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Patterns of Age and Growth in Young-of-Year Rockfish,

Sebastes spp., Along the Oregon Coast

INTRODUCTION

Background

Adult population dynamics and year-class strength in marine fish with pelagic
larvae is thought to be primarily determined by processes occurring during the larval and
early juvenile stages and thus is predicted by variation in recruitment to the juvenile stage
(Recruitment Limitation Hypothesis, Hjort 1914, Lasker 1978, Houde 1987, Sale 1990,
Doherty and Fowler 1994). The processes that influence the survivorship of fish larvae
and juveniles are therefore essential to understanding adult population dynamics (Myers
and Cadigan 1993, Caley et al. 1996, Doherty and Williams 1998), and spatial variability
in the fitness of larval and juvenile marine fish may forecast cohort persistence
(McCormick 1998). | examined spatial patterns of growth rates and metamorphosis ages
in larval and juvenile young-of-year rockfish along the Oregon coast. | also tested some
key hypotheses that implicate the growth and development of early life history stages as
critical factors for adult population dynamics in marine fishes.

Rockfish of the genus Sebastes are dominant fish in temperate rocky reef and kelp
forest communities of the northeast Pacific (Love et al. 2002). Rockfish constitute one of
the most abundant and diverse taxon of fishes in the nearshore environment of the

Oregon coast and are thought to be ecologically important components of Oregon’s



coastal ecosystems (Gaines and Roughgarden 1987, Love et al. 2002, Stephens et al. In
Press). Rockfish have historically comprised a significant proportion of Oregon’s
commercial and recreational fisheries landings (Love et al. 2002, PFMC 2000, PFMC
2002). However, dramatic declines in several species of rockfish and the collapse of
rockfish fisheries (Ralston 1998, Murray et al. 1999, Love et al. 2002) precipitated a
long-term ban of all bottom fishing in 2003 along the entire U.S. Pacific continental shelf
by the Pacific Fisheries Management Council, in order to protect the remaining rockfish
populations (PFMC 2004a).

Although most rockfish are not classified as overfished, and many that are
commercially and recreationally harvested are listed as having healthy populations
(PFMC 2003, 2004b), all rockfish share common life history characteristics that make
them highly vulnerable to overfishing and slow to recover from declines (Love et al.
2002). Therefore, the overfished and “recovering” status of several Oregon rockfish
species (PFMC 2003, PFMC 2004b) underscores the need to monitor key demographic
parameters in rockfish in order to better understand the ecological factors that influence
rockfish population sizes. Many prominent fisheries hypotheses implicate ages at
metamorphosis, (i.e., larval durations), and the growth rates of larval and juvenile young-
of-year fishes as critical factors for determining subsequent adult population sizes and
recruitment to fisheries (Cowan and Shaw 2002, Houde 2002). The purpose of this study
was to investigate patterns of age at metamorphosis and larval and juvenile growth rates
of young-of-year rockfish at two nested spatial scales, local and regional, along the

Oregon coast.



Rockfish are characterized by internal fertilization and viviparity, with larvae
born live from their mother in an event called parturition (Love et al. 2002). As in many
other marine fish, rockfish exhibit a biphasic life cycle, consisting of a planktonic larval
stage followed by metamorphosis into a juvenile stage and thigmotactic settlement from
the plankton as the fish associate with a structural habitat (Love et al. 2002, Ammann
2004). The planktonic larval stage is typically one to two months duration in most
rockfish (Love et al. 2002), during which fish may undergo long-distance dispersal as
currents carry the larvae away from their location of parturition (Roberts 1997). Larvae
then metamorphose and either remain in the plankton as pelagic juveniles, or settle as
demersal juveniles onto a structural bottom habitat (Love et al. 2002). Many species of
rockfish settle onto nearshore rocky substrates and vegetated habitats, such as shallow
rocky reefs and the canopy fronds of kelp forests (Hoelzer 1988, Carr 1991, Nelson 2001,
Love et al. 1991, Love et al. 2002, Ammann 2004).

Pelagic larval and juvenile rockfish are zooplanktivorous, while demersal
juveniles consume both zooplankton and small benthic invertebrates, predominantly
arthropods (Love et al. 1991, Love et al. 2002). Young-of-year rockfish may be subject
to competition with one another for potentially limiting food resources and habitat
refuges from predators (Hoelzer 1987). Predators include a diversity of marine taxa, such
as ctenophores, cnidarians, and a wide array of planktivorous and piscivorous fish.
Predation rates and other forms of mortality in young-of-year rockfish, such as disease or
starvation, may be determined by the growth rates and ages at metamorphosis of larval
and juvenile fish (Fuiman 2002, Houde 2002), emphasizing the importance of identifying

patterns in these fundamental demographic parameters.



In general, larger marine fish have been demonstrated to be more successful at
evading predators (Fuiman 1989, Fuiman 1994, Cowan et al. 1996), to exhibit greater
dietary flexibility (Fuiman 2002), to compete more effectively for limiting resources such
as food and space (Buchheim and Hixon 1992, Webster and Hixon 2000, Webster 2004),
and to better tolerate starvation and environmental stress (Fuiman 2002) compared to
smaller con-specifics (Bigger-is-Better Hypothesis, Miller et al. 1988, Bailey and Houde
1989, Houde 1997). Faster-growing marine fish attain size refuges from multiple
significant sources of mortality at an earlier age when compared to slower-growing fish,
thereby decreasing the total time integrated mortality experienced up to a given size class,
ceteris paribus (Pfister 1997). Faster growth rates may be due to more favorable
environmental conditions (Fortier and Gagné 1990, Hakala et al. 2003) and resources
(Booth and Hixon 1999, McCormick and Molony 1992), genetic factors (Anderson and
Sabado 1999) and behaviors influencing growth (Magnuson 1962, Koebele 1985, Ochi
1986), or optimal maternal contributions to growth in early life history stages of fish
(Jones 2002, Berkeley et al. 2004).

Similarly, faster-growing fish are presumably in better physical condition than
slower-growing conspecifics of the same size, and are likely better able to escape
predators, compete for resources, and survive environmental extremes (Growth-Mortality
Hypothesis, Anderson 1988, Booth and Hixon 1999, Takasuka et al. 2003).
Consequently, both larger and faster-growing fish are thought to experience lower daily
mortality rates than smaller and slower-growing conspecifics (Hare and Cowen 1997).
Such ecological correlates of size and growth are especially pronounced for the early life

stages of fish, particularly larvae and young-of-year juveniles, when daily mortality rates



from predation and starvation are an order of magnitude higher than adult mortality rates
and extremely variable (Cushing 1975, Houde 1987, Houde 1989).

The Single Process Concept predicts that the highest mortality rates for marine
fish occur during the pelagic larval stage, prior to metamorphosis into juveniles and
settlement to a reef habitat (Cushing 1975, Houde 1987, Houde 1989). In addition, the
Single Process Concept explicitly predicts that the age of metamorphosis should be
determined primarily by larval growth rates, with faster-growing larvae metamorphosing
at younger ages, corresponding to younger ages of settlement from the plankton to a
benthic habitat. Therefore, faster larval growth rates should presumably result in younger
metamorphosis ages, producing disproportionately higher larval survivorship and higher
recruitment rates to the juvenile population (Cushing and Horwood 1994).

Similarly, the Stage Duration Hypothesis states that small changes in the duration
of the larval stage of fish can explain large fluctuations in juvenile and adult population
sizes (Houde 1987, Fuiman 1994, Leggett and DeBlois 1994). For faster-growing larvae,
accelerated ontogeny and early settlement ages may result in decreased duration of
exposure to the highly vulnerable pelagic and planktonic existence that characterizes the
larval stage (Miller et al. 1988, Beyer 1989, Houde 1994). The average age at which a
fish cohort metamorphoses and settles from the plankton onto a benthic habitat can thus
be a key factor in determining the total survivorship of that cohort and the magnitude of
recruitment to the reproductive adult population. If larval growth rates are indeed a
major determinant of metamorphosis age, then this relationship highlights the potential
influence of larval growth rates on recruitment (Bergenius et al. 2002) and thus the

persistence and replenishment of rockfish populations (Doherty and Fowler 1994).



Spatial patterns in growth rates and metamorphosis ages of larval and juvenile
rockfish along the Oregon coast have important implications on the fitness of different
rockfish populations in their early life history stages and consequently may help to
understand spatial patterns in adult population sizes (McCormick 1998). Previous
research has shown that various ecological factors operating at multiple spatial scales
may be important for determining growth rates of young-of-year fish. For instance,
habitat type (Tupper and Boutilier 1997) and structural complexity (Levin et al. 1997),
predation intensity (Metcalfe et al. 1987), competitor density (Booth 1995), temperature
(Love et al. 1991, Francis 1994, McCormick and Molony 1995), timing of settlement
(Cowen 1991), currents and hydrographic properties (Iles and Sinclair 1982, Fortier and
Gagné 1990), upwelling and productivity (Lasker 1978), and food availability (Love et
al. 1991, McCormick and Molony 1992) all have been demonstrated to be important for
determining growth and developmental rates for different fish taxa (Jones 2002).
Understanding the spatial scale at which differences in growth rates and metamorphosis
ages occur will provide clues and allow inferences as to the relative effects of local and
regional processes on rockfish growth and development.

The Oregon coast occurs within the larger California Current system and consists
of two distinct latitudinal regions, separated by an abrupt, bathymetrically induced,
oceanographic discontinuity located near Cape Blanco (42°50’N) (Appendix V: Fig. A)
(Huyer 1983, Barth and Smith 1998, Barth et al. 2000). North of Cape Blanco is
characterized by summer upwelling frequently alternating with periods of relaxation or
downwelling (Huyer 1983). South of Cape Blanco, summer upwelling is stronger and

more persistent (Parrish et al. 1981, Barth and Smith 1998). Summer sea-surface



temperatures north and south of Cape Blanco reflect these differences in upwelling
intensity and frequency, with warmer and more variable sea-surface temperatures
typically north of Cape Blanco and consistently colder sea-surface temperatures typically
south of Cape Blanco (Appendix V: Fig. A).

The oceanographic dissimilarities between these two regions are hypothesized to
be responsible for corresponding biological differences in nearshore and intertidal marine
communities (Freidenburg 2002). Previous research has discovered that intertidal
invertebrate recruitment, growth, and predation rates are higher in the region north of
Cape Blanco as compared to south of Cape Blanco (Freidenburg 2002). Likewise,
Parrish et al. (1981) found that spawning success of major coastal fisheries was correlated
with spatial variation in nearshore ocean surface drift conditions. A review by Love et al.
(1991) identifies variation in growth rates of demersal juvenile rockfish at scales ranging
from regional (100°s of km), to local (1-10’s of km), to the microhabitat scale (10-100’s
of meters). However, an investigation of spatial patterns in growth and age of young-of-
year rockfish along the Cape Blanco oceanographic boundary has to date been absent
from the scientific literature.

Selective mortality may be an important confounding factor in observed patterns
of age and growth (Sogard 1997), as predicted by the Bigger-is-Better (Miller et al. 1988,
Bailey and Houde 1989, Fuiman 1994, Cowan et al. 1996, Houde 1997) and Growth-
Mortality Hypotheses (Anderson 1988, Booth and Hixon 1999, Takasuka et al. 2003).
The use of temporally discrete (single point-in-time) fish collections to estimate the
growth rates of a cohort fails to account for the presumably disproportionate loss of

smaller and slower-growing individuals throughout the larval and early juvenile stage.



Selective mortality could potentially skew the measured growth rates of a cohort towards
the larger and faster-growing individuals that survive to be sampled in the juvenile stage
(Ricker 1969, Levin et al. 1997, Takasuka et al. 2003). Dissimilar growth rates between
sites or regions may result from size- and/or growth-selective mortality occurring at
different intensities or over different durations of time between locales. Therefore,
different average growth rates may be more representative of a surviving cohort’s
average age and time of exposure to changing predation pressures through different life
stages, or may be indicative of different suites of predators to which sites and regions are
exposed, rather than intrinsically distinct growth rates. To address this potential sampling
bias towards faster growing survivors, it is necessary to test for the possible presence and

direction of growth-selective mortality in fish collected for age and growth analyses.

Obijectives

The objective of this study was to conduct a comparison of larval and juvenile
growth rates and metamorphosis ages of young-of-year rockfish on two nested spatial
scales on the central and southern Oregon coast. Spatial comparisons were conducted
between individual sites on the local level, approximately one to ten kilometers apart, and
between groups of sites on the regional level, hundreds of kilometers apart, in order to
test whether patterns of age and growth vary on a local or regional spatial scale along the
Oregon coast. In addition, I observationally tested some central predictions of
hypotheses addressing the age, growth, development, and mortality of the early life

history stages of marine fishes. Using otolith microstructural examination and analyses



(Jones 1992, Jones 2002), I asked six questions related to the patterns of age and growth
in young-of-year rockfish along the Oregon coast:
6) Do parturition dates, metamorphosis dates, or metamorphosis ages (i.e., larval
durations) vary between regions or among local sites along the Oregon coast?
7) Do larval, juvenile, or total growth rates vary between regions or among local
sites along the Oregon coast?
8) Do juvenile physical conditions (mass-length relationships, or condition
factors) vary between regions or among local sites along the Oregon coast?
9) Do faster growing larvae metamorphose at younger ages, as predicted by the
Single Process Concept?
10) Do larval growth rates, size at metamorphosis, or larval duration (i.e., age at
metamorphosis) predict juvenile growth rates?
11) Does growth-selective mortality occur during the early juvenile stage of
young-of-year rockfish along the Oregon coast, as predicted by the Growth-

Mortality Hypothesis?



