continental shelf (Donohoe and Markle, MS [Ch. 3]). Segregation of pelagic
fish breaks down as fish spend more time on the bottom. Thus ontogenetic changes in the
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diversity of growth histories (natural tags) within a sample may indicate a change in behavior of
larvae.

Although benthic fish appear to be randomly distributed in 1993 and 1994, benthic fish
with similar growth histories tended to co-occur in 1992 (P=O.1O, Figure 5.15). For example,

the proportion of fish with growth histories A-D differed among stations 25 and 28, only 9 km

apart. This small scale segregation of benthic fish was most likely due to segregated or patchy
settlement. A previous sister study has shown that otolith composition of benthic Pacific
sanddab collected in 1992 also differed over small spatial scales (Donohoe and Markle, MS
[Ch. 4]). The observed patterns suggested that some Pacific sanddab larvae remain together in
the plankton for long periods and settle together on shelf (Donohoe and Markle, MS [Ch. 4]).

Growth histories provide some evidence to corroborate this hypothesis. Some fish from the
same station had remarkably similar growth histories (Figures A. 1-A.4). These similarities may
be due to chance, but for some pairs similarities extend back several months prior to capture,
suggesting that the pair had similar experiences and may have remain together in plankton for

months. Larval patches might be established by initial conditions such as time and place of
spawning and maintained by behavior (schooling, feeding on aggregated prey), ontogenetic
changes in buoyancy, and oceanographic processes such as mesoscale eddies and fronts. These

results are suggestive, but not conclusive. As we concluded previously, analysis of a highly
variable genetic locus combined with growth history data and otolith microchemistry analysis is
needed to better understand meso-scale larval patch dynamics.

Our results suggest an association between the growth histories of Pacific sanddab
collected in Monterey Bay and the local temperature history recorded at the Monterey Bay buoy
(Figure 5.19). Although we could not demonstrate a statistical relationship among the growth

patterns and SST, such a relationship is not unreasonable nor necessarily surprising. Many
studies have demonstrated that larvae are patchily distributed at spatial scales of <1 m to 1 OOs of

kilometers (Victor, 1984; Doherty, 1987; Williams and English, 1992; Thorrold et al., 1994).
Growth of these larval patches is likely to be dictated by local environment.
Distinct patterns of daily otolith growth histories of marine fishes may serve as natural
tags that allow study of patch dynamics and larval transport. Distinct patterns of otolith growth
are most likely to occur among larval fishes that occur in regions with diverse oceanographic
conditions. This may include temporary meso-scale features such as gyres, fronts, and eddies,
and more permanent features such as upwelling associated with headlands or bays. Broaderscale episodic events may also produce distinct marks in a portion of a cohort. For example,
storm events (Maillet and Checkley, 1991) will most strongly affect fishes in the upper water

column and coastal upwelling will affect inshore fishes over those further offshore. Otolith
growth patterns have been used previously as natural tags. Otolith banding patterns formed
during incubation have been used to discriminate among populations of sockeye salmon
Oncorhynchus nerka (Finn et al., 1997) and increment widths formed in estuarine nurseries

have been used to discriminate among cohorts of Atlantic menhaden Brevoortia tyrannus
spawned in different months (Fitzhugh et al., 1997). In addition, temperature fluctuations have

been widely used to thermally mark otoliths of hatchery fish (Volk et al., 1999). Several other
natural tags have been used to discriminate among fish stocks, including otolith composition or
'elemental fingerprintst (Campana et al., 1994, 1995; Thorrold et al., 1998a, b), otolith shape
(Campana and Casselman, 1993), and frequency of parasites (Bailey et al., 1988). Advantages
of using growth histories as tags is that the pattern may vary over small temporal and spatial
scales, and the pattern can be readily related to widely available oceanographic data.
Understanding the patterns of larval transport and dispersal is especially relevant given the
recent emphasis on using marine reserves to conserve and manage coastal fishes (Fogarty,
1999).
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CHAPTER 6

Summary

The transition from a symmetrical pelagic larvae to an asymmetrical benthic juvenile

represents a major physiological and ecological shift in the early life of flatfishes. Most
flatfishes metamorphose at 10-25 mm SL, have short pelagic periods, and many settle to
shallow juvenile nurseries. A smaller number of species transform at larger sizes and have long
pelagic periods, but these species are not well studied. Research on the early life history and
population dynamics of flatfishes has also focused on one family, the Pleuronectidae. These
manuscripts describe metamorphosis, settlement, associated changes in otolith microstructure
and microchemistry, and variation in growth of Pacific sanddab (Citharichthys sordidus), a
paralichthyid that transforms at large sizes and settles to deep nurseries on the continental shelf.
Unlike many flatfishes that transform at small sizes, metamorphosis in Pacific sanddab
is a gradual process that takes a total of 4-5 months (Chapter 2). Metamorphosis consists of two

phases, eye migration and metamorphosis proper. Eye migration takes 3 months and is
completed at 30-52 mm SL and age of 4-7 months. As a result, the right eye is partially
migrated for half the larval period. Eye migration is also interrupted in Dover sole,

Microstomuspacficus, which complete metamorphosis at 49-79 mm SL (Markle et al., 1992).
This pattern of development may be a consequence of the evolution of large size at
metamorphosis in these species. Gradual metamorphosis is contrary to the idea of saltatory
ontogeny (Balon, 1981) and challenges the assumption that transitional or intermediate forms

are poorly adapted to the pelagic habitat. Curiously, metamorphosis proper begins after
completion of eye migration (CEM) and takes an additional 1-2 months. Settlement appears to
coincide with CEM (Chapter 3). Thus Pacific sanddab retain most larval traits during eye
migration and while pelagic and develop juvenile traits after settlement.
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The gradual metamorphosis of Pacific sanddab allowed study of the relationship
between metamorphosis and changes in otolith microstructure. In flatfishes with rapid
metamorphosis, the formation of accessory primordia (AP) in the sagitta often coincides with
the end of metamorphosis and settlement (Aihossaini et al., 1989; Sogard, 1991). In Pacific
sanddab, AP and an opaque region formed 2-7 weeks before CEM and the start of
metamorphosis proper and 2-3 months before metamorphosis was complete. AP appear to form
in response to a temporary increase in relative otolith growth rate during metamorphosis, not to

settlement. These results confirm an earlier study which showed that AP and an opaque region
form at the start of metamorphosis proper in sagittae of Dover sole, which also transforms at

large sizes and has a protracted metamorphosis (Markie et al., 1992; Toole et al., 1993).
Settlement of Pacific sanddab off central Oregon appears to be facilitated by Ekman

transport (Chapter 3). Peak settlement of Pacific sanddab to the continental shelf occurred in
late fall and winter, coinciding with seasonal onshore Ekman transport off Oregon and
Washington. In addition, abundance of recently settled Pacific sanddab in March 1989-1994
was correlated with onshore Ekman transport during the previous 30 d. Previous studies have
shown that settlement of fishes and invertebrates to nearshore or intertidal habitats is related to

onshore movement of surface waters (Nelson et al., 1977; Boehlert and Mundy, 1987; Farrell et
al., 1991). The results of the present study suggests that settlement of fishes to mid-shelf
nurseries is also facilitated by cross-shelf currents. However, Pacific sanddab apparently settle
at times and in locations when surface transport is predominantly offshore (e.g. in June off
central California), suggesting that Pacific sanddab use other mechanisms to move inshore such

as swimming, subsurface currents, or relaxation events. Additional studies are needed to clarify
the relative importance of these mechanisms and whether timing and manner of settlement
varies with latitude or season.
Pacific sanddab complete metamorphosis at large sizes (30-52 mm SL) and settle to

deep nurseries on the continental shelf (50-120 m). This strategy is consistent with the general

,z1
flatfish pattern of increasing size and age at metamorphosis with increasing depth of the

juvenile nursery (Moser, 1981; Minami and Tanaka, 1992). The reason for this pattern is
unclear however. Moser (1981) suggested that a long pelagic period is dispersal mechanism.
Large size at settlement is also advantageous if there are predators in the nursery (Minami and

Tanaka, 1992). This relationship between mean metamorphic size and depth suggests that
individual size may be important determinant of post-settlement survival in Pacific sanddab.

The early life history strategy of Pacific sanddab is similar to that of two pleuronectids
which also occur off Oregon. Like Pacific sanddab, Dover sole and rex sole,

Errex zachirus,

complete metamorphosis at large sizes and settle to nurseries on the outer continental shelf in

winter. Early larvae of all 3 species are advected offshore during summer upwelling and
depend upon onshore transport to return to the shelf. This strategy exploits the pelagic habitat
and is in contrast to that of many coastal fishes in the California Current region which appear to
have evolved reproductive strategies to minimize offshore advection of eggs and early larvae
(Parrish et al., 1981).

Otolith microchemistry of Pacific sanddab and Dover sole were examined for the

presence of an elemental settlement mark to allow more precise estimation of settlement timing.
Electron microprobe analysis revealed strong cross-otolith trends in concentrations of Sr, K, Ca,
and P in recently settled Pacific sanddab and Dover sole (Chapter 4). These trends were not

related to settlement, thermal experience, or otolith and somatic growth, but appear to be
ontogenetic. This interpretation differs from that of Toole et al. (1993) who observed crossotolith patterns in Sr/Ca ratios in Dover sole, and speculated the pattern was related be to stress,
temperature, or changes in growth rate.

Pacific sanddab with similar otolith composition (Chapter 4) and similar otolith growth
histories (Chapter 5) tended to co-occur. This segregation suggests that groups of larvae remain
together during much of the larval period and then settle together. These results are somewhat
surprising given that Pacific sanddab are pelagic for up to 7 months and Dover sole for up to 2
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years. Fine to meso-scale genetic patchiness (chaotic patchiness) has been observed in marine
fishes (Johnson et al., 1994; Doherty et al., 1995) and invertebrates (Johnson and Black, 1984;

Johnson et al., 1993; Hedgecock, 1994; McMillen-Jackson et al., 1994), although none have

such long pelagic lives. Additional studies are needed to confirm these patterns. A genetic
analysis of highly variable loci may indicate if settled flatfish that co-occur are closely related
and provide insight into the processes of transport and settlement off Oregon. Understanding
the patterns of larval transport, mixing, and dispersal is especial'y relevant given the recent
interest in establishing marine reserves to manage and conserve coastal fishes.

Analysis of time series of otolith growth showed that otolith growth rate (OGR) of
Pacific sanddab varied with ontogeny, season, and year (Chapter 5). Seasonal variation in OGR
was related to sea surface temperature (SST), but there appeared to be strong interaction with

other factors. Mean OGR also varied among years, with the greatest variation (30% higher in
1992 and 1993 than in 1994) during February and March during settlement. Growth rates
during the pelagic period were similar among years. Slower growth in 1994 was attributed to

slightly cooler temperatures and to earlier settlement. Increases in the thermal stratification of
the water column in February and March in all 3 years suggests that fish may gain a thermal
advantage by remaining in the warmer surface layer and settling later. This advantage may be
offset by greater risk of offshore advection after the transition to upwelling in early spring. The
influence of the observed variation in otolith growth rate on somatic growth rate and cohort
survival was not examined, but is a topic for continued studies. Small changes in somatic
growth rate during the larval and early juvenile period can theoretically result in large changes
in survival and year class size (Houde, 1987, 1989).

Otolith growth histories also varied greatly among individuals. Variation in otolith
growth was not synchronous among most fish in the year class and thus does not support the
hypothesis that growth is controlled by a single large-scale processes. Cluster analysis
identified 3 major patterns of otolith growth among pelagic Pacific sanddab caught off central

204

California in 1994. The presence of a few distinct growth patterns suggests that meso-scale
processes may be important determinants of individual growth. The time domain approach used
to analyze growth time series proved to be sensitive to small aging errors. Frequency domain
methods such as Fourier analysis and eigenshape analysis should provide a more robust
approach to analysis of otolith growth histories, and thus warrant further development. These
results also demonstrate that otolith growth histories can serve as natural tags allowing the study
of patch dynamics and patterns of settlement. Distinct growth histories are likely to found
among fish in regions with diverse oceanography.

BIBLIOGRAPHY

Ahistrom, B. H., K. Amaoka, D. A. Hensley, H. G. Moser, and B. Y. Sumida.

1984.

Pleuronectiformes: development. In H. G. Moser, W. J. Richards, D. M. Cohen, M. P.
Fahay, A. W. Kendall Jr., and S. L. Richardson, (eds.), American Society of
Ichthyologists and Herpetologists Special Publication, 1: Ontogeny and systematics of
fishes, pp. 640-670. Allen Press, Lawrence, Kansas.

Aihossaini, M., Q. Liu, and T. J. Pitcher. 1989. Otolith microstructure indicating growth and
mortality among plaice, Pleuronectes platessa L., post-larval sub-cohorts. J. Fish Biol.
35(Suppl. A):81-90.

Amaoka, K. 1979. Phylogeny and larval morphology of pleuronectiform fishes (Psettodidae,
Citharidae, Paralichthyidae and Bothidae). Kaiyo Kagaku 11:100-110.

Arora, H. L. 1951. An investigation of the California sand dab, Citharichthys sordidus (Girard).
Calif. Fish Game 37:3-42.
Bacon, D. W., and D. G. Watts. 1971. Estimating the transition between two intersecting straight
lines. Biometrika 58:525-534.
Bailey, K. M. 1981. Larval transport and recruitment of Pacific hake Merluccius productus. Mar.
Ecol. Prog. Ser. 6:1-9.

Bailey, R. E., L. Margolis, and C. Groot. 1988. Estimating stock composition of migrating
juvenile Fraser River (British Columbia) sockeye salmon, Oncorhynchus nerka, using
parasites as natural tags. Can. J. Fish. Aquat. Sci. 45:586-59 1.