METHODS AND MATERIALS

Fish Collection

Juvenile young-of-the-year rockfish (Sebastes sp., Appendix V: Fig. B) were
collected between August 19 and September 10, 2002 from the emergent Nereocystis
luetkeana kelp canopy at collection depths of 0 to 3 meters (Appendix V: Fig. C). Total
water bottom depths were approximately 10 to 15 meters. Fish collections were made
haphazardly by SCUBA divers using Benthic Ichthyofaunal Nets for Coral and Kelp
Environments (BINCKE, Anderson and Carr 1998), which consisted of knotless nylon
netting of 3/16” mesh dyed red and sewn onto a closable PVC frame. Captured fish were
immediately sealed within plastic Ziploc bags and placed into an ice cooler. Fish were
transported within a day of capture to a —20°C freezer for storage (Butler 1992).

A total of 135 fish were collected from five local sites nested within two regions
of the Oregon coast (Fig. 1, Appendix V: Table A). Collections were made from three
southern Oregon sites located immediately south of Cape Blanco (42°50’N): Orford
Reef, Nellie’s Cove, and East Island Rock; and from two central Oregon sites located
near Cape Foulweather (44°46°N): Otter Crest (Appendix V: Fig. C) and Depoe Bay
(Fig. 1). Depoe Bay fish were collected on September 10, and fish from all other sites

were collected between August 19 and August 23.



Fish ldentification

Fish were examined for general morphological characteristics and pigmentation
patterns (Matarese et al. 1989, Laidig and Adams 1991). The scientific literature was
searched for known juvenile rockfish geographic distributions and juvenile rockfish
recruitment habitats (Love et al. 2002). Collected specimens were compared to the visual
identification of juvenile young-of-year rockfish from the literature for those species that
were found to occur in the nearshore environment along the Oregon coast and are known
or suspected to settle to Nereocystis kelp canopy.

Fin ray counts were conducted on all fish and compared to known meristics for
rockfish species (Matarese et al. 1989, Laidig and Adams 1991, Love et al. 2002).
Unstained fin rays were counted for pectoral, dorsal, and anal fins on each fish. Counts
were made repeatedly on each fin until three consecutive counts were equal. Left
pectoral fins rays were counted in all fish with the exception of two from East Island
Rock (southern). In one fish from East Island Rock, right pectoral fin rays were counted
due to a heavily damaged left pectoral fin. In another fish from East Island Rock, both
pectoral fins were sufficiently damaged to preclude reliable pectoral fin ray count without
staining the rays.

Ten fish, the largest and smallest individuals from each site, were sent to the
National Marine Fisheries Service (NMFS) Santa Cruz Laboratory for further
examination and species identification. The ten fish were genetically analyzed at the
NMFS La Jolla Laboratory. Tissue samples were removed from the caudal fin of each

fish and DNA was sequenced using cytokine b site analysis.



Fish Measurements

Frozen fish were thawed until tissues softened, and standard lengths (SL) were
measured from the most anterior tip of the head with the mouth closed to the most
posterior tip of the caudal peduncle (Appendix V: Fig. B). SL were measured to the
nearest 0.1mm in a haphazardly selected order using dial calipers. After the SL of each
fish was measured, the fish were assigned alphanumeric identification codes and
preserved with 95% ethanol in individual vials (Butler 1992).

The blotted dry masses of fish were recorded after removal of otoliths. Fish were
removed from ethanol vials and individually blotted on both left and right sides with a
dry paper towel. Blotting was repeated until both sides of the fish were completely dry
and no more ethanol was absorbed into the towel. Dry fish were then immediately
weighed on a Denver Instrument Company A-200DS digital scale. Masses were rounded
to the nearest 0.001g.

Several heavily damaged fish, some with missing body parts, were excluded from
the study due to a suspected high degree of inaccuracy in length and/or mass
measurements. These fish included five from Otter Crest, three from Orford Reef, one

from Nellie’s Cove, and one from East Island Rock (Appendix Ill: Table A).

Otolith Selection

Sub-samples of 15 fish from Orford Reef and 20 fish from each of the two central
sites, Otter Crest and Depoe Bay, were randomly selected for otolith analyses (Appendix

V: Table A). All fish from Nellie’s Cove and East Island Rock were used for otolith



analyses with the exception of the two heavily damaged fish that were not measured (one
from each site). Sub-samples were used to approximately equalize the sample sizes
between regions and among sites within each region, and to guarantee feasibility and
timely completion of otolith preparation, examination, and analyses. Randomized
selection of fish was conducted in order to ensure proportional representation across the

size distribution of fish sampled from each site and to eliminate any size-selection bias.

Otolith Preparation

Right-side sagittal otoliths, the largest otolith pair in Sebastes spp., were extracted
from all preserved fish and were mounted onto glass microscope slides using Aremco
Crystal Bond 509, a thermoplastic glue, so that either the medial or lateral face of the
otoliths were parallel to the slide (Neilson 1992, Secor et al. 1992). In order to make
visible the daily growth increments, the medial and lateral faces of otoliths selected for
examination and analyses were alternately ground and polished by hand in the sagittal
plane while viewed through a compound light microscope at 100x magnification (Secor
et al. 1992). Otoliths were placed onto a Thermolyne hotplate set to approximately
150°C, melting the thermoplastic glue. The otoliths were then flipped over to expose the
opposite face, remounted on the slide, and removed from the hotplate to cool. After the
glue hardened, otoliths were ground on the opposite face in the sagittal plane. Grinding
was conducted using 1500 grit wet/dry sandpaper, and polishing was conducted with a
Buehler Microcloth polishing cloth and Buehler 0.05 micron Alumina B polishing gel

(Micropolish Gamma Number 3). Progress of otolith preparation was monitored by



intermittently viewing otoliths through a compound light microscope at 100x
magnification in between cycles of grinding and polishing. Otoliths were repeatedly
flipped, ground and polished on both medial and lateral faces in the sagittal plane until

the nucleus and all daily growth increments became visible (Fig. 2).

Otolith Microstructure Examination

In order to estimate ages at capture and metamorphosis (i.e., juvenile
transformation), daily otolith increments were counted in OPTIMAS 4.1, a micro-
computer-based image analysis system (Campana 1992). The image analysis system
consisted of a compound microscope connected to a video camera, computer, and a
monitor. A 25x objective lens (a working magnification of 250x) and a polarizing filter
were used to view microstructural details on the otoliths and for otolith increment counts.
The increments of each selected otolith were counted from the nucleus to the edge to
estimate age at capture, and from the nucleus to the first accessory primordium to
estimate age at metamorphosis (Fig. 2).

Accessory primordia were identified as points peripheral to the nucleus (also
referred to as the “primordium”) from which new daily increments began to radiate
outwards (Campana 1992). The first accessory primordium formed on each otolith — the
accessory primordium closest to the nucleus of the otolith — was recognized as marking
the time of juvenile transformation, and therefore provided a reference point for the age
of metamorphosis (Laidig et al. 1991). The otoliths of two fish from East Island Rock

did not exhibit accessory primordia.



Counts were conducted three independent times for all otoliths in three
randomized blind orders in order to eliminate site-specific reader biases (Neilson 1992).
Otolith order was re-randomized between each of the three, repeated counts in order to
account for possible effects of otolith order on reader accuracy and to ensure
independence of repeated counts for each otolith.

Three otoliths selected for examination and analysis were unreadable due to
overpolishing and indistinguishable daily increments or to excessive cracks and
obscurities around the nucleus. These otoliths, consisting of two from Depoe Bay and
one from Nellie’s Cove, were not examined, and the fish were excluded from the study,
lowering the number of fish examined for Depoe Bay and Nellie’s Cove to 18 and 12,

respectively (Appendix V: Table A).

Ages and Dates

To estimate the age of each fish at time of capture, the three otolith increment
counts from the nucleus to the otolith edge were averaged for each otolith. To estimate
the age of each fish at time of metamorphosis, the three otolith increment counts from the
nucleus to the first accessory primordium were averaged for each otolith. Otolith
increment counts were averaged in order to reduce variation due to counting errors
(Campana and Jones 1992). Since all fish had undergone or were undergoing
metamorphosis at the time of capture, the age at capture was also used inferentially as the

age of metamorphosis for fish whose otoliths did not exhibit accessory primordia.



The parturition date for each fish was estimated by subtracting the age at capture
from the collection (capture) date (Campana and Jones 1992). The metamorphosis date
for each fish was estimated by adding the metamorphosis age (larval duration) to the
parturition date. The daily formation of otolith growth increments was validated by
searching the scientific literature for validation studies of otolith increment deposition
rate in young-of-year Sebastes spp. In addition, fish ages were validated by comparing
the range of parturition dates and metamorphosis dates estimated from otolith increment
counts with known parturition times and settlement dates in the literature for the species

collected (Geffen 1992).

Data Analyses and Statistics

All data were analyzed in JMP 4.0 using a Nested ANOVA design with terms for
region and site[region] to test for the effects of nested spatial scales on patterns of age
and growth (Sokal and Rohlf 1995, Zar 1999). Region was modeled as a fixed effect and
site[region] was modeled as a random effect. Age, size, and growth rates were used as
covariates in some analyses, and an interaction term between the covariate and Region
was included in each ANOVA model with a covariate. Terms for region and site[region]
were maintained within the ANOVA models for questions of interest that did not relate
specifically to spatial patterns of age and growth in order to test whether relationships of
age and growth were consistent across regions and local sites.

I used p=0.05 as my critical p-value for assessing statistical significance. |

considered p-values between p=0.05 and 0.1 as marginally significant. Parameter



estimates were reported from the full ANOVA models for terms with p<0.10. P-values
from two-sided t-tests, with a null model of t=0, were reported for parameter estimates of
Region and Site[Region] with p<0.10.

Regression lines and p-values were included in figures for significant terms with
p<0.10. Simple linear regression lines were fit to the data using a Least Sum-of-Squares
method. Multiple linear regression lines were fit to the data by eye. For more detail, see

Appendix I.

Otolith Radial Measurements

Otolith post-rostral radii and radii to the first accessory primordia were measured
using OPTIMAS 4.1. OPTIMAS 4.1 was calibrated to 4x and 10x objective lenses prior
to measuring using a 1.0 millimeter micrometer. All radial measurements were
conducted twice, independently, in two randomized blind orders. Otolith radii were
measured consistently along standardized posterior, or post-rostral, transects because an
overwhelming majority of the first accessory primordia appeared within the posterior
region of the otoliths (Campana 1992).

Otolith radii were measured twice for each otolith, and the two measurements
were conducted independently from one another in a randomized blind order and then
averaged. Post-rostral radius was measured at 40x magnification from the nucleus to the
posterior tip of the post-rostrum (Fig. 2). Radius to the first accessory primordium was
measured at 100x magnification along a standardized posterior radial transect, from the

nucleus to the location of the increment marking the time, or age, of formation of the first



accessory primordium (Fig. 2). The posterior radial transect consisted of a straight line
between the nucleus and the posterior-most tip of the post-rostrum.

Otolith sizes were compared between regions and among sites within each region
using an ANOVA of otolith post-rostral radius on region and site[region] (Sokal and
Rohlf 1995, Zar 1999), in order to detect possible systematic biases in otolith increment
counts. Larger otoliths tended to exhibit more sub-daily increments and be more difficult
to age compared to smaller otoliths. Spatial variation in otolith sizes may indicate

differences in the degree of error for fish age estimates between sites and regions.

Fish Size Back-calculations

Fish sizes were back-calculated to the age of metamorphosis by modeling the
otolith-somatic growth relationships with an ANOVA of SL at capture on otolith post-
rostral radius, region, and site[region]; and an ANOVA of In(blotted dry mass) on
In(otolith post-rostral radius), region, and site[region] (Sokal and Rohlf 1995, Zar 1999).
Appropriate regression equations, of the form:

Length = A*(Otolith Radius) + B
for lengths, and of the form:
In(Mass) = A*In(Otolith Radius) + B
for masses, were then fit to the relationships between fish sizes and otolith radii after
eliminating non-significant terms at a p-value cut-off of 0.05 (Campana and Jones 1992).
Measurements of otolith radii to the first accessory primordia were used as proxies for

otolith radii at metamorphosis. These values were inputted to the regression equations



describing the otolith-somatic growth relationships in order to back-calculate predicted

fish sizes — lengths and masses — at metamorphosis. For more detail, see Appendix 1.