Bakun, A., and R. H. Parrish. 1980. Environmental inputs to fisheiy population models for
eastern boundary current regions. In G. D. Sharp, (ed.), Workshop on the effects of
environmental variation on the survival of larval pelagic fishes. IOC Workshop Report
28, pp. 67-104.,.
Balon, E. K. 1981. Saltatory processes and altricial to precocial forms in the ontogeny of fishes.
Amer. Zool. 2 1:573-596.

Beamish, R. J., C. M. Neville, and A. J. Cass. 1997. Production of Fraser River sockeye salmon
Oncorhynchus nerka in relation to decadal scale changes in the climate and the ocean.
Can. J. Fish. Aquat. Sci. 54:543-554.

BenoIt, H. P., and P. Pepin. 1999. Individual variability in growth rate and the timing of
metamorphosis in yellowtail flounder Pleuronectes ferrunineus. Mar. Ecol. Prog. Ser.
184:231-244.

Berghahn, R. 2000. Response to extreme conditions in coastal areas: biological tags in flatfish
otoliths. Mar. Ecol. Prog. Ser. 192:277-285.

Bergman, M. J. N., H. W. Van der Veer, and J. J. Zijlstra. 1988. Plaice nurseries: effects on
recruitment. J. Fish Biol. 33A:201-218.

206

Beverton, R. J. H., and T. C. lies. 1992. Mortality rates of 0-group plaice (Platessa platessa L.),
dab (Limanda limanda L.) and turbot (Scophthalmus maximus L.) in european waters. III.

Density-dependence of mortality rates of 0-group plaice and some demographic
implications. Neth. J. Sea Res. 29:61-79.

Boehlert, G. W., and B. C. Mundy. 1987. Recruitment dynamics of metamorphosing English
sole, Parophrys vetulus, to Yaquina Bay, Oregon. Estuar. Coastal Shelf Sci. 25:261-281.

Boehlert, G. W., and B. C. Mundy. 1988. Roles of behavioral and physical factors in larval and
juvenile fish recruitment to estuarine nursery areas. Am. Fish. Soc. Symp. 3:51-67.

Boehiert, G. W., D. M. Gadomski, and B. (i1. Mundy.

1985.

Vertical distribution of

ichthyoplankton off the Oregon coast in spring and summer months. Fish. Bull. 83:611 -

621.

Box, G. E. P., and G. M. Jenkins. 1976. Time series analysis: forecasting and control, revised
Edition. Holden-Day, San Francisco, CA. 575 p.
Bradford, M. J. 1992. Precision of recruitment predictions from early life stages of marine fishes.
Fish. Bull. 90:439-453.

Brewster, B. 1987. Eye migration and cranial development during flatfish metamorphosis: a
reappraisal (Teleostei: Pleuronectiformes). J. Fish Biol. 31:805-833.

Brodeur, R. D. 1997. The importance of various spatial and temporal scales in the interaction of
juvenile salmon and the marine environment. In R. L. Emmett and M. H. Schiewe, (eds.),
Estuarine and ocean survival of Northeast Pacific salmon: Proceedings of the workshop,
pp. 197-211. U.S. Dept. of Commerce, Seattle, NMFS-NWFSC-29.

Brodeur, R. D., and W. C. Rugen. 1994. Diel vertical distribution of ichthyoplankton in the
northern Gulf of Alaska. Fish. Bull. 92:223-235.

Brodeur, R. D., B. W. Frost, S. R. Hare, R. C. Francis, and W. J. Ingraham Jr. 1996. Interannual
variations in zooplankton biomass in the Gulf of Alaska, and covariation with California
Current zooplankton biomass. Calif. Coop. Oceanic Fish. Invest. Rep. 37:80-99.
Brothers, E. B. 1984. Otolith studies. In H. G. Moser, W. J. Richards, D. M. Cohen, M. P. Fahay,
A. W. Kendall Jr., and S. L. Richardson, (eds.), American Society of lchthyologists and
Herpetologists Special Publication, 1: Ontogeny and systematics of fishes, pp. 50-57.
Allen Press, Lawrence, Kansas.

Butler, J. L., K. A. Dahlin, and H. G. Moser. 1996. Growth and duration of the planktonic phase
and a stage based population matrix of Dover sole, Microstomus pacflcus. Bull. Mar. Sci.
58:29-43.
Campana, S. E. 1 984a. Interactive effects of age and environmental modifiers on the production
of daily growth increments in otoliths of plainfin midshipman, Porichthys notatus. Fish.
Bull. 82:165-177.

Campana, S. E. 1 984b. Microstructural growth patterns in the otoliths of larval and juvenile
starry flounder, Platichthys stellatus. Can. J. Zool. 62:1507-1512.

207

Campana, S. E. 1996. Year-class strength and growth rate in young Atlantic cod Gadus morhua.
Mar. Ecol. Prog. Ser. 135:21-26.

Campana, S. E., and J. M. Casselman. 1993. Stock discrimination using otolith shape analysis.
Can. J. Fish. Aquat. Sci. 50:1062-1083.
Campana, S. E., and J. A. Gagne. 1994. Cod stock discrimination using ICPMS elemental assays
of otoliths. In D. H. Secor, J. M. Dean, and S. E. Campana, (eds.), Recent developments
in fish otolith research, pp. 67 1-691. University of South Carolina Press, Columbia, S.C.
Campana, S. E., and J. D. Neilson. 1985. Microstructure of fish otoliths. Can. J. Fish. Aquat. Sci.
42:10 14-1032.

Campana, S. E., A. J. Fowler, and C. M. Jones. 1994. Otolith elemental fingerprinting for stock
identification of Atlantic cod (Gadus morhua) using laser ablation ICPMS. Can. J. Fish.
Aquat. Sci. 5 1:1942-1950.

Campana, S. E., J. A. Gagné, and J. W. McLaren. 1995. Elemental fingerprinting of fish otoliths
using ID-ICPMS. Mar. Ecol. Prog. Ser. 122:115-120.

Campana, S. E., R. K. Mohn, S. J. Smith, and G. A. Chouinard.

1996. Reply: Spatial
implications of a temperature-based growth model for Atlantic cod (Gadus morhua) off
the eastern coast of Canada. Can. J. Fish. Aquat. Sci. 53:2912-2914.

Chambers, R. C., and W. C. Leggett. 1987. Size and age at metamorphosis of marine fishes: and
analysis of laboratory-reared winter flounder (Pseudopleuronectes americanus) with a
review of variation in other species. Can. J. Fish. Aquat. Sci. 44:1936-1947.
Chambers, R. C., and W. C. Leggett. 1992. Possible causes and consequences of variation in age
and size at metamorphosis in flatfishes (Pleuronectiformes): an analysis at the individual,
population, and species levels. Neth. J. Sea Res. 29:7-24.

Chambers, R. C., W. C. Leggett, and J. A. Brown. 1988. Variation in and among early life
history traits of laboratory-reared winter flounder Pseudopleuronectes americanus. Mar.
Ecol. Prog. Ser. 47: 1-15.

Chelton, D. B., P. A. Bemal, and J. A. McGowan. 1982. Large-scale interannual physical and
biological interaction in the California Current. J. Mar. Res. 40:1095-1 125.

Cochran, W. G. 1953. Sampling techniques. John Wiley & Sons, New York. 330 p.

Degens, E. T., W. G. Deuser, and R. L. Haedrich. 1969. Molecular structure and composition of
fish otoliths. Mar. Biol. 2:105-113.

Demory, R. L.

1971.

Depth distribution of some small flatfishes off the northern Oregon-

southern Washington coast. Res. Rep. Fish Comm. Oregon:44-48.

Doherty, P. J. 1987. The replenishment of populations of coral reef fishes, recruitment surveys,
and the problems of variability manifest on multiple scales. Bull. Mar. Sci. 41:41 1-422.

208

Doherty, P. J., S. Planes, and P. Mather. 1995. Gene flow and larval duration in seven species of
fish from the Great Barrier Reef. Ecology 76:2373-2391.

Donohoe, C. J., and D. F. Markie. MS [Ch. 2]. Metamorphosis and relationships to otolith
microstructure and growth in Pacific sanddab, Citharichthys sordidus (Paralichthyidae)..

Donohoe, C. J., and D. F. Markle. MS [Ch. 3]. Settlement, distribution, and abundance of age-0
Pacific sanddab (Citharichthys sordidus) on the Oregon continental shelf..

Donohoe, C. J., and D. F. Markle. MS [Ch. 4]. Ontogenetic and individual variation in otolith
microchemistry in two recently-settled flatfishes, Dover sole (Microstomus pacflcus) and
Pacific sanddab (Citharichthys sordidus)..
Doyle, M. J. 1992. Patterns in distribution and abundance of ichthyoplankton off Washington,

Oregon, and northern California. AFSC Processed Report 92-14. Alaska Fisheries
Science Center, National Marine Fisheries Service, Seattle. 344 p.

Edmonds, J. S., M. J. Moran, and N. Caputi. 1989. Trace element analysis of fish sagittae as an
aid to stock identification: pink snapper (Chrysophrys auratus) in western Austrailian
waters. Can. J. Fish. Aquat. Sci. 46:50-54.
Edmonds, J. S., R. C. J. Lenanton, N. Caputi, and M. Morita. 1992. Trace elements in the otoliths

of yellow-eye mullet (Aidrichetta forsteri) as an aid to stock identification. Fish. Res.
13 :39-5 1.

Efron, B., and R. J. Tibshirani. 1993. An introduction to the bootstrap. Chapman and Hall, New
York. 436 p.
Farrell, T. M., D. Bracher, and J. Roughgarden. 1991. Cross-shelf transport causes recruitment to
intertidal populations in central California. Limnol. Oceanogr. 36:279-288.

Finn, J. E., C. V. Burger, and L. Holland-Bartels. 1997. Discrimination among populations of
sockeye salmon fry with Fourier analysis of otolith banding patterns formed during
incubation. Trans. Amer. Fish. Soc. 126:559-578.
Fitzhugh, G. R., S. W. Nixon, D. W. Ahrenholz, and J. A. Rice. 1997. Temperature effects on
otolith microstructure and birth month estimation from otolith increment patterns in
Atlantic menhaden. Trans. Amer. Fish. Soc. 126:579-593.
Fogarty, M. J. 1999. Essential habitat, marine reserves and fishery management. Trends Ecol.
Evol. 14:133-134.

Francis, R. C., S. R. Hare, A. B. Hollowed, and W. S. Wooster. 1998. Effects of interdecadal
climate variability on the oceanic ecosystems of the NE Pacific. Fish. Oceanogr. 7:1-21.
Fukahara, 0. 1986. Morphological and functional development of Japanese flounder in early life
stage. Bull. Japan. Soc. Sci. Fish. 52:81-91.

Gallahar, N. K., and M. J. Kingsford. 1992. Patterns of increment width and strontium:calcium
ratios in otoliths of juvenile rock blackfish, Girella elevata (M.). J. Fish Biol. 41:749-763.

209

Gartner, J. V., Jr. 1991. Life histories of three species of lantemfishes (Pisces: Myctophidae)
from the eastern Gulf of Mexico. I. Morphological and microstructural analysis of sagittal
otoliths. Mar. Biol. 111:11-20.

Hanson, P. J.

1997.

Response of hepatic trace element concentrations in fish exposed to

elemental and organic contaminants. Estuaries 20:659-676.

Hare, J. A., and R. K. Cowen. 1994. Ontogeny and otolith microstructure of bluefish Pomatomus
saltatrix (Pisces: Pomatomidae). Mar. Biol. 118:541-550.

Hare, J. A., and R. K. Cowen.

1996. Transport mechanisms of larval and pelagic juvenile
bluefish (Pomatomus saltatrix) from South Atlantic Night spawning grounds to Middle
Atlantic Bight nusery habitats. Limnol. Oceanogr. 41:1264-1280.

Hare, S. R., N. J. Mantua, and R. C. Francis. 1998. Inverse production regimes: Alaska and west
coast Pacific salmon. Fisheries 24:6-14.

Haury, L. R., J. A. McGowan, and P. H. Wiebe. 1977. Patterns and processes in the time-space
scales of plankton distributions. In J. H. Steele, (ed.), NATO conference series. IV,
Marine sciences, 3: Spatial pattern in plankton communities, pp. 277-327. Plenum Press,
New York.

Hayman, R. A., and A. V. Tyler. 1980. Environment and cohort strength of Dover sole and
English sole. Trans. Amer. Fish. Soc. 109:54-70.

Hedgecock, D. 1994. Temporal and spatial genetic structure of marine animal populations in the
California Current. Calif. Coop. Oceanic Fish. Invest. Rep. 35:73-8 1.
Hensley, D. A., and E. H. Ahlstrom. 1984. Pleuronectiformes: relationships. In H. G. Moser, W.
J. Richards, D. M. Cohen, M. P. Fahay, A. W. Kendall Jr., and S. L. Richardson, (eds.),
American Society of Ichthyologists and Herpetologists Special Publication, 1: Ontogeny
and systematics of fishes, pp. 670-687. Allen Press, Lawrence, Kansas.

Hoff, G. R., and L. A. Fuiman. 1993. Morphometry and compostion of red drum otoliths:
changes associated with temperature, somatic growth rate, and age. Comp. Biochem.
Physiol. 1 06A:209-2 19.

Hoff, G., and L. A. Fuiman. 1995. Environmentally induced variation in elemental composition
of red drum (Sciaenops ocellatus) otoliths. Bull. Mar. Sci. 56:578-591.

Hollowed, A. B., K. M. Bailey, and W. M. Wooster. 1987. Patterns in recruitment of marine
fishes in the northeast Pacific Ocean. Biolog. Ocean. 5:99-131.
Hosie, M. J., and H. F. Horton. 1977. Biology of the rex sole, Glyptocephalus zachirus, in waters
off Oregon. Fish. Bull. 75:51-60.