Growth Rates

Total growth rates, juvenile growth rates, and larval growth rates were calculated
using both standard lengths and blotted dry masses. Length growth rates were calculated
using the following equations (Jones 2002):

Total Growth Rate = (Length at Capture — Length at Parturition)
Age at Capture

Juvenile Growth Rate = (Length at Capture — Length at Metamorphosis)
(Age at Capture — Age at Metamorphosis)

Larval Growth Rate = (Length at Metamorphosis — Length at Parturition)
Age at Metamorphosis

Standard length was used for length at capture, back-calculated length was used for
length at metamorphosis, and 5.3 mm was used for the length at parturition, based on the
values from the literature for Sebastes maliger (Matarese et al. 1989), which is thought to
comprise an overwhelming majority of the juvenile rockfish collection (estimated 80% S.
maliger from genetically analyzed subsample of ten fish).
Mass growth rates were calculated using the following equations (Jones 2002):
Total Growth Rate = (Mass at Capture) / (Age at Capture)

Juvenile Growth Rate = (Mass at Capture — Mass at Metamorphosis)
(Age at Capture — Age at Metamorphosis)

Larval Growth Rate = (Mass at Metamorphosis) / (Age at Metamorphosis)



Blotted dry mass was used for mass at capture, and back-calculated mass was used for
mass at metamorphosis. No values for mass at parturition were available from the
literature for S. maliger, and therefore mass at parturition was not subtracted from mass at

capture or metamorphosis in order to derive total and larval growth rates, respectively.

1) Do parturition dates, metamorphosis dates, or metamorphosis ages (i.e., larval

durations) vary between regions or among local sites along the Oregon coast?

An ANOVA of estimated parturition date with terms for region and site[region]

was conducted to validate age estimates from otolith increment counts (Geffen 1992),
with the assumption that all juvenile rockfish collected from each region along the
Oregon coast parturated at approximately the same time (T.E. Laidig, personal
communication). An ANOVA of estimated metamorphosis date with terms for region
and site[region] was conducted to test for spatial patterns in timing of metamorphosis.
An ANOVA of estimated metamorphosis age (larval duration) with terms for region and
site[region] was conducted to test for spatial patterns in age of metamorphosis. For more

detail, see Appendix I.

2) Do larval, juvenile, or total growth rates vary between regions or among local sites
along the Oregon coast?
Spatial patterns of larval growth rates were examined using ANOVAs of larval
growth rates (by length and by mass) with terms for region, site[region], and size at

metamorphosis (length or mass). Juvenile growth rates were examined using ANOVAs



of juvenile growth rates with terms for region, site[region], and size at capture. Total
growth rates were examined using ANOVAs of total growth rates with terms for region,

site[region], and size at capture. For more detail, see Appendix I.

3) Do juvenile physical conditions (mass-length relationships) vary between regions or
among local sites along the Oregon coast?

Spatial patterns in physical conditions (mass-length relationships) were examined
using an ANOVA of In(mass at capture) with terms for region, site[region], and In(length
at capture). Mass at capture and length at capture were natural log transformed in order
to linearize the data.

Blotted dry masses were plotted against SL and a power regression line was fit to
the data (Least Sum-of-Squares), describing the mass-length relationship, of the form:

Mass = A*(SL) B
Condition factors, a proxy for physical conditions, were calculated as residuals from this
power regression equation (Appendix V: Fig. D). Trade-offs between juvenile growth
rates and juvenile physical conditions of fish were examined using ANOVAs of condition
factors with terms for region, site[region], and juvenile growth rate (by mass or by

length). For more detail, see Appendix I.



4) Do faster growing larvae metamorphose at younger ages, as predicted by the Single
Process Concept?

ANOVAs of age at metamorphosis (i.e., larval duration) with terms for region,
site[region], and larval growth rates (by length or by mass) were conducted to test
whether faster growing larvae metamorphose at younger ages and experience shorter
larval durations. Possible trade-offs between larval length growth rates and larval mass
growth rates were investigated using an ANOVA of In(larval mass growth rate) with
terms for In(larval length growth rate), region, and site[region]. Larval growth rates were

natural log transformed in order to normalize variances. For more detail, see Appendix I.

5) Do larval growth rates, size at metamorphosis, or larval duration (i.e., age at
metamorphosis) predict juvenile growth rates?

ANOVA s of juvenile growth rates (by length and by mass) with terms for region,
site[region], and larval growth rate (by length or by mass) were conducted to test whether
larval growth rates determine juvenile growth rates. ANOVAs of juvenile growth rates
with terms for region, site[region], and size at metamorphosis (length or mass) were
conducted to test whether size at metamorphosis determines juvenile growth rates.
ANOVAs of juvenile growth rates with terms for region, site[region], and larval duration
(i.e., age at metamorphosis) were conducted to test whether larval duration, or

metamorphosis age, determines juvenile growth rates. For more detail, see Appendix I.



6) Does growth-selective mortality occur during the early juvenile stage of young-of-
year rockfish along the Oregon coast, as predicted by the Growth-Mortality
Hypothesis?

Values for juvenile growth rates were pooled into discrete juvenile duration
classes with 10-day intervals of time since metamorphosis. For each site, variances and
means were calculated for juvenile growth rates by length and by mass within each
juvenile duration class. ANOVAs of variances of juvenile growth rates with terms for
region, site[region], and juvenile duration class were conducted to test for changes in the
variation of juvenile growth rates with increasing juvenile duration, which indicates the
presence or absence of growth-selective mortality. ANOVAs of mean juvenile growth
rates with terms for region, site[region], and juvenile duration class were conducted to
test for changes in the averages of juvenile growth rates with increasing juvenile duration,

which indicates the direction of growth-selective mortality. For more detail, see

Appendix I.



RESULTS

Fish ldentification

Pigmentation patterns, morphological characteristics, meristic fin ray counts, and
known geographic distributions were consistent with four species in the genus Sebastes:
S. maliger (quillback rockfish), S. caurinus (copper rockfish), S. carnatus (gopher
rockfish) and S. chrysomelas (black-and-yellow rockfish) (Appendix V: Fig. B)
(Matarese et al. 1989, Laidig and Adams 1991, Love et al. 2002). S. carnatus and S.
chrysomelas are only known to occur south of Cape Blanco and were presumably not
present in the central sites.

The ten fish (largest and smallest fish from each site) that underwent cytokine b
site genetic analysis were identified to four different species: S. maliger, S. caurinus, and
S. carnatus or S. chrysomelas. S. carnatus and S. chrysomelas are virtually
indistinguishable genetically and were grouped together as a single species for DNA
analyses (Larson 2002, T.E. Laidig and R.D. Vetter, personal communication). The
largest fish from Nellie’s Cove was identified as S. caurinus, and the largest fish from
East Island Rock was identified as S. carnatus or S. chrysomelas. The other eight fish
were identified as S. maliger, comprising 80% of the genetically analyzed sub-sample. S.
maliger was the only species known to be present in collections from all five sites. Of
the genetically analyzed fish, 100% (four out of four) from the central Oregon coast were
S. maliger, compared to 67% (four out of six) from the southern Oregon coast. For more

detail, see Appendix I11.



Ages and Dates

Estimated total ages at capture for the collected young-of-year rockfish ranged
from 60.7 days to 113.3 days, with a mean age at capture of 88.5 days (Appendix V:
Table B). Estimated ages at metamorphosis, or larval durations, ranged from 32.7 days to
68.7 days, with a mean metamorphosis age or larval duration of 53.6 days. These
metamorphosis ages correspond to the suspected larval durations of the collected species,
typically between one and two months (A.J. Ammann, M.H. Carr, and T.E. Laidig,
personal communication).

Estimated metamorphosis dates ranged from June 27" to August 23, with a
mean metamorphosis date of July 22" (Appendix V: Table B). These metamorphosis
dates appear to correspond to published settlement dates for S. maliger, S. caurinus, S.
carnatus, and S. chrysomelas, which are characterized by a very short pelagic juvenile
stage and settlement immediately following metamorphosis (Love et al. 2002). S.
maliger is reported to settle from July to November in Puget Sound (Yamanaka 2002). S.
caurinus is reported to settle during late April and May off central California and during
July and August in the Strait of Georgia (Love 2002). S. carnatus is reported to settle
from January to July in central California (Larson 2002). S. chrysomelas and S. carnatus
were reported to settle during June and July (Larson 2002). No settlement dates are
provided for any of these species in Oregon specifically.

Estimated parturition dates ranged from May 3™ to June 23" (Appendix V: Table
B). The mean parturition date among all fish from the five sites and two regions was
May 29", These dates appear to correspond to published parturition dates for S. maliger,

S. caurinus, S. carnatus, and S. chrysomelas (Love et al. 2002). S. maliger is reported to



parturate (i.e., release larvae) from April to July in northern and central California, and
during April in Puget Sound (Yamanaka 2002). S. caurinus is reported to parturate
during May and perhaps to July off Oregon (Love 2002). S. carnatus is reported to
parturate from January to July in central California (Larson 2002). S. chrysomelas and S.
carnatus were both reported to parturate from January to May off California (Larson
2002). No parturition dates are provided for S. maliger, S. carnatus, or S. chrysomelas in

Oregon specifically. For more detail, see Appendix I11.

Otolith Radial Measurements

Otolith radii differed among sites nested within regions (p<0.0001) but not
between regions (p=0.48). Within the central Oregon coast, otolith radii from Depoe Bay
fish were on average 0.0020 mm greater than otolith radii from Otter Crest fish (p=0.88).
Within the southern Oregon coast, otolith radii from Nellie’s Cove fish were on average
0.14 mm greater than otolith radii from Orford Reef fish (p<0.0001), and otolith radii
from Orford Reef fish were on average 0.17 mm greater than otolith radii from East

Island Rock fish (p<0.0001). For more detail, see Appendix II.

Fish Size Back-calculations

There was a significant effect of otolith radius on length at capture (p<0.0001)
(Fig. 3). This relationship did not differ between regions (p=0.65) or among sites nested

within regions (p=0.23). There was a marginally significant interaction between otolith



radius and region (p=0.055). Lengths at capture increased with otolith radius at a rate of
4.57 *mm-! faster in the southern Oregon coast than in the central Oregon coast.
However, this difference did not meet the p-value cut-off of p=0.05. A simple linear
regression of length at capture versus otolith radius was used to describe the otolith-
somatic growth relationship for all fish.

There was a significant effect of In(otolith radius) on In(mass at capture)
(p<0.0001) (Fig. 3). This relationship did not differ between regions (p=0.96) or among
sites nested within regionss (p=0.15). There was no interaction between otolith radius
and region (p=0.24). A simple linear regression of the natural log of mass at capture
versus the natural log of otolith radius was used to describe the otolith-somatic growth

relationship for all fish. For more detail, see Appendix II.

1) Do parturition dates, metamorphosis dates, or metamorphosis ages (i.e., larval
durations) vary between regions or among local sites along the Oregon coast?

Parturition dates differed among sites nested within regions (p<0.0001) but not
between regions (p=0.62) (Fig. 4). Within the central Oregon coast, fish larvae from
Depoe Bay parturated on average 8.5 days later than fish from Otter Crest (p<0.0001).
Within the southern Oregon coast, fish from East Island Rock parturated on average 13.3
days later than fish from Orford Reef (p<0.0001), and fish from Nellie’s Cove parturated
on average 8.1 days earlier than fish from Orford Reef (p<0.0001).

Metamorphosis dates differed among sites nested within regions (p<0.0001) but
not between regions (p=0.86) (Fig. 4). Within the central Oregon coast, fish larvae from

Depoe Bay metamorphosed on average 7.9 days later than fish from Otter Crest



(p<0.0001). Within the southern Oregon coast, fish from East Island Rock
metamorphosed on average 14.0 days later than fish from Orford Reef (p<0.0001), and
fish from Nellie’s Cove metamorphosed on average 9.1 days earlier than fish from Orford
Reef (p=0.0002).

Metamorphosis ages (larval durations) did not differ between regions (p=0.23) or

among sites nested within regions (p=0.96) (Fig. 4). For more detail, see Appendix II.

2) Do larval, juvenile, or total growth rates vary between regions or among local sites
along the Oregon coast?

Larval length growth rates did not differ between regions (p=0.23) or among sites
nested within regions (p=0.40) (Fig. 5). There was no effect of length at metamorphosis
on larval length growth rate (p=0.38) and no interaction between length at metamorphosis
and region (p=0.21).

Larval mass growth rates did not differ between regions (p=0.25) or among sites
nested within regions (p=0.25) (Fig. 5). There was a significant effect of mass at
metamorphosis on larval mass growth rate (p<0.0001) and a significant interaction
between mass at metamorphosis and region (p=0.015). Larval growth rates by mass were
on average 0.00013 g/day faster for every 0.01-g increase in mass at metamorphosis.
Larval growth rates by mass increased with mass at metamorphosis at a rate of 0.0016
*day ! faster on the southern Oregon coast compared to the central Oregon coast.

Juvenile length growth rates differed among sites nested within regions (p=0.041)
but did not differ between regions (p=0.26) (Fig. 6). Within the central Oregon coast,

juvenile growth rates by length were on average 0.021 mm/day faster in Otter Crest than



in Depoe Bay, for a given length at capture (p=0.038). Within the southern Oregon coast,
juvenile growth rates by length were on average 0.042 mm/day faster in East Island Rock
than in Orford Reef (p=0.054), and 0.033 mm/day faster in Orford Reef than in Nellie’s
Cove (p=0.065), for a given length at capture. There was a significant effect of length at
capture on juvenile length growth rate (p<0.0001) but no interaction between length at
capture and region (p=0.71). Juvenile growth rates by length were on average 0.020
mm/day faster for every 1.0-mm increase in length at capture.

Juvenile mass growth rates differed marginally among sites nested within regions
(p=0.068) but did not differ between regions (p=0.44) (Fig. 6). Within the central
Oregon coast, juvenile growth rates by mass were on average 0.00030 g/day faster in
Otter Crest than in Depoe Bay, for a given mass at capture (p=0.067). Within the
southern Oregon coast, juvenile growth rates by mass were on average 0.00048 g/day
faster in East Island Rock than in Orford Reef (p=0.098), and 0.00051 g/day faster in
Orford Reef than in Nellie’s Cove (p=0.054), for a given mass at capture. There was a
significant effect of mass at capture on juvenile mass growth rate (p<0.0001) but no
interaction between mass at capture and region (p=0.37). Juvenile growth rates by mass
were on average 0.00021 g/day faster for every 0.01-g increase in mass at capture.

Total length growth rates differed marginally between regions (p=0.056) and
among sites nested within regions (p<0.052) (Fig. 7). Total growth rates by length were
on average 0.011 mm/day faster on the southern Oregon coast compared to the central
Oregon coast, for a given length at capture (p<0.0001). Within the central Oregon coast,
total growth rates by length were on average 0.0055 mm/day faster in Otter Crest than in

Depoe Bay, for a given length at capture (p=0.051). Within the southern Oregon coast,



total growth rates by length were on average 0.012 mm/day faster in East Island Rock
than in Orford Reef (p=0.052), and 0.0088 mm/day faster in Orford Reef than in Nellie’s
Cove (p=0.076), for a given length at capture. There was a significant effect of length at
capture on total length growth rate (p<0.0001) but no interaction between length at
capture and region (p=0.79). Total growth rates by length were on average 0.0074
mm/day faster for every 1.0-mm increase in length at capture.

Total mass growth rates differed marginally between regions (p=0.060) but did
not differ among sites nested within regions (p=0.61) (Fig. 7). Total growth rates by
mass were on average 0.00006 g/day faster on the southern Oregon coast compared to the
central Oregon coast, for a given mass at capture (p=0.0014). There was a significant
effect of mass at capture on total mass growth rate (p<0.0001) but no interaction between
mass at capture and region (p=0.55). Total growth rates by mass were on average
0.000094 g/day faster for every 0.01-g increase in mass at capture. For more detail, see

Appendix I1.

3) Do juvenile physical conditions (mass-length relationships) vary between regions or
among local sites along the Oregon coast?
Juvenile physical conditions (mass-length relationships) differed among sites
nested within regions (p<0.0001) but did not differ between regions (p=0.67) (Fig. 8).
Within the central Oregon coast, the natural logs of mass (g) at capture were on average
0.079 greater in Depoe Bay than in Otter Crest, for a given natural log of length (mm) at
capture (p<0.0001). Within the southern Oregon coast, the natural logs of mass (g) at

capture were on average 0.037 greater in Nellie’s Cove than in Orford Reef (p=0.15), and



0.037 greater in Orford Reef than in East Island Rock (p=0.25), for a given natural log of
length (mm) at capture. There was a significant effect of In(length at capture) on In(mass
at capture) (p<0.0001) but no interaction between In(length at capture) and region
(p=0.36). The natural log of mass (g) at capture was on average 3.43 greater for every
increase of 1.0 in the natural log of length (mm) at capture.

There was a marginally significant effect of juvenile length growth rate on
condition factors (p=0.058) but no interaction between juvenile length growth rate and
region (p=0.22) (Fig. 9). Condition factors decreased at an average rate of 0.0420g for
every 1-mm/day increase in juvenile growth rates by length. Condition factors differed
among sites nested within regions (p=0.0002) but not between regions (p=0.93). Within
the central Oregon coast, condition factors were 0.0122g greater in Depoe Bay than in
Otter Crest, for a given juvenile length growth rate (p<0.0001). Within the southern
Oregon coast, condition factors were 0.00329g greater in Nellie’s Cove than in Orford
Reef (p=0.36), and 0.00103g greater in Orford Reef than in East Island Rock (p=0.78),
for a given juvenile length growth rate.

There was no effect of juvenile mass growth rate on condition factors (p=0.98)
and no interaction between juvenile mass growth rate and region (p=0.40) (Fig. 9).
Condition factors differed among sites nested within regions (p<0.0001) but not between
regions (p=0.96). Within the central Oregon coast, condition factors were 0.0136g
greater in Depoe Bay than in Otter Crest, for a given juvenile mass growth rate
(p<0.0001). Within the southern Oregon coast, condition factors were 0.00214g greater

in Nellie’s Cove than in Orford Reef (p=0.58), and 0.000867g greater in East Island Rock



than in Orford Reef (p=0.84), for a given juvenile mass growth rate. For more detail, see

Appendix II.

4) Do faster growing larvae metamorphose at younger ages, as predicted by the Single
Process Concept?

There was a significant effect of larval length growth rate on age at
metamorphosis, or larval duration (p<0.0001) and a marginally significant interaction
between larval length growth rate and region (p=0.072) (Fig. 10). Ages at
metamorphosis (larval durations) were on average 2.12 days younger (shorter) for every
0.01-mm/day increase in larval length growth rates. Ages at metamorphosis (larval
durations) decreased with larval length growth rates at a rate of 61.6 days?/mm faster in
the central Oregon coast than in the southern Oregon coast. Ages at metamorphosis did
not differ between regions (p=0.21) or among sites nested within regions (p=0.76).

There was a significant effect of larval mass growth rate on age at metamorphosis,
or larval duration (p<0.0001) and a significant interaction between larval mass growth
rate and region (p=0.046) (Fig. 10). Ages at metamorphosis (larval durations) were on
average 2.11 days older (longer) for every 0.0001-g/day increase in larval mass growth
rates. Ages at metamorphosis (larval durations) increased with larval mass growth rates
at a rate of 10.0 days?/0.001g faster in the central Oregon coast than in the southern
Oregon coast. Ages at metamorphosis differed marginally between regions (p=0.087) but
not among sites nested within regions (p=0.76) (Fig. 10). Ages at metamorphosis (larval
durations) were on average 1.9 days younger (shorter) in the southern Oregon coast than

in the central Oregon coast, for a given larval mass growth rate (p=0.046).



There was a significant effect of In(larval length growth rate) on In(larval mass
growth rate) (p=0.0004) but no interaction between In(larval length growth rate) and
region (p=0.31) (Fig. 11). The natural log of larval mass growth rates (g/day) increased
at a rate of 1.19 with every 1-unit increase in the natural log of larval length growth rates
(mm/day). This relationship did not differ between regions (p=0.25) or among sites

nested within regions (p=0.49). For more detail, see Appendix II.

5) Do larval growth rates, size at metamorphosis, or larval duration (i.e., age at
metamorphosis) predict juvenile growth rates?

There was a significant effect of larval length growth rate on juvenile length
growth rate (p=0.0083) but no interaction between larval length growth rate and region
(p=0.43) (Fig. 12). Juvenile growth rates by length were on average 0.00975 mm/day
slower for every 0.01-mm/day increase in larval growth rates by length. Juvenile growth
rates differed among sites nested within regions (p=0.027) but not between regions
(p=0.94). Within the central Oregon coast, juvenile growth rates by length were on
average 0.015 mm/day faster in Otter Crest than in Depoe Bay, for a given larval length
growth rate (p=0.23). Within the southern Oregon coast, juvenile growth rates by length
were on average 0.025 mm/day faster in Nellie’s Cove than in Orford Reef (p=0.17), and
0.054 mm/day faster in Orford Reef than in East Island Rock (p=0.0054), for a given
larval length growth rate.

There was a marginally significant effect of larval mass growth rate on juvenile
mass growth rate (p=0.063) but no interaction between larval mass growth rate and

region (p=0.92) (Fig. 12). Juvenile growth rates by mass were on average 0.000191



g/day slower for every 0.0001-g/day increase in larval growth rates by mass. Juvenile
mass growth rates differed among sites nested within regions (p=0.0040) but not between
regions (p=0.60). Within the central Oregon coast, juvenile growth rates by mass were
on average 0.000092 g/day faster in Depoe Bay than in Otter Crest, for a given larval
mass growth rate (p=0.75). Within the southern Oregon coast, juvenile growth rates by
mass were on average 0.00095 g/day faster in Nellie’s Cove than in Orford Reef
(p=0.017), and 0.0016 g/day faster in Orford Reef than in East Island Rock (p=0.0003),
for a given larval mass growth rate.

There was a significant effect of length at metamorphosis on juvenile length
growth rate (p=0.0094) but no interaction between length at metamorphosis and region
(p=0.37) (Fig. 13). Juvenile growth rates by length were on average 0.0158 mm/day
slower for every 1-mm increase in lengths at metamorphosis. Juvenile length growth
rates differed among sites nested within regions (p=0.0088) but not between regions
(p=0.71). Within the central Oregon coast, juvenile growth rates by length were on
average 0.017 mm/day faster in Otter Crest than in Depoe Bay, for a given length at
metamorphosis (p=0.18). Within the southern Oregon coast, juvenile growth rates by
length were on average 0.029 mm/day faster in Nellie’s Cove than in Orford Reef
(p=0.11), and 0.064 mm/day faster in Orford Reef than in East Island Rock (p=0.0017),
for a given length at metamorphosis.

There was no effect of mass at metamorphosis on juvenile mass growth rate
(p=0.27) and no interaction between mass at metamorphosis and region (p=0.74) (Fig.
13). Juvenile mass growth rates differed among sites nested within regions (p=0.0093)

but not between regions (p=0.55). Within the central Oregon coast, juvenile growth rates



by mass were on average 0.000093 g/day faster in Depoe Bay than in Otter Crest, for a
given mass at metamorphosis (p=0.75). Within the southern Oregon coast, juvenile
growth rates by mass were on average 0.00093 g/day faster in Nellie’s Cove than in
Orford Reef (p=0.023), and 0.0015 g/day faster in Orford Reef than in East Island Rock
(p=0.0009), for a given mass at metamorphosis.

There was no effect of larval duration (age at metamorphosis) on juvenile length
growth rate (p=0.99) and no interaction between larval duration and region (p=0.56) (Fig.
14). Juvenile length growth rates differed marginally among sites nested within regions
(p=0.072) but not between regions (p=0.81). Within the central Oregon coast, juvenile
growth rates by length were on average 0.017 mm/day faster in Otter Crest than in Depoe
Bay, for a given larval duration (age at metamorphosis) (p=0.21). Within the southern
Oregon coast, juvenile growth rates by length were on average 0.024 mm/day faster in
Nellie’s Cove than in Orford Reef (p=0.22), and 0.046 mm/day faster in Orford Reef than
in East Island Rock (p=0.019), for a given larval duration.

There was no effect of larval duration (age at metamorphosis) on juvenile mass
growth rate (p=0.17) and no interaction between larval duration and region (p=0.86) (Fig.
14). Juvenile mass growth rates differed among sites nested within regions (p=0.016) but
not between regions (p=0.70). Within the central Oregon coast, juvenile growth rates by
mass were on average 0.00012 g/day faster in Depoe Bay than in Otter Crest, for a given
larval duration (age at metamorphosis) (p=0.68). Within the southern Oregon coast,
juvenile growth rates by mass were on average 0.00087 g/day faster in Nellie’s Cove than
in Orford Reef (p=0.030), and 0.0013 g/day faster in Orford Reef than in East Island

Rock (p=0.0017), for a given larval duration. For more detail, see Appendix II.



6) Does growth-selective mortality occur during the early juvenile stage of young-of-
year rockfish along the Oregon coast, as predicted by the Growth-Mortality
Hypothesis?

There was a significant effect of juvenile duration class on the variance of
juvenile length growth rates (p=0.012) but no interaction between juvenile duration class
and region (p=0.90) (Fig. 15). The variance of juvenile length growth rates decreased by
0.00431 for every 10-day increase in juvenile duration, after accounting for the effects of
Region and Site[Region]. Variances of juvenile length growth rates did not differ
between regions (p=0.15) or among sites nested within regions (p=0.92).

There was a significant effect of juvenile duration class on the variance of
juvenile mass growth rates (p=0.031) and no interaction between juvenile duration class
and region (p=0.96) (Fig. 15). The variance of juvenile mass growth rates decreased by
1.07*10° for every 10-day increase in juvenile duration, after accounting for the effects
of Region and Site[Region]. Variances of juvenile mass growth rates did not differ
between regions (p=0.31) or among sites nested within regions (p=0.24).

There was no effect of juvenile duration class on mean juvenile length growth
rates (p=0.25) and no interaction between juvenile duration class and region (p=0.47)
(Fig. 16). Mean juvenile length growth rates did not differ between regions (p=0.96) or
among sites nested within regions (p=0.61).

There was no effect of juvenile duration class on mean juvenile mass growth rates
(p=0.45) and no interaction between juvenile duration class and region (p=0.58) (Fig.
16). Mean juvenile mass growth rates did not differ between regions (p=0.67) or among

sites nested within regions (p=0.34). For more detail, see Appendix II.