Houde, E. D. 1987. Fish early life history dynamics and recruitment variability. Am. Fish. Soc.
Symp. 2:17-29.
Houde, E. D. 1989. Subtleties and episodes in the early life of fishes. J. Fish Biol. 35:29-38.

210

Huyer, A. 1977. Seasonal variation in temperature, salinity, and density over the continental
shelf off Oregon. Limnol. Oceanogr. 22:442-453.
Huyer, A. 1983. Coastal upwelling in the California Current system. Prog. Oceanog. 12:259-284.

Johnson, M. S., and R. Black. 1984. Pattern beneath the chaos: the effect of recruitment on
genetic patchiness in an intertidal limpet. Evol. 38:1371-1383.

Johnson, M. S., K. Holborn, and R. Black. 1993. Fine-scale patchiness and genetic heterogeneity
of recruits of the corallivorous gastropod Drupella cornus. Mar. Biol. 117:91-96.

Johnson, M. S., R. J. Watts, and R. Black.

1994. High levels of genetic subdivision in
peripherally isolated populations of the atherinid fish Craterocephalus capreoli in the

Houtman Abrolhos Islands, Western Australia. Mar. Biol. 119:179-184.

Kalish, J. M. 1989. Otolith microchemistry: validation of the effects of physiology, age and
environment on otolith composition. J. Exp. Mar. Biol. Ecol. 132:151-178.

Kalish, J. M.

1990.

Use of otolith microchemistry to distinguish progeny of sympatric

anadromous and non-anadromous salmonids. Fish. Bull. 88:657-666.

Kalish, J. M. 1991. Determinants of otolith chemistry: seasonal variation in the composition of
blood plasma, endolymph and otoliths of bearded rock cod Pseudophycis barbatus. Mar.
Ecol. Prog. Ser. 74:137-159.

Kalish, J. M. 1992. Formation of stress-induced chemical check in fish otoliths. J. Exp. Mar.
Biol. Ecol. 162:265-277.

Karakiri, M., and H. von Westernhagen. 1989. Daily growth patterns in otoliths of larval and
juvenile plaice (Pleuronectes platessa L.): influence of temperature, salinity, and light
conditions. Rapp. P.-v Reun. Cons. Tnt. Explor. Mer 191:376-382.
Keefe, M., and K. W. Able. 1993. Patterns of metamorphosis in summer flounder, Paralichthys
dentatus. J. Fish Biol. 42:713-728.
Kendall, M. L. 1993. Determination of age and settlement date in juvenile speckled sanddabs,
Citharichthys stigmaeus, using daily increments on otoliths. M.A. Thesis, San Francisco
State University. 59 p.

Koslow, J. A. 1984. Recruitment patterns in northwest Atlantic fish stocks. Can. J. Fish. Aquat.
Sci. 41:1722-1729.

Kramer, S. H. 1991 a. Growth, mortality, and movements of juvenile California halibut
Paralichthys calfornicus in shallow coastal and bay habitats of San Diego County,
California. Fish. Bull. 89:195-207.

Kramer, S. H. 199 lb. The shallow-water flatfishes of San Diego County. Calif. Coop. Oceanic
Fish. Invest. Rep. 32:128-142.

Kravitz, M. J., W. G. Pearcy, and M. P. Gum. 1976. Food of five species of cooccurring
flatfishes on Oregon's continental shelf Fish. Bull. 74:984-990.

211

Kruse, G. H., and A. Huyer. 1983. Relationships among shelf temperatures, coastal sea level, and
the coastal upwelling index off Newport, Oregon. Can. J. Fish. Aquat. Sci. 40:238-242.

Laidig, T. E., S. Ralston, and J. R. Bence. 1991. Dynamics of growth in the early life history of
shortbelly rockfish Sebastes jordani. Fish. Bull. 89:6 1 1-62 1.

Laroche, J. L., S. L. Richardson, and A. A. Rosenberg. 1982. Age and growth of a pleuronectid,
Parophrys vetulus, during the pelagic larval period in Oregon coastal waters. Fish. Bull.
80:93-104.
Lasker, R. 1975. Field criteria for survival of anchovy larvae: the relation between inshore
chlorophyll maximum layers and successful first feeding. Fish. Bull. 73:453-462.

Leggett, W. C., and K. T. Frank.

1997. A comparative analysis of recruitment variability in

North Atlantic flatfishes - testing the species range hypothesis. J. Sea Res. 37:28 1-299.

Lenarz, W. H., R. J. Larson, and S. Ralston. 1991. Depth distributions of late larvae and pelagic
juveniles of some fishes of the California Current. Calif. Coop. Oceanic Fish. Invest. Rep.
32 :4 1-46.

Lenarz, W. H., D. A. Ventresca, W. M. Graham, F. B. Schwing, and F. Chavez.

1995.

Explorations of El Nino events and associated biological population dynamics off central
California. Calif. Coop. Oceanic Fish. Invest. Rep. 36:106-119.

Linkowski, T. B. 1991. Otolith microstructure and growth patterns during the early life history of
lanternfishes (family Myctophidae). Can. J. Zool. 69:1777-1792.
Lloyd, M. 1967. Mean crowding. J. Anim. Ecol. 36:1-30.
Lockwood, S. J. 1980. Density-dependent mortality in 0-group plaice (Pleuronectes platessa L.)
populations. J. Cons. mt. Explor. Mer 39:148-153.

Lohmann, G. P., and P. N. Schweitzer. 1990. On eigenshape analysis. In F. J. Rohlf and F. L.
Bookstein, (eds.), Proceedings of the Michigan Morphometrics Workshop, pp. 147-165.
The University of Michigan Museum of Zoology, Ann Arbor, Special Publication No. 2.

Maillet, G. L., and D. M. J. Checkley. 1991. Storm-related variation in the growth rate of otoliths
of larval Atlantic menhaden Brevoortia tyrannus: a time series analysis of biological and
physical variables and implications for larval growth and mortality. Mar. Ecol. Prog. Ser.
79: 1-16.

Markie, D. F., P. M. Harris, and C. L. Toole. 1992. Metamorphosis and an overview of earlylife-history stages in Dover sole Microstomuspacflcus. Fish. Bull. 90:285-30 1.

Matarese, A. C., A. J. Kendall, D. M. Blood, and B. M. Vinter. 1989. Laboratory guide to early
life history stages of northeast Pacific fishes. U. S. Department of Commerce, Seattle,
NOAA Technical Report NMFS 80. 652 p.

212

May, H. M. A., and G. P. Jenkins. 1992. Patterns of settlement and growth of juvenile flounder
Rhombosolea tapirina determined from otolith microstructure. Mar. Ecol. Prog. Ser.
79:203-2 14.

McGurk, M. D. 1986. Natural mortality of marine pelagic fish eggs and larvae: role of spatial
patchiness. Mar. Ecol. Prog. Ser. 34:227-242.

McMillen-Jackson, A. L., T. M. Bert, and P. Steele. 1994. Population genetics of the blue crab
Callinectes sapidus: modest population structuring in a background of high gene flow.
Mar. Biol. 118:53-65.