DISCUSSION

I examined spatial variation in the patterns of age and growth of young-of-year
rockfish, Sebastes spp., across two nested spatial scales — regional and local — along the
Oregon coast (Fig. 1), spanning an important regional oceanographic discontinuity
located at Cape Blanco (Parrish et al. 1981, Huyer 1983, Barth and Smith 1998, Barth et
al. 2000, Freidenburg 2002). By examining otolith microstructural properties (Fig. 2), |
was able to construct otolith-somatic growth relationships (Fig. 3) in order to back-
calculate sizes at metamorphosis for fish. By counting daily otolith increments, | was
able to estimate ages and dates at metamorphosis and at parturition, and to calculate
average growth rates for the larval and juvenile stages.

Using a Nested ANOVA design, | investigated spatial patterns in parturition
dates, metamorphosis dates, and metamorphosis ages (Question #1). | also investigated
spatial patterns in larval, juvenile, and total growth rates (Question #2); as well as in
juvenile physical conditions (mass-length relationships, or condition factors) (Question
#3). Additionally, I tested a key assumption of the Single Process Concept (Cushing
1975, Houde 1987, Houde 1989) that larval growth rates control the timing of
metamorphosis, and thus the larval duration (Question #4). | sought to identify linkages
between the larval and juvenile stages by investigating the relationship between juvenile
growth rates and larval growth and development (Question #5). Finally, I tested the
Growth-Mortality Hypothesis during the juvenile stage, which predicts directional

growth-selective mortality (Anderson 1988, Booth and Hixon 1999, Takasuka et al.



2003), by examining changes in the variances and means of juvenile growth rates across

the juvenile duration (Question #6).

1) Do parturition dates, metamorphosis dates, or metamorphosis ages (i.e., larval
durations) vary between regions or among local sites along the Oregon coast?

Differences in parturition dates among sites (Fig. 4) may result from distinct
cohorts, released during discrete parturition events (Pasten et al. 2003) by different
maternal populations (Burford 2001), at each site. This possibility implies that fish did
not mix in the plankton as pelagic larvae and maintained “cohort cohesiveness” during
their larval duration and through settlement (Jones et al. 1999, Swearer et al. 1999,
Cowen et al. 2000, Swearer et al. 2002, Taylor and Hellberg 2003). Evidence of limited
larval dispersal in rockfish along the Oregon coast supports this explanation (Miller and
Shanks In Press).

Alternatively, differences in parturition dates may indicate systematic errors in
daily otolith increment counts and thus local spatial biases in age and growth rate
estimates (Geffen 1992). This conclusion relies upon the assumption that fish from all
sites within each region parturated at approximately the same time (T.E. Laidig, personal
communication). Differences among sites in otolith radii may have contributed to
systematic errors in age estimates, based on the observation that larger otoliths exhibited
more sub-daily increments than smaller otoliths. Suspected errors in growth rate
estimates due to differences among sites in otolith radii and parturition dates
corresponded with observed spatial variation in growth rates among sites in the southern

region. However, local variation in growth rates between the central Oregon coast sites



contradicted patterns that would be expected from solely systematic errors in increment
counts due to differences in parturition dates and otolith radii. Therefore, spatial patterns
of age and growth likely reflect true ecological differences among sites. Estimated dates
of parturition, ages of metamorphosis, and dates of settlement agreed well with those in
the literature (Love et al. 2002), providing a tentative verification of age estimates from
otolith daily increment counts.

Metamorphosis ages did not differ between regions or among sites within each
region (Fig. 4), indicating spatially consistent timing of metamorphosis, or developmental
rates. Variation in metamorphosis dates among sites (Fig. 4) is attributable to the
combination of locally differing parturition dates and the lack of spatial structure in

metamorphosis ages. For more detail, see Appendix I1I.

2) Do larval, juvenile, or total growth rates vary between regions or among local sites
along the Oregon coast?

Spatial patterns in growth rates of young-of-year rockfish indicate that growth
rates during the larval stage vary on a regional scale (Fig. 5), while growth rates during
the juvenile stage vary predominantly on a local scale (Fig. 6). Small, consistent regional
differences in growth rates during both larval and juvenile stages appeared to combine
through an additive effect to result in substantial regional differences in total growth rates
(Fig. 7). These results indicate that the spatial scale of control over young-of-year
rockfish growth and development is largely stage-specific.

Regional factors such as coastal oceanography (Lasker 1978, lles and Sinclair

1982, Fortier and Gagneé 1990), water temperature (Love et al. 1991), or differences in



species composition (Love et al. 2002) may drive the growth dynamics of planktonic
larval rockfish along the Oregon coast, as indicated by a significant regional pattern in
larval mass growth rates (Fig. 5). An anomalous hypoxia event accompanied by intense
persistent upwelling and cold water temperatures along the central Oregon coast in
summer 2002 (Wheeler et al. 2003, Grantham et al. 2004) may explain the observation of
slower larval mass growth rates in the central region than in the southern region (Fig. 5).
Colder water temperatures tend to depress growth rates and have been demonstrated to be
an important source of variation in the growth of juvenile rockfish (Love et al. 1991).
Errors introduced by back-calculating lengths at metamorphosis, resulting from
significant regional differences in otolith-somatic growth relationships (Appendix V:

Fig. E) (Secor and Dean 1989), may have concealed a similar regional pattern in larval
length growth rates (Fig. 5).

In contrast, during the demersal juvenile stage of young-of-year rockfish, site-to-
site variation on a local spatial scale outweighed regional factors for determining juvenile
growth rates (Fig. 6). Local, site-specific features that appear to vary greatly on small
spatial scales are possibly regulating growth during the juvenile stage, after
metamorphosis and settlement. For instance, settlement habitat (Love et al. 1991, Levin
et al. 1997, Tupper and Boutilier 1997), species composition of recruits (Carr 1989, T.H.
Young, personal observation), cohort density (Bystroem and Garcia-Berthou 1999), wave
and current exposure (Clark 1997, Graham et al. 1997), predation intensity (Connell
1998, Connell 2002), local productivity (Leichter and Witman 1997, Genovese and

Witman 1999), and food availability (Love et al. 1991, Booth and Hixon 1999) may vary



on small spatial scales and either directly influence growth or interact with other
important local factors.

The early life history stage of young-of-year rockfish appears to determine the
spatial scale of variation in growth rates along the Oregon coast. | propose that the
dispersal larval stage of rockfish may be heavily influenced by large-scale, regional
oceanographic features that are relatively homogeneous on scales of tens of kilometers
(Sunye 1999). Conversely, the demersal or benthic juvenile and adult stages may be
primarily controlled by locally heterogeneous ecological factors, which operate on scales
of hundreds of meters and may vary tremendously from site to site (Love et al. 1991).

The emergent spatial scale of variation in the demographics of marine organisms
may be similar to the spatial scale of dispersion in the particular life history stage of
interest and should also reflect the spatial scale of homogeneity for influential
environmental factors. Therefore, the manifested spatial scale of demographic variation
for a life history stage may be coupled to the scale of dispersion and to the scale of
variability in relevant environmental conditions and resources. Shifts in spatial scale of
demographic variation (e.g., from regional to local) between life history stages (e.g., from
larval to juvenile) may thus result from order of magnitude changes in the degree of
dispersion or in the spatial heterogeneity of a crucial environmental factor. The
difference in spatial scale of growth between larval and juvenile stages underscores the
complexity of the early life history of marine fishes and other marine organisms with
biphasic life cycles (Menge and Sutherland 1987, Roughgarden et al. 1988, Caley et al.

1996), and emphasizes the importance of this ontogenetic and ecological transition period



(metamorphosis and settlement) (Kaufman et al. 1992, McCormick and Makey 1997).

For more detail, see Appendix I11.

3) Do juvenile physical conditions (mass-length relationships) vary between regions or
among local sites along the Oregon coast?

Significant local variation in juvenile physical conditions (mass-length
relationships) existed among sites within the central region (Fig. 8). However, these site-
to-site differences were confounded with a time lag of three weeks between fish
collections along the central Oregon coast, underscoring the need to investigate
demographic parameters across temporal scales as well as spatial scales (Sanford and
Menge 2001, Hakala et al. 2003). Juvenile condition factors were negatively correlated
with juvenile growth rates by length, but were not correlated with juvenile growth rates
by mass (Fig. 9). This trade-off between juvenile length growth rates and condition
factors indicates that fish sacrificed their linear growth in order to acquire more mass per

unit of length. For more detail, see Appendix I1I.

4) Do faster growing larvae metamorphose at younger ages, as predicted by the Single
Process Concept?
I found an inverse relationship between larval length growth rates and ages at
metamorphosis (Fig. 10), which argues for the control of developmental rates and larval
durations by linear growth rate in young-of-year rockfish, as posited by the Single

Process Concept (Cushing 1975, Houde 1987, Houde 1989). Furthermore, the magnitude



of this effect (i.e., the slope of the relationship) differed between regions (Fig. 10),
indicating either the influence of differences in species compositions or possible control
of regional environmental factors upon this ontogenetic process. If the larval stage
experiences disproportionately higher mortality rates than the juvenile stage, then these
results present a hypothetical mechanism by which variation in rockfish recruitment may
be regulated by the linear growth rates of rockfish larvae (Cushing and Horwood 1994,
Bergenius et al. 2002), as mediated through timing of metamorphosis and settlement
(Shima and Findlay 2002).

I observed a direct, positive relationship between larval mass growth rates and
ages at metamorphosis (Fig. 10), which may indicate an ability of larval rockfish to delay
metamorphosis after attaining an ontogenetic “threshold” length (Fuiman 2002) by
compromising linear growth for mass growth (Pasten et al. 2003). This explanation
would entail a trade-off between larval length growth rates and larval mass growth rates
in fish that delay metamorphosis. However, a positive relationship between larval mass
growth rates and larval length growth rates (Fig. 11) did not support this mechanism of
delayed development by compromising linear growth for mass growth as a plausible
explanation. Nonetheless, by exhibiting flexibility over the timing of development,
rockfish larvae may be able to extend their larval duration while waiting for appropriate
settlement habitat or other critical environmental cues to trigger metamorphosis (Youson
1988). This finding suggests that the timing, or age, of metamorphosis is controlled by a
combination of exogenous factors, such as the presence of a suitable bottom habitat

(Montgomery et al. 2001, Parmentier et al. 2004), and endogenous factors, such as a



postponable threshold length that may hormonally trigger juvenile transformation (Pasten

et al. 2003). For more detail, see Appendix I1I.

5) Do larval growth rates, size at metamorphosis, or larval duration (i.e., age at
metamorphosis) predict juvenile growth rates?

Larval growth rates and lengths at metamorphosis exhibited inverse relationships
with juvenile growth rates (Fig. 12 and 13), demonstrating a significant trade-off between
larval growth and juvenile growth. Larval durations, however, did not exhibit an effect
on juvenile growth rates (Fig. 14). The trade-off between larval growth and juvenile
growth may result from dramatic ontogenetic shifts in diet, habitat requirements, and
physiological tolerances during metamorphosis (Love et al. 2002, McCormick and
Makey 1997). Pelagic productivity may favor faster growth in planktonic rockfish larvae
(Lasker 1978, Love et al. 2002), but varies inversely on regional spatial scales with
benthic productivity or kelp forest biomass (Broitman and Kinlan In Review), which may
promote faster growth in demersal juvenile rockfishes (Love et al. 1991, Love et al.
2002). Consequently, oceanographic conditions that enhance larval growth rates may
hinder juvenile growth rates, suggesting that individual young-of-year rockfish may be
in-phase with their ideal conditions and resources during the planktonic larval stage, but
out-of-phase with their ideal environment during the demersal juvenile stage, or vice

versa. For more detail, see Appendix IlI.



6) Does growth-selective mortality occur during the early juvenile stage of young-of-
year rockfish along the Oregon coast, as predicted by the Growth-Mortality
Hypothesis?

By examining changes in variances and means of juvenile growth rates through
the juvenile duration, I found no evidence of directional growth-selective mortality,
thereby disproving the Growth-Mortality Hypothesis (Anderson 1988, Booth and Hixon
1999, Takasuka et al. 2003) during the early juvenile stage for young-of-year rockfish.
Variances of juvenile growth rates decreased (Fig. 15) while mean juvenile growth rates
remained unchanged (Fig. 16) with increasing juvenile duration, indicating the possibility
of stabilizing growth-selective mortality. Alternatively, this pattern may result from
growth depensation during the larval stage, metamorphosis, and settlement (Koebele
1985, Ochi 1986), followed by compensatory growth throughout the demersal juvenile
stage (Jones 2002, Ali et al. 2003).

An additional explanation may be an artifact whereby growth rates for older
juveniles are less variable because they are integrated over a wide range of multiple
conditions that the juvenile fish have experienced throughout a longer juvenile duration
(M.S. Webster, personal communication). In contrast, younger juveniles depend on a
short period of either good or bad conditions, and their growth rates tend to be highly
variable among individual fish since fewer condition types were experienced by each fish
over its shorter juvenile duration. This artifact implies that the environmental conditions
which promote fast or slow growth in juvenile rockfish vary temporally on a scale that is
captured by the juvenile duration of the collected fish, which ranged from days to
approximately a month. Therefore, the temporal scale of variation in growth rates is

likely on the order of days to weeks, emphasizing the potential importance of intra-



seasonal variability for marine fish demographics (Dahlgren and Eggleston 2001). For

more detail, see Appendix III.

Recommendations for Future Research

This study highlights the importance of using a spatially nested sampling design
for investigating spatial patterns in demographics of marine organisms (Caselle and
Warner 1996). Future research should focus on testing the hypothesis that regional
factors control larval demographics while local factors control juvenile demographics.
Experiments and studies should be directed towards identifying the independent and
interactive effects of habitat, biological interactions, and oceanographic conditions on the
population dynamics of larval and juvenile rockfish. Unraveling the relative
contributions of these processes operating on multiple spatial scales will assist efforts to
predict the consequences of anthropogenic disturbances such as climate change (Scavia et
al. 2002, Walther et al. 2002), overfishing (Dayton et al. 2002), and habitat destruction
(Watling and Norse 1998) for the early life history stages of rockfish. Additionally, a test
of the Recruitment-Limitation Hypothesis (Hjort 1914, Lasker 1978, Houde 1987) in
rockfish would permit a greater understanding of the importance of growth and
recruitment during the larval and juvenile stages for structuring year-class strength, for
ensuring cohort persistence, and for replenishing adult populations and fisheries stocks.

Further work is needed to investigate temporal variability in growth rates,
metamorphosis ages, and selective mortality of the early life history stages of Sebastes

spp. across similar nested spatial scales. A complementary study of temporal and spatial



patterns in settlement and recruitment for young-of-year rockfish would permit an in-
depth assessment of the ecological ramifications of growth and development for cohort
persistence and population dynamics. The adoption of a long-term, large-scale approach
to examining these demographic parameters would allow correlative explorations of the
effects of varying oceanographic conditions (PISCO 2002, A.J. Ammann, M.H. Carr, J.E.
Caselle, and C. Syms, personal communication) and habitat features, such as macroalgal
dynamics (Mann 1973, Carr 1994a), on the fitness and recruitment of young-of-year
rockfish (Carr 1991, Love et al. 1991, Love et al. 2002). For instance, past research has
identified the importance of episodic and stochastic events, such as storms (Harger and
Landenberger 1971, Cabello-Pasini et al. 2002), El Nifios (Victor et al. 2001, Gluyas
Millan et al. 2002, Peterson and Keister 2002), and disease outbreaks (Scheibling et al.
1999, Green and Bruckner 2000), for influencing growth and population dynamics in
marine organisms.

Ultimately, an improved understanding of spatial and temporal variability in the
early life history demographics of rockfish, and their causes and consequences, may
assist the planning of necessary conservation efforts. Management strategies that may
benefit from superior knowledge of the dynamics of young-of-year rockfish growth and
recruitment include the design and placement of marine reserves to enhance fishery
yields, protect biodiversity, or facilitate recovery of depleted stocks (Warner et al. 2000,
Botsford et al. 2003, Lubchenco et al. 2003), and the establishment of sustainable fishing

quotas (Rutherford 2002).
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Figure 1. Fish collection sites and regions along the Oregon coast, showing nested
sampling scheme. The southern region consists of three local sites south of Cape Blanco,
including Orford Reef, Nellie’s Cove, and East Island Rock. The central region consists
of two local sites near Cape Foulweather, including Depoe Bay and Otter Crest.



Figure 2. Polished sections of rockfish otoliths, showing important microstructural
features and otolith radial measurements. Top: two accessory primordia and daily
growth increments radiating from a central nucleus, or primordium (100x magnification).
Bottom left: otolith post-rostral radius (40x magnification), measured from the nucleus
to the post-rostrum. Bottom right: otolith radius to the first accessory primordium (100x
magnification), measured along a posterior transect from the nucleus to the increment
marking formation of the first accessory primordium.
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Figure 3. Otolith-somatic growth relationships. Scatter plots of size at capture versus
otolith radius, coded by region (left) and site(right). Top: standard length at capture
versus otolith post-rostral radius. Bottom: natural log of blotted dry mass at capture
versus the natural log of otolith post-rostral radius.
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metamorphosis ages.
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Figure 5. Spatial patterns of larval growth rates. Scatter plots of larval growth rate
versus size at metamorphosis, coded by region (left) and site (right). Top: larval length
growth rate versus length at metamorphosis. Bottom: larval mass growth rate versus
mass at metamorphosis.
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Figure 6. Spatial patterns of juvenile growth rates. Scatter plots of juvenile growth rate
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growth rate versus length at capture. Bottom: juvenile mass growth rate versus mass at

capture.
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versus length at capture. Bottom: total mass growth rate versus mass at capture.




3.3

# Central OR Coast
(DB, OC)

# Southern OR Coast
(OR,NC, EIR)

Natural Log (Blotted Dry Mass, Q)

Natural Log (Standard Length, mm)

Natural Log (Blotted Dry Mass, g)

p<0.01 for
Site[Region]

# Depoe Bay

= Otter Crest
Orford Reef
Nellie's Cove

x East Island Rock

Natural Log (Standard Length, g)

p<0.01 for
Ln (Length
at Capture)
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Figure 10. Effect of larval growth rate on larval duration (age at metamorphosis). Top:
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(right). Bottom: age at metamorphosis versus larval mass growth rate.
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Figure 13. Effect of size at metamorphosis on juvenile growth rate. Top: juvenile
length growth rate versus length at metamorphosis, coded by region (left) and site (right).
Bottom: juvenile mass growth rate versus mass at metamorphosis.
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Figure 14. Effect of larval duration (age at metamorphosis) on juvenile growth rate.
Top: juvenile length growth rate versus larval duration, coded by region (left) and site
(right). Bottom: juvenile mass growth rate versus larval duration.
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Figure 16. Effect of juvenile duration on mean juvenile growth rate. Top: mean
juvenile length growth rate versus juvenile duration class, coded by region (left) and site
(right). Bottom: mean juvenile mass growth rate versus juvenile duration class.
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APPENDICES



P-values from ANOVA terms of p<0.01 were interpreted as convincing evidence
of a significant effect (Ramsey and Schafer 1997). P-values of 0.01<p<0.05 were
interpreted as moderate evidence of a significant effect. P-values of 0.05<p<0.10 were
interpreted as suggestive, but inconclusive, evidence of a significant effect. P-values of
p>0.10 were interpreted as no evidence of a significant effect.

Fish Size Back-calculations

Fish sizes were back-calculated to the age of metamorphosis by modeling the
otolith-somatic growth relationship with a Multifactorial Nested ANOVA of fish size on
otolith radius, region, and site within region (Sokal and Rohlf 1995, Zar 1999). An
appropriate regression equation was then fit to the relationship between fish size and
otolith radius after eliminating non-significant terms at a p-value cut-off of 0.05
(Campana and Jones 1992). Measurements of otolith radii to the first accessory
primordia were used as proxies for otolith radii at metamorphosis (Laidig et al. 1991).
These values were inputted to the regression equation describing the otolith-somatic
growth relationship in order to back-calculate predicted fish sizes at metamorphosis.

A Multifactorial Nested ANOVA of SL at capture with terms for Region,
Site[Region], Otolith Post-rostral Radius, and Otolith Post-rostral Radius*Region was
conducted in JMP 4.0 (Sokal and Rohlf 1995, Zar 1999). Region was considered a fixed
effect, while Site[Region] was considered a random effect. Non-significant terms of
Region, Site[Region], and Otolith Post-rostral Radius*Region were eliminated from the
ANOVA model at a p-value cut-off of 0.05. A simple linear regression of SL at Capture
versus Average Otolith Post-rostral Radius was fitted to the data in Microsoft Excel,
describing the otolith-somatic growth relationship with the equation:

Standard Length = 26.97*(Otolith Radius) + 9.04
Average post-rostral otolith radii to the first accessory primordium were inserted as
explanatory variables (Otolith Radius) in the regression equation to back-calculate
lengths of fish at the age of formation of the first accessory primordium (Campana and
Jones 1992). This age was taken to be the age of metamorphosis (Laidig et al. 1991).
Standard lengths at capture were used as the lengths at metamorphosis for two fish with
no accessory primordia visible in their otoliths.

The procedure described above for fish size back-calculations was repeated after
substituting blotted dry masses for SL, using a natural log transformation on mass and
otolith radius in order to linearize the data. Terms of Region, Site[Region], and
Ln(Otolith Post-rostral Radius)*Region were also non-significant at p>0.05 and were
eliminated from the ANOVA model. A simple linear regression of Ln(Blotted Dry Mass



at Capture) versus Ln(Average Otolith Post-rostral Radius) was fitted to the data in
Microsoft Excel, describing the otolith-somatic growth relationship with the equation:

Ln(Blotted Dry Mass) = 2.204*Ln(Otolith Radius) — 0.761
Average post-rostral otolith radii to the first accessory primordium were inserted as
explanatory variables into the regression equation and used to back-calculate masses at
metamorphosis. Blotted dry masses at capture were used as the masses at metamorphosis
for two fish with no accessory primordia visible in their otoliths.

6) Do parturition dates, metamorphosis dates, or metamorphosis ages (i.e., larval
durations) vary between regions or among local sites along the Oregon coast?

An ANOVA of estimated parturition date with terms for region and site[region]
was conducted to validate age estimates from otolith increment counts, with the
assumption that all juvenile rockfish collected from each region along the Oregon coast
parturated at approximately the same time. Spatial differences in estimated parturition
dates among sites within each region may indicate that otolith increments are not formed
with a consistent temporal periodicity (e.g., daily) (Geffen 1992), or that there may be a
systematic error in otolith increment counts (T.E. Laidig, personal communication). For
instance, Depoe Bay fish were collected 22 days later than Otter Crest fish and should on
average be estimated at 22 days older than fish from Otter Crest, if fish from the two sites
parturated at the same time and exhibit daily otolith increment formation. Alternatively,
spatial patterns in parturition dates may suggest that populations of collected fish from
different sites or regions were produced by distinct parturition events, originated from
different maternal populations, or comprised dissimilar species compositions.

An ANOVA of estimated metamorphosis date with terms for region and
site[region] was conducted to test for spatial patterns in timing of metamorphosis. Spatial
differences in metamorphosis dates may indicate the importance of regional or local
environmental effects, such as oceanographic conditions, on the timing of metamorphosis
and subsequent settlement.

An ANOVA of estimated metamorphosis age (larval duration) with terms for
region and site[region] was conducted to test for spatial patterns in age of metamorphosis.
Spatial differences in metamorphosis ages may indicate a systematic spatial bias in
otolith increment counting errors. Alternatively, spatial patterns in metamorphosis ages
may be attributable to differences in larval growth and development rates among sites or
regions. Spatial patterns in estimated metamorphosis ages may also result from spatial
differences in the accuracy of the first accessory primordium as a marker for
metamorphosis. Such differences would indicate the potential importance of
environmental factors (i.e., exogenous cues) rather than ontogeny (i.e., endogenous,
physiological cues) for triggering the formation of the first accessory primordium, and an
uncoupling of otolith and somatic development.



7) Do larval, juvenile, or total growth rates vary between regions or among local sites
along the Oregon coast?

Spatial patterns of larval growth rates by length were examined using an ANOVA
of Larval Length Growth Rate with terms for Region, Site[Region], and Length at
Metamorphosis. Juvenile growth rates by length were examined using an ANOVA of
Juvenile Length Growth Rate with terms for Region, Site[Region], and Length at
Capture. Total growth rates by length were examined using an ANOVA of Total Length
Growth Rate with terms for Region, Site[Region], and Length at Capture.

Spatial patterns of larval growth rates by mass were examined using an ANOVA
of Larval Mass Growth Rate with terms for Region, Site[Region], and Mass at
Metamorphosis. Juvenile growth rates by mass were examined using an ANOVA of
Juvenile Mass Growth Rate with terms for Region, Site[Region], and Mass at Capture.
Total growth rates by mass were examined using an ANOVA of Total Mass Growth Rate
with terms for Region, Site[Region], and Mass at Capture.

8) Do juvenile physical conditions (mass-length relationships) vary between regions or
among local sites along the Oregon coast?

Spatial patterns in physical conditions (mass-length relationships) were examined
using an ANOVA of Ln(Mass at Capture) with terms for Region, Site[Region], and
Ln(Length at Capture). Mass at Capture and Length at Capture were natural log
transformed in order to linearize the data. This analysis tested whether mass-length
relationships differed between regions or among sites.

Trade-offs between juvenile growth rates and physical conditions, or mass-length
relationships, of fish were examined using an ANOVA of Condition Factors with terms
for Region, Site[Region], and Juvenile Length Growth Rate. An identical ANOVA was
also conducted after substituting Juvenile Mass Growth Rate as the covariate. Condition
factors were calculated as the residuals from the best-fit power regression equation
describing the mass-length relationship. Fish blotted dry masses were plotted against SL
in Excel and a power regression line was fitted to the data (Least Sum-of-Squares) to
derive an equation to describe the mass-length relationship, of the form:

Mass = A*(SL) B
The mass-length power regression equation was used to calculate predicted mass from
the measured SL for each fish. The residuals from the mass-length regression line were
calculated as the difference between the actual measured mass and the predicted mass for
each fish. The residuals from the mass-length regression, or condition factors, were used
as a proxy for the physical condition of the fish.