Miller, D. J., and R. N. Lea. 1972. Guide to the coastal marine fishes of California. Calif. Dep.
Fish Game, Fish Bull. 157:1-249.

Miller, J. M. 1988. Physical processes and the mechanisms of coastal migrations of immature
marine fishes. Am. Fish. Soc. Symp. 3:68-76.

Miller, J. M., J. S. Burke, and G. R. Fitzhugh. 1991. Early life history patterns of Atlantic North
American flatfish: likely (and unlikely) factors controlling recruitment. Neth. J. Sea Res.
27:261-275.

Minami, T., and M. Tanaka. 1992. Life history cycles in flatfish from the northwestern Pacific,
with particular reference to their early life histories. Neth. J. Sea Res. 29:35-48.
Modin, J., B. Fagerholm, B. Gunnarsson, and L. Pihl. 1996. Changes in otolith microstructure at
metamorphosis of plaice, Pleuronectesplatessa L. ICES J. Mar. Sci. 53:745-748.

Moser, H. G. 1981. Morphological and functional aspects of marine fish larvae. In R. Lasker,
(ed.), Marine fish larvae. Morphology, ecology, and relation to fisheries, pp. 90-131.
Washington Sea Grant Program, Seattle.

Moser, H. G. 1996. The early stages of fishes in the California Current region. Calif Coop.
Oceanic Fish. Invest. Atlas 33, 1505 p.

Moser, H. G., R. L. Charter, P. E. Smith, D. A. Ambrose, S. R. Charter, C. A. Myer, E. M.
Sandknop, and W. Watson. 1993. Distributional atlas of fish larvae and eggs in the
California Current region: taxa with 1000 or more total larvae, 1951 through 1984. Calif
Coop. Oceanic Fish. Invest. Atlas 31, 233 p.

Mugiya, Y., T. Hakomori, and K. Hatsutori. 1991. Trace metal incorporation into otoliths and
scales in the goldfish, Carassius auratus. Comp. Biochem. Physiol. 99C:327-33 1.

Mulligan, 1. J., F. D. Martin, R. A. Smucker, and D. A. Wright. 1987. A method of stock
identification based on the elemental composition of striped bass Morone saxatilis
(Walbaum) otoliths. J. Exp. Mar. Biol. Ecol. 114:241-248.

Mullin, M. M.

1993.

Webs and scales: physical and ecological processes in marine fish

recruitment. University of Washington Press, Seattle. 135 p.

Myers, R. A., and K. F. Drinkwater. 1989. Offshelf Ekman transport and larval fish survival in
the Northwest Atlantic. Biolog. Ocean. 6:45-64.

213

Neilson, J. D., and R. I. Perry. 1990. Die! vertical migration of marine fishes: an obligate or
facultative process. Adv. Mar. Biol. 26:115-168.

Nelson, W. R., M. C. Ingham, and W. E. Schaaf. 1977. Larval transport and year-class strength
of Atlantic menhaden, Brevoortia tyrannus. Fish. Bull. 75 :23-41.

Otake, T., T. Ishii, T. Ishui, M. Nakahara, and R. Nakamura.

1997. Changes in otolith
strontium:calcium ratios in metamorphosing Conger myriaster leptocephali. Mar. Biol.

128:565-572.

Ozawa, T., and G. C. Peflaflor. 1990. Otolith microstructure and early ontogeny of a myctophid
species Benthosema pterotum. Nippon Suisan Gakkaishi 56:1987-1995.

Pannella, G. 1971. Fish otoliths: daily growth layers and periodical patterns. Science 173:11241127.

Parrish, R. H., C. S. Nelson, and A. Bakun.

1981. Transport mechanisms and reproductive
success of fishes in the California Current. Biolog. Ocean. 1:175-203.

Pauly, D., and R. S. V. Pullin. 1988. Hatching time in spherical, pelagic, marine fish eggs in
response to temperature and egg size. Environ. Biol. Fish. 22:261-271.

Pearcy, W. G. 1978. Distribution and abundance of small flatfishes and other demersal fishes in a
region of diverse sediments and bathymetry off Oregon. Fish. Bull. 76:629-640.

Pearcy, W. G., and D. Hancock. 1978. Feeding habits of Dover sole, Microstoinus pac/Icus; rex

sole, Glyptocephalus zachirus; slender sole, Lyopsetta exilis; and Pacific sanddab,
Citharichthys sordidus, in a region of diverse sediments and bathymetry off Oregon. Fish.
Bull. 76:641-65 1.

Pearcy, W. G., and S. S. Myers. 1974. Larval fishes of Yaquina Bay, Oregon: a nursery ground
for marine fishes? Fish. Bull. 72:201-213.
Pearcy, W. G., M. J. Hosie, and S. L. Richardson. 1977. Distribution and duration of pelagic life
of larvae of Dover sole, Microstomus pacflcus; rex sole, Glyptocephalus zachirus; and
petrale sole, Eopsetta jordani, in waters off Oregon. Fish. Bull. 75:173-183.
Peterman, R. M., M. J. Bradford, N. C. H. Lo, and R. D. Methot. 1988. Contribution of early life
history stages to interannual variability in recruitment of northern anchovy (Engraulis
mordax). Can. J. Fish. Aquat. Sci. 45:8-16.

Peterson, W. T., C. B. Miller, and A. Hutchinson. 1979. Zonation and maintenance of copepod
populations in the Oregon upwelling zone. Deep-Sea Res. 26A:467-494.
Policansky, D. 1982. Influence of age, size, and temperature on metamorphosis in the starry
flounder, Platichthys stellatus. Can. J. Fish. Aquat. Sci. 39:514-517.
Proctor, C. H., and R. E. Thresher. 1998. Effects of specimen handling and otolith preparation on
concentration of elements in fish otoliths. Mar. Biol. 131:681-694.

214

Proctor, C. H., R. E. Thresher, J. S. Gunn dj., I. R. Harrowfield, and S. H. Sie. 1995. Stock

structure of the southern bluefin tuna Thunnus maccoyii: an investigation based on probe
microanalysis of otolith composition. Mar. Biol. 122:511-526.

Pyper, B. J., and R. M. Peterman. 1998. Comparison of methods to account for autocorrelation in
correlation analyses of fish data. Can. J. Fish. Aquat. Sci. 55:2127-2140.

Radtke, R. L. 1989. Strontium-calcium concentration ratios in fish otoliths as environmental
indicators. Comp. Biochem. Physiol. 92A: 189-193.

Radtke, R. L., and D. J. Shafer. 1992. Environmental sensitivity of fish otolith microchemistry.
Aust. J. Mar. Fresh. Res. 43:935-951.