9) Do faster growing larvae metamorphose at younger ages, as predicted by the Single
Process Concept?

ANOVAs of Age at Metamorphosis (i.e., Larval Duration) with terms for Region,
Site[Region], and Larval Growth Rate were conducted to test whether faster growing



larvae metamorphose at younger ages and experience shorter larval durations, as
predicted by the Single Process Concept. Both Larval Length Growth Rate and Larval
Mass Growth Rate were used as covariates in two separate ANOVAs. A significant
positive slope (i.e., a significant positive effect of Larval Growth Rate on Age at
Metamorphosis) would indicate that faster growing rockfish larvae metamorphose at
younger ages and experience shorter larval durations than slower growing larvae.
Possible trade-offs between larval length growth rates and larval mass growth
rates were investigated using an ANOVA of Ln(Larval Mass Growth Rate) with terms
for Ln(Larval Length Growth Rate), Region, and Site[Region]. A significant negative
correlation between the natural log of larval length growth rates and the natural log of
larval mass growth rates would indicate a trade-off between these two forms of growth in
larval rockfish. Larval growth rates were natural log transformed in order to meet
assumptions of normally distributed variances (i.e., to normalize variances).

10) Do larval growth rates, size at metamorphosis, or larval duration (i.e., age at
metamorphosis) predict juvenile growth rates?

ANOVAs of Juvenile Growth Rate with terms for Region, Site[Region], and
Larval Growth Rate were conducted to test whether larval growth rates determine
juvenile growth rates. Length and Mass Growth Rates were analyzed in two separate
ANOVA:s.

ANOVA:s of Juvenile Growth Rate with terms for Region, Site[Region], and Size
at Metamorphosis were conducted to test whether size at metamorphosis determines
juvenile growth rates. Juvenile Mass Growth Rate was analyzed with Mass at
Metamorphosis as an explanatory variable, and Juvenile Length Growth Rate was
analyzed with Length at Metamorphosis as an explanatory variable, in two separate
ANOVA:S.

ANOVAs of Juvenile Growth Rates with terms for Region, Site[Region], and
Larval Duration (i.e., Age at Metamorphosis) were conducted to test whether larval
duration, or metamorphosis age, determines juvenile growth rates. Juvenile Length and
Mass Growth Rates were analyzed in two separate ANOVAS.

6) Does growth-selective mortality occur during the early juvenile stage of young-of-
year rockfish along the Oregon coast, as predicted by the Growth-Mortality
Hypothesis?

Values for juvenile growth rates were pooled into discrete juvenile duration
classes with 10-day intervals of time since metamorphosis (0-10 days, 10-20 days, 20-30
days, 30-40 days, 40-50 days, and 50-60 days). Juvenile duration was calculated as
estimated age at capture minus estimated age at metamorphosis (Juvenile Duration = Age
at Capture — Age at Metamorphosis). For each site, variances and means were calculated
in Excel for juvenile growth rates by length and by mass within each juvenile duration
class. ANOVAs of Variances of Juvenile Growth Rates with terms for Region,
Site[Region], and Juvenile Duration Class were conducted to test for changes in the



variation of juvenile growth rates with increasing juvenile duration, which would
indicated the presence or absence of growth-selective mortality. ANOVAs of Means of
Juvenile Growth Rates with terms for Region, Site[Region], and Juvenile Duration Class
were conducted to test for changes in the averages of juvenile growth rates with
increasing juvenile duration, which would indicate the overall direction of growth-
selective mortality.

If variances of juvenile growth rates decrease as juvenile duration increases, then
one can infer, although not deduce, that growth-selective mortality may be occurring.
Changes in the means of juvenile growth rates as juvenile duration increases indicate the
direction of any growth-selective mortality. An increase in mean growth rates as juvenile
duration increases would indicate mortality that selects against slower growing fish,
while a decrease in mean growth rates would indicate mortality that selects against faster
growing fish. No change in mean growth rates and decreasing variances indicates
possible stabilizing selection, or mortality that selects against the fastest and slowest
growing individuals with average individuals exhibiting higher survivorship.

Tables and Figures

Tables were assembled in Microsoft Word. The map of sites and regions along
the Oregon coast was compiled using ARCView GIS Software. All scatter plots were
constructed in Microsoft Excel. Regression lines were included in scatterplots for all
terms with p<0.10, with the exception of otolith-somatic growth relationships, in which
regression lines were only drawn for terms with p<0.05. Simple linear regression lines
were fit to the data in Excel using a Least Sum-of-Squares method. Multiple linear
regression lines were fit to the data by eye and hand drawn in Microsoft Word, based on
parameter estimates for significant terms from ANOVAs. Box plots were constructed
using SigmaPlot. The line within each box marks the median of the data, the lower and
upper boundaries of the boxes indicate the 25" and 75™ percentiles, respectively, and the
whiskers below and above the boxes depict the 10" and 90" percentiles, respectively.
Outliers are shown as points below and above the box plot whiskers, outside the 10" and
90" percentiles. P-values were depicted in figures for all terms with p<0.10.



APPENDIX II: DETAILED STATISTICAL RESULTS

Otolith Radial Measurements

There was no evidence of an effect of Region on Otolith Post-rostral Radius
(Nested ANOVA, p=0.48 with 1 d.f.). There was convincing evidence of an effect of
Site[Region] on Otolith Post-rostral Radius (p<0.0001 with 3 d.f.). Within the central
Oregon coast, otolith radii from Depoe Bay fish were on average 0.0020 mm greater than
otolith radii from Otter Crest fish (p=0.88). Within the southern Oregon coast, otolith
radii from Nellie’s Cove fish were on average 0.14 mm greater than otolith radii from
Orford Reef fish (p<0.0001), and otolith radii from Orford Reef fish were on average
0.17 mm greater than otolith radii from East Island Rock fish (p<0.0001).

Fish Size Back-calculations

There was convincing evidence of an effect of Otolith Post-rostral Radius on
Standard Length at Capture, indicating a significant otolith-somatic growth relationship
(Nested ANOVA, p<0.0001 with 1 d.f., Figure 3). There was no evidence of an effect of
Region or Site[Region] on SL at Capture (p=0.65 with 1 d.f. for Region, p=0.23 with 3
d.f. for Site[Region], Figure 3). There was suggestive, but inconclusive, evidence of an
interaction between Otolith Post-rostral Radius and Region (p=0.055 with 1 d.f.).
Standard lengths at capture increased with otolith post-rostral radius at a rate of 4.57
*mm-! faster in the southern Oregon coast than in the central Oregon coast, but this
difference was non-significant (p>0.05). A simple linear regression of SL at Capture vs.
Otolith Post-Rostral Radius adequately described the otolith-somatic growth relationship
for fish from all sites and both regions. A best-fit linear regression of SL at Capture vs.
Otolith Post-rostral Radius described 80.7% of variation in the data (Least Sum-of-
Squares, Figure 3), with the regression equation:

Standard Length = 26.97*(Otolith Radius) + 9.04
This regression equation was used to back-calculate lengths at metamorphosis for all fish
by inputting values for otolith post-rostral radii to the first accessory primordium.

There was convincing evidence of an effect of Ln(Otolith Post-rostral Radius) on
Ln(Blotted Dry Mass at Capture), indicating a significant otolith-somatic growth
relationship (Nested ANOVA, p<0.0001 with 1 d.f., Figure 3). There was no evidence of
an effect of Region or Site[Region] on Ln(Blotted Dry Mass at Capture) (p=0.96 with 1
d.f. for Region, p=0.15 with 3 d.f. for Site[Region], Figure 3). There was no evidence of
an interaction between Otolith Post-rostral Radius and Region (p=0.24 with 1 d.f.). A
simple linear regression of the natural log of Blotted Dry Mass at Capture vs. the natural
log of Otolith Post-Rostral Radius adequately described the otolith-somatic growth
relationship for fish from all sites and both regions. A best-fit linear regression of
Ln(Blotted Dry Mass at Capture) vs. Ln(Otolith Post-rostral Radius) described 81.8% of
variation in the data (Least Sum-of-Squares, Figure 3), with the regression equation:

Ln(Blotted Dry Mass) = 2.204*Ln(Otolith Radius) — 0.761



This regression equation was used to back-calculate masses at metamorphosis for all fish
by inputting values for otolith post-rostral radii to the first accessory primordium.

6) Do parturition dates, metamorphosis dates, or metamorphosis ages (i.e., larval
durations) vary between regions or among local sites along the Oregon coast?

There was no evidence of an effect of Region on Estimated Parturition Date
(Nested ANOVA, p=0.62 with 1 d.f., Figure 4). There was convincing evidence of an
effect of Site[Region] on Estimated Parturition Date (p<0.0001 with 3 d.f., Figure 4).
Within the central Oregon coast, fish larvae from Depoe Bay parturated (i.e., were
released or extruded) on average 8.5 days later than fish from Otter Crest (p<0.0001).
Within the southern Oregon coast, fish from East Island Rock parturated on average 13.3
days later than fish from Orford Reef (p<0.0001), and fish from Nellie’s Cove parturated
on average 8.1 days earlier than fish from Orford Reef (p<0.0001).

There was no evidence of an effect of Region on Estimated Metamorphosis Date
(Nested ANOVA, p=0.86 with 1 d.f., Figure 4). There was convincing evidence of an
effect of Site[Region] on Estimated Metamorphosis Date (p<0.0001 with 3 d.f., Figure
4). Within the central Oregon coast, fish larvae from Depoe Bay metamorphosed on
average 7.9 days later than fish from Otter Crest (p<0.0001). Within the southern Oregon
coast, fish from East Island Rock metamorphosed on average 14.0 days later than fish
from Orford Reef (p<0.0001), and fish from Nellie’s Cove metamorphosed on average
9.1 days earlier than fish from Orford Reef (p=0.0002).

There was no evidence of an effect of Region or Site[Region] on Metamorphosis
Age (Larval Duration) (Nested ANOVA, p=0.23 with 1 d.f. for Region, and p=0.96 with
3 d.f. for Site[Region], Figure 4).

7) Do larval, juvenile, or total growth rates vary between regions or among local sites
along the Oregon coast?

There was no evidence of an effect of Region or Site[Region] on Larval Length
Growth Rate (Nested ANOVA, p=0.23 with 1 d.f. for Region, p=0.40 with 3 d.f. for
Site[Region], Figure 5). There was no evidence of an effect of Length at Metamorphosis
on Larval Length Growth Rate (p=0.38 with 1 d.f., Figure 5). There was no evidence of
an interaction between Length at Metamorphosis and Region (p=0.21 with 1 d.f.).

There was no evidence of an effect of Region or Site[Region] on Larval Mass
Growth Rate (Nested ANOVA, p=0.25 with 1 d.f. for Region, and p=0.25 with 3 d.f. for
Site[Region], Figure 5). There was convincing evidence of an effect of Mass at
Metamorphosis on Larval Mass Growth Rate (p<0.0001 with 1 d.f., Figure 5). Larval
growth rates by mass were on average 0.00013 g/day faster for every 0.01-g increase in
mass at metamorphosis, after accounting for the effects of Region and Site[Region].
There was moderate evidence of an interaction between Mass at Metamorphosis and
Region (p=0.015 with 1 d.f.). Larval growth rates by mass increased with mass at
metamorphosis at a rate of 0.0016 *day * faster on the southern Oregon coast compared
to the central Oregon coast.



There was no evidence of an effect of Region on Juvenile Length Growth Rate
(Nested ANOVA, p=0.26 with 1 d.f., Figure 6). There was moderate evidence of an
effect of Site[Region] on Juvenile Length Growth Rate (p=0.041 with 3 d.f., Figure 6).
Within the central Oregon coast, juvenile growth rates by length were on average 0.021
mm/day faster in Otter Crest than in Depoe Bay, for a given length at capture (p=0.038).
Within the southern Oregon coast, juvenile growth rates by length were on average 0.042
mm/day faster in East Island Rock than in Orford Reef (p=0.054), and 0.033 mm/day
faster in Orford Reef than in Nellie’s Cove (p=0.065), for a given length at capture.
There was convincing evidence of an effect of Length at Capture on Juvenile Length
Growth Rate (p<0.0001 with 1 d.f., Figure 6). Juvenile growth rates by length were on
average 0.020 mm/day faster for every 1.0-mm increase in length at capture, after
accounting for the effects of Region and Site[Region]. There was no evidence of an
interaction between Length at Capture and Region (p=0.71 with 1 d.f.).

There was no evidence of an effect of Region on Juvenile Mass Growth Rate
(Nested ANOVA, p=0.44 with 1 d.f., Figure 6). There was suggestive, but inconclusive,
evidence of an effect of Site[Region] on Juvenile Mass Growth Rate (p=0.068 with 3 d.f.
for Site[Region], Figure 6). Within the central Oregon coast, juvenile growth rates by
mass were on average 0.00030 g/day faster in Otter Crest than in Depoe Bay, for a given
mass at capture (p=0.067). Within the southern Oregon coast, juvenile growth rates by
mass were on average 0.00048 g/day faster in East Island Rock than in Orford Reef
(p=0.098), and 0.00051 g/day faster in Orford Reef than in Nellie’s Cove (p=0.054), for a
given mass at capture. There was convincing evidence of an effect of Mass at Capture on
Juvenile Mass Growth Rate (p<0.0001 with 1 d.f., Figure 6). Juvenile growth rates by
mass were on average 0.00021 g/day faster for every 0.01-g increase in mass at capture,
after accounting for the effects of Region and Site[Region]. There was no evidence of an
interaction between Mass at Capture and Region (p=0.37 with 1 d.f.).