Radtke, R. L., D. W. Townsend, S. D. Folsom, and M. A. Morrison. 1990. Strontium:calcium
concentration ratios in otoliths of herring larvae as indicators of environmental histories.
Environ. Biol. Fish. 27:51-61.
Radtke, R., M. Svenning, D. Malone, A. Klementsen, J. Ruzicka, and D. Fey. 1996. Migrations
in an extreme northern population of Arctic charr Salvelinus alpinus: insights from otolith
microchemistry. Mar. Ecol. Prog. Ser. 136:13-23.
Ralston, 5. 1995. The influence of oceanographic variables on time series of otolith growth in
pelagic young-of-the-year rockfish, Sebastes spp. In D. H. Secor, J. M. Dean, and S. E.
Campana, (eds.), The Belle W. Baruch Library in Marine Science, Number 19: Recent
developments in fish otolith research, pp. 97-118. University of South Carolina Press,
Columbia, SC.

Rao, J. N. K., and C. F. J. Wu. 1988. Resampling inference with complex survey data. J. Am.
Stat. Assoc. 83:23 1-241.

Reiman, B. E., D. L. Myers, and R. L. Nielsen.

1994.

Use of otolith microchemistry to

discriminate Oncorhynchus nerka of resident and anadromous origin. Can. J. Fish. Aquat.
Sci. 5 1:68-77.

Reznick, D., B. Lindbeck, and H. Bryga. 1989. Slower growth results in larger otoliths: an
experimental test with guppies (Poecilia reticulata). Can. J. Fish. Aquat. Sci. 46:108-112.

Roemmich, D., and J. McGowan. 1995. Climatic warming and the decline of zooplankton in the
California Current. Science 267:1324-1326.
Rogers, C. 1985. Publ. Wash. Sea Grant: Population dynamics of juvenile flatfish in the Grays

Harbor estuary and adjacent nearshore area. Washington Univ., Sea Grant Program,
Seattle, Wa. p.

Rosenberg, A. A., and J. L. Laroche. 1982. Growth during metamorphosis of English sole,
Parophrys vetulus. Fish. Bull. 80:150-153.

Sadovy, Y., and K. P. Severin. 1992. Trace elements in biogenic aragonite: correlation of body
growth rate and strontium levels in the otoliths of white grunt, Haemulon plumieri
(Pisces:Haemulidae). Bull. Mar. Sci. 50:237-257.

Sadovy, Y., and K. P. Severin. 1994. Elemental patterns in red hind (Epinephelus guttatus)
otoliths from Bermuda and Puerto Rico reflect growth rate, not temperature. Can. J. Fish.
Aquat. Sci. 51:133-141.

Sakuma, K. M., and R. J. Larson. 1995. Distribution of pelagic metamorphic-stage sanddabs
Citharichthys sordidus and C. stigmaeus within areas of upwelling off central California.
Fish. Bull. 93:516-529.

Sakuma, K. M., and S. Ralston. 1995. Distributional patterns of late larval groundfish off central

California in relation to hydrographic features during 1992 and 1993. Calif. Coop.
Oceanic Fish. Invest. Rep. 36:179-192.

Sakuma, K., S. Ralston, and D. A. Roberts. 1999. Die! vertical distribution of postflexion larval
Citharichthys spp. and Sebastes spp. off central California. Fish. Oceanogr. 8:68-76.
Sale, P. F. 1978. Coexistence of coral reef fishes - a lottery for living space. Environ. Biol. Fish.
3:85-102.

Secor, D. H., and J. M. Dean. 1989. Somatic growth effects on the otolith-fish size relationship
in young pond-reared striped bass, Morone saxatilis. Can. J. Fish. Aquat. Sci. 46:113-12 1.

Secor, D. H., and J. M. Dean. 1992. Comparison of otolith-based back-calculation methods to
determine individual growth histories of larval striped bass, Morone saxatilis. Can. J.
Fish. Aquat. Sci. 49:1439-1454.
Secor, D. H., and P. M. Piccoli. 1996. Age- and sex-dependent migrations of striped bass in the
Hudson River as determined by chemical microanalysis of otoliths. Estuaries 19:778-793.

Secor, D. H., J. M. Dean, and R. B. Baldevarona. 1989. Comparison of otolith growth and
somatic growth in larval and juvenile fishes based on otolith lengthlfish length
relationships. Rapp. P.-v Reun. Cons. mt. Explor. Mer 191:431-438.

Secor, D. H., A. Henderson-Arzapalo, and P. M. Piccoli. 1995. Can otolith microchemistry chart
patterns of migration and habitat utilization in anadromous fishes? J. Exp. Mar. Biol.
Ecol. 192:15-23.

Seikai, T., J. B. Tanangonan, and M. Tanaka. 1986. Temperature influence on larval growth and
metamorphosis of the Japanese flounder Paralichthys olivaceus in the laboratory. Bull.
Japan. Soc. Sci. Fish. 52:977-982.
Shanks, A. L. 1983. Surface slicks associated with tidally forced internal waves may transport

pelagic larvae of benthic invertebrates and fishes shoreward. Mar. Ecol. Prog. Ser.
13:311-315.

Shaw, R. F., B. D. Rogers, J. H. Cowan Jr., and W. H. Herke. 1988. Ocean-estuary coupling of
ichthyoplankton and nekton in the northern Gulf of Mexico. In M. P. Weinstein, (ed.),
American Fisheries Society Symposium, 3: Larval fish and shellfish transport through
inlets. Proceedings of a workshop held in Ocean Springs, Mississippi, USA, August 1920, 1985, pp. 77-89. American Fisheries Society, Bethesda, MD.

216

Sinclair, A. F., and D. P. Swain. 1996. Comment: Spatial implications of a temperature-based
growth model for Atlantic cod (Gadus morhua) off the eastern coast of Canada. Can. J.
Fish. Aquat. Sci. 53:2909-2911.
Sissenwine, M. P. 1984. Why do fish populations vary? In R. M. May, (ed.), Exploitation of
marine communities, pp. 59-94. Springer-Verlag, Berlin.
Smith, R. L. 1981. A comparison of the structure and variability of the flow field in three coastal
upwelling regions: Oregon, Northwest Africa, and Peru. In F. A. Richards, (ed.), Coastal
upwelling, pp. 107-118. American Geophysical Union, Washington, D.C.

Smith, R. T. 1936. Report on the Puget Sound otter trawl investigations. Wash. Dep. Fish. Biol.
Rep. 36B:1-61.
Smith, S. J. 1997. Bootstrap confidence limits for groundfish trawl survey estimates of mean
abundance. Can. J. Fish. Aquat. Sci. 54:616-630.
Smith, W. G., J. D. Sibunka, and A. Wells. 1978. Diel movements of larval yellowtail flounder,
Limandaferruginea, determined from discrete depth sampling. Fish. Bull. 76:167-178.

Sogard, S. M.

1991. Interpretation of otolith microstructure in juvenile winter flounder
(Pseudopleuronectes americanus): ontogenetic development, daily increment variation,
and somatic growth relationships. Can. J. Fish. Aquat. Sci. 48:1862-1871.

Stepien, C. A. 1995. Population genetic divergence and geographic patterns from DNA
sequences: examples from marine and freshwater fishes. Am. Fish. Soc. Symp. 17:263287.

Stobutzki, I., and D. R. Bellwood. 1997. Sustained swimming abilities of the late pelagic stages
of coral reef fishes. Mar. Ecol. Prog. Ser. 149:35-4 1.

Strub, P. T., J. S. Allen, A. Huyer, and R. L. Smith. 1987a. Large-scale structure of the spring
transition in the coastal ocean off western North America. J. Geophys. Res. 92:15271544.

Strub, P. T., J. S. Allen, A. Huyer, R. L. Smith, and R. C. Beardsley. 1987b. Seasonal cycles of
currents, temperatures, winds, and sea level over the northeast Pacific continental shelf:
35°N to 48°N. J. Geophys. Res. 92:1507-1526.

Taggart, C. T., and K. T. Frank.

1990. Perspectives on larval fish ecology and recruitment
processes: Probing the scales of relationships. In K. Sherman, L. M. Alexander, and B. D.
Gold, (eds.), Large marine ecosystems: Patterns, processes, and yields, pp. 151-164.
American Association for the Advancement of Science, Washington, DC.

Thompson, K. R., and F. H. Page. 1989. Detecting synchrony of recruitment using short,
autocorrelated time series. Can. J. Fish. Aquat. Sci. 46:1831-1838.

Thorrold, S. R., J. M. Shenker, E. Wishinski, R. Mojica, and E. D. Maddox. 1994. Larval supply
of shorefishes to nursery habitats around Lee Stocking Island, Bahamas. I. Small scale
distribution patterns. Mar. Biol. 118:555-566.

217

Thorrold, S. R., C. M. Jones, S. E. Campana, J. W. McLaren, and J. W. H. Lam. 1998a. Trace

element signatures in otoliths record natal river of juvenile American shad (Alosa

sapidissima). Linmol. Oceanogr. 43:1826-1835.

Thorrold, S. R., C. M. Jones, P. K. Swart, and T. E. Targett. 1998b. Accurate classification of

juvenile weakfish Cynoscion regalis to estuarine nursery areas based on chemical
signatures in otoliths. Mar. Ecol. Prog. Ser. 173:253-265.

Thresher, R. E., C. H. Proctor, J. S. Gunn, and I. R. Harrowfield. 1994. An evaluation of

electron-probe microanalysis of otoliths for stock delineation and identification of nursery
areas in a southern temperate groundfish, Nemadaclylus macropterus (Cheilodactylidae).
Fish. Bull. 92:817-840.

Toole, C. L., D. F. Markle, and P. M. Harris. 1993. Relationships between otolith microstructure,
microchemistry, and early life history events in Dover sole, Microstomus pacflcus. Fish.
Bull. 9 1:732-753.

Toole, C. L., D. F. Markle, and C. J. Donohoe. 1997. Settlement timing, distribution, and
abundance of Dover sole (Microstomus pacflcus) on an outer continental shelf nursery
area. Can. J. Fish. Aquat. Sci. 54:53 1-542.

Townsend, D. W., R. L. Radtke, M. A. Morrison, and S. D. Folsom.

1989. Recruitment
implications of larval herring overwintering distributions in the Gulf of Maine, inferred
using a new otolith technique. Mar. Ecol. Prog. Ser. 55:1-13.

Townsend, D. W., R. L. Radtke, D. P. Malone, and J. P. Wallinga.

1995.

Use of otolith

strontium:calcium ratios for hindcasting larval cod Gadus morhua distributions relative to
water masses on Georges Bank. Mar. Ecol. Prog. Ser. 119:37-44.

Tzeng, W. N., and Y. C. Tsai. 1994. Changes in otolith microchemistry of the Japanese eel,
Anguilla japonica, during its migration from the ocean to the rivers of Taiwan. J. Fish
Biol. 45:671-683.

Urena, H. M. 1989. Distribution of eggs and larvae of some flatfishes (Pleuronectiformes) off
Washington, Oregon, and northern California, 1980-1983. Master of Science Thesis,
Oregon State University. 192 p.

Van der Veer, H. W. 1986. Immigration, settlement, and density-dependent mortality of a larval
and early postlarval 0-group plaice (Pleuronectes platessa) population in the western
Wadden Sea. Mar. Ecol. Prog. Ser. 29:223-236.

Van der Veer, H. W., L. Pihl, and M. J. N. Bergman. 1990. Recruitment mechanisms in North
Sea plaice Pleuronectesplatessa. Mar. Ecol. Prog. Ser. 64:1-12.
Victor, B. C. 1983. Settlement and larval metamorphosis produce distinct marks on the otoliths
of the slippery dick, Halichoeres bivittatus. In M. L. Reaka, (ed.), Symposia series for
undersea research, Vol 1, No 1: Ecology of deep and shallow reefs: results of a workshop
on coral reef ecology, pp. 47-51. National Oceanic and Atmospheric Administration,
Washington, D.C.

218

Victor, B. C. 1984. Coral reef fish larvae: patch size estimation and mixing in the plankton.
Limnol. Oceanogr. 29:1116-1119.
Volk, E. C., R. C. Wissimar, C. A. Simenstad, and D. M. Eggers. 1984. Relationship between
otolith microstructure and the growth rate of juvenile chum salmon (Oncorhynchus keta)
under different prey rations. Can. J. Fish. Aquat. Sci. 41:126-133.
Volk, E. C., S. L. Schroder, and J. J. Grimm. 1999. Otolith thermal marking. Fish. Res. 43 :205219.

Wilkinson, L. 1990. SYSTAT: The system for statistics. Systat, Inc., Evanston, IL. p.

Williams, D. McB., and S. English. 1992. Distribution of fish larvae around a coral reef: direct
detection of a meso-scale, multi-specific patch? Contin. Shelf Res. 12:923-937.
Williams, K. L. 1987. An introduction to X-ray spectrometry: X-ray fluorescence and electron
microprobe analysis. Allen and Unwin, London. 370 p.

Wilson, D. T., and M. I. McCormick. 1997. Spatial and temporal validation of settlement-marks
in the otoliths of tropical reef fishes. Mar. Ecol. Prog. Ser. 153:259-271.
Wilson, D. T., and M. I. McCormick. 1999. Microstructure of settlement-marks in the otoliths of
tropical reef fishes. Mar. Biol. 134:29-41.
Wright, P. J. 1991. The influence of metabolic rate on otolith increment width in Atlantic salmon
parr, Salmo salar L. J. Fish Biol. 38:929-933.

Wyllie Echeverria, T., W. H. Lenarz, and C. A. Reilly. 1990. NOAA Technical Memorandum:
Survey of the abundance and distribution of pelagic young-of-the-year rockfishes off
central California. U.S. Dept. of Commerce, La Jolla, CA, NOAA-TM-NMFS-SWFSC147. 125 p.

Yamashita, Y., Y. Tsuruta, and H. Yamada. 1996. Transport and settlement mechanisms of
larval stone flounder, Kareius bicoloratus, into nursery grounds. Fish. Oceanogr. 5:194204.

Yokiavich, M. M., G. M. Cailliet, J. P. Barry, D. A. Ambrose, and B. S. Antrim. 1991. Temporal
and spatial patterns in abundance and diversity of fish assemblages in Elkhorn Slough,
California. Estuaries 14:465-480.