There was suggestive, but inconclusive, evidence of an effect of Region on Total
Length Growth Rate (Nested ANOVA, p=0.056 with 1 d.f., Figure 7). Total growth rates
by length were on average 0.011 mm/day faster on the southern Oregon coast compared
to the central Oregon coast, for a given length at capture (p<0.0001). There was
suggestive, but inconclusive, evidence of an effect of Site[Region] on Total Length
Growth Rate (p=0.052 with 3 d.f., Figure 7). Within the central Oregon coast, total
growth rates by length were on average 0.0055 mm/day faster in Otter Crest than in
Depoe Bay, for a given length at capture (p=0.051). Within the southern Oregon coast,
total growth rates by length were on average 0.012 mm/day faster in East Island Rock
than in Orford Reef (p=0.052), and 0.0088 mm/day faster in Orford Reef than in Nellie’s
Cove (p=0.076), for a given length at capture. There was convincing evidence of an
effect of Length at Capture on Total Length Growth Rate (p<0.0001 with 1 d.f., Figure
7). Total growth rates by length were on average 0.0074 mm/day faster for every 1.0-mm
increase in length at capture, after accounting for the effects of Region and Site[Region].
There was no evidence of an interaction between Length at Capture and Region (p=0.79
with 1 d.f.).

There was suggestive, but inconclusive, evidence of an effect of Region on Total
Mass Growth Rate (Nested ANOVA, p=0.060 with 1 d.f., Figure 7). Total growth rates
by mass were on average 0.00006 g/day faster on the southern Oregon coast compared to
the central Oregon coast, for a given mass at capture (p=0.0014). There was no evidence



of an effect of Site[Region] on Total Mass Growth Rate (p=0.61 with 3 d.f., Figure 7).
There was convincing evidence of an effect of Mass at Capture on Total Mass Growth
Rate (p<0.0001 with 1 d.f., Figure 7). Total growth rates by mass were on average
0.000094 g/day faster for every 0.01-g increase in mass at capture, after accounting for
the effects of Region and Site[Region]. There was no evidence of an interaction between
Mass at Capture and Region (p=0.55 with 1 d.f.).

8) Do juvenile physical conditions (mass-length relationships) vary between regions or
among local sites along the Oregon coast?

There was no evidence of an effect of Region on Ln(Mass at Capture) (Nested
ANOVA, p=0.67 with 1 d.f., Figure 8). There was convincing evidence of an effect of
Site[Region] on Ln(Mass at Capture) (p<0.0001 with 3 d.f., Figure 8). Within the central
Oregon coast, the natural logs of mass (g) at capture were on average 0.079 greater in
Depoe Bay than in Otter Crest, for a given natural log of length (mm) at capture
(p<0.0001). Within the southern Oregon coast, the natural logs of mass (g) at capture
were on average 0.037 greater in Nellie’s Cove than in Orford Reef (p=0.15), and 0.037
greater in Orford Reef than in East Island Rock (p=0.25), for a given natural log of length
(mm) at capture. There was convincing evidence of an effect of Ln(Length at Capture)
on Ln(Mass at Capture) (p<0.0001 with 1 d.f., Figure 8). The natural log of mass (g) at
capture was on average 3.43 greater for every increase of 1.0 in the natural log of length
(mm) at capture, after accounting for the effects of Region and Site[Region]. There was
no evidence of an interaction between Ln(Length at Capture) and Region (p=0.36 with 1
d.f.).

The power regression equation for the mass-length relationship of all fish was
described by the following equation (R? = 0.9604, Appendix V: Figure D):

Mass = (1.1587 x 10°6) * (SL)364%
Condition factors were calculated as the residuals of masses from this equation.

There was suggestive, but inconclusive evidence of an effect of Juvenile Length
Growth Rate on Condition Factors (Nested ANOVA, p=0.058 with 1 d.f., Figure 9).
Condition factors decreased at an average rate of 0.0420g for every 1-mm/day increase in
juvenile growth rates by length, after accounting for the effects of Region and
Site[Region]. There was no evidence of an effect of Region on Condition Factors
(p=0.93 with 1 d.f.). There was convincing evidence of an effect of Site[Region] on
Conditions Factors (p=0.0002 with 3 d.f., Figure 9). Within the central Oregon coast,
condition factors were 0.0122g greater in Depoe Bay than in Otter Crest, for a given
juvenile length growth rate (p<0.0001). Within the southern Oregon coast, condition
factors were 0.00329g greater in Nellie’s Cove than in Orford Reef (p=0.36), and
0.00103g greater in Orford Reef than in East Island Rock (p=0.78), for a given juvenile
length growth rate. There was no evidence of an interaction between Juvenile Length
Growth Rate and Region (p=0.22 with 1 d.f.).

There was no evidence of an effect of Juvenile Mass Growth Rate on Condition
Factors (Nested ANOVA, p=0.98 with 1 d.f., Figure 9). There was no evidence of an
effect of Region on Condition Factors (p=0.96 with 1 d.f.). There was convincing
evidence of an effect of Site[Region] on Conditions Factors (p<0.0001 with 3 d.f., Figure



9). Within the central Oregon coast, condition factors were 0.0136g greater in Depoe
Bay than in Otter Crest, for a given juvenile mass growth rate (p<0.0001). Within the
southern Oregon coast, condition factors were 0.00214g greater in Nellie’s Cove than in
Orford Reef (p=0.58), and 0.000867g greater in East Island Rock than in Orford Reef
(p=0.84), for a given juvenile mass growth rate. There was no evidence of an interaction
between Juvenile Mass Growth Rate and Region (p=0.40 with 1 d.f.).

9) Do faster growing larvae metamorphose at younger ages, as predicted by the Single
Process Concept?

There was convincing evidence of an effect of Larval Length Growth Rate on
Age at Metamorphosis, or Larval Duration (Nested ANOVA, p<0.0001 with 1 d.f.,
Figure 10). Ages at metamorphosis (larval durations) were on average 2.12 days younger
(shorter) for every 0.01-mm/day increase in larval length growth rates, after accounting
for the effects of Region and Site[Region]. There was no evidence of an effect of Region
or Site[Region] on Age at Metamorphosis (p=0.21 with 1 d.f. for Region, and p=0.76
with 3 d.f. for Site[Region], Figure 10). There was suggestive, but inconclusive,
evidence of an interaction between Larval Length Growth Rate and Region (p=0.072
with 1 d.f.). Ages at metamorphosis (larval durations) decreased with larval length
growth rates at a rate of 61.6 days?’mm faster in the central Oregon coast than in the
southern Oregon coast.

There was convincing evidence of an effect of Larval Mass Growth Rate on Age
at Metamorphosis, or Larval Duration (Nested ANOVA, p<0.0001 with 1 d.f., Figure
10). Ages at metamorphosis (larval durations) were on average 2.11 days older (longer)
for every 0.0001-g/day increase in larval mass growth rates, after accounting for the
effects of Region and Site[Region]. There was suggestive, but inconclusive, evidence of
an effect of Region on Age at Metamorphosis (p=0.87 with 1 d.f., Figure 10). Ages at
metamorphosis (larval durations) were on average 1.9 days younger (shorter) in the
southern Oregon coast than in the central Oregon coast, for a given larval mass growth
rate (p=0.046). There was no evidence of an effect of Site[Region] on Age at
Metamorphosis (p=0.76 with 3 d.f., Figure 10). There was moderate evidence of an
interaction between Larval Mass Growth Rate and Region (p=0.046 with 1 d.f.). Ages at
metamorphosis (larval durations) increased with larval mass growth rates at a rate of 10.0
days?/0.001g faster in the central Oregon coast than in the southern Oregon coast.

There was convincing evidence of an effect of Ln(Larval Length Growth Rate) on
Ln(Larval Mass Growth Rate) (Nested ANOVA, p=0.0004 with 1 d.f., Figure 11). The
natural log of larval mass growth rates (g/day) increased at a rate of 1.19 with every 1-
unit increase in the natural log of larval length growth rates (mm/day). There was no
evidence of an effect of Region or Site[Region] on this relationship (p=0.25 with 1 d.f.
for Region, and p=0.49 with 3 d.f. for Site[Region]). There was no evidence of an
interaction between Ln(Larval Length Growth Rate) and Region (p=0.31 with 1 d.f.).



10) Do larval growth rates, size at metamorphosis, or larval duration (i.e., age at
metamorphosis) predict juvenile growth rates?

There was convincing evidence of an effect of Larval Length Growth Rate on
Juvenile Length Growth Rate (Nested ANOVA, p=0.0083 with 1 d.f., Figure 12).
Juvenile growth rates by length were on average 0.00975 mm/day slower for every 0.01-
mm/day increase in larval growth rates by length, after accounting for the effects of
Region and Site[Region]. There was no evidence of an effect of Region on Juvenile
Length Growth Rate (p=0.94 with 1 d.f., Figure 12). There was moderate evidence of an
effect of Site[Region] on Juvenile Length Growth Rate (p=0.027 with 3 d.f., Figure 12).
Within the central Oregon coast, juvenile growth rates by length were on average 0.015
mm/day faster in Otter Crest than in Depoe Bay, for a given larval length growth rate
(p=0.23). Within the southern Oregon coast, juvenile growth rates by length were on
average 0.025 mm/day faster in Nellie’s Cove than in Orford Reef (p=0.17), and 0.054
mm/day faster in Orford Reef than in East Island Rock (p=0.0054), for a given larval
length growth rate. There was no evidence of an interaction between Larval Length
Growth Rate and Region (p=0.43 with 1 d.f.).

There was suggestive, but inconclusive, evidence of an effect of Larval Mass
Growth Rate on Juvenile Mass Growth Rate (Nested ANOVA, p=0.063 with 1 d.f.,
Figure 12). Juvenile growth rates by mass were on average 0.000191 g/day slower for
every 0.0001-g/day increase in larval growth rates by mass, after accounting for the
effects of Region and Site[Region]. There was no evidence of an effect of Region on
Juvenile Mass Growth Rate (p=0.60 with 1 d.f., Figure 12). There was convincing
evidence of an effect of Site[Region] on Juvenile Mass Growth Rate (p=0.0040 with 3
d.f., Figure 12). Within the central Oregon coast, juvenile growth rates by mass were on
average 0.000092 g/day faster in Depoe Bay than in Otter Crest, for a given larval mass
growth rate (p=0.75). Within the southern Oregon coast, juvenile growth rates by mass
were on average 0.00095 g/day faster in Nellie’s Cove than in Orford Reef (p=0.017),
and 0.0016 g/day faster in Orford Reef than in East Island Rock (p=0.0003), for a given
larval mass growth rate. There was no evidence of an interaction between Larval Mass
Growth Rate and Region (p=0.92 with 1 d.f.).

There was convincing evidence of an effect of Length at Metamorphosis on
Juvenile Length Growth Rate (Nested ANOVA, p=0.0094 with 1 d.f., Figure 13).
Juvenile growth rates by length were on average 0.0158 mm/day slower for every 1-mm
increase in lengths at metamorphosis, after accounting for the effects of Region and
Site[Region]. There was no evidence of an effect of Region on Juvenile Length Growth
Rate (p=0.71 with 1 d.f., Figure 13). There was convincing evidence of an effect of
Site[Region] on Juvenile Length Growth Rate (p=0.0088 with 3 d.f., Figure 13). Within
the central Oregon coast, juvenile growth rates by length were on average 0.017 mm/day
faster in Otter Crest than in Depoe Bay, for a given length at metamorphosis (p=0.18).
Within the southern Oregon coast, juvenile growth rates by length were on average 0.029
mm/day faster in Nellie’s Cove than in Orford Reef (p=0.11), and 0.064 mm/day faster in
Orford Reef than in East Island Rock (p=0.0017), for a given length at metamorphosis.
There was no evidence of an interaction between Length at Metamorphosis and Region
(p=0.37 with 1 d.f.).



There was no evidence of an effect of Mass at Metamorphosis on Juvenile Mass
Growth Rate (Nested ANOVA, p=0.27 with 1 d.f., Figure 13). There was no evidence of
an effect of Region on Juvenile Mass Growth Rate (p=0.55 with 1 d.f., Figure 13). There
was convincing evidence of an effect of Site[Region] on Juvenile Mass Growth Rate
(p=0.0093 with 3 d.f., Figure 13). Within the central Oregon coast, juvenile growth rates
by mass were on average 0.000093 g/day faster in Depoe Bay than in Otter Crest, for a
given mass at metamorphosis (p=0.75). Within the southern Oregon coast, juvenile
growth rates by mass were on average 0.00093 g/day faster in Nellie’s Cove than in
Orford Reef (p=0.023), and 0.0015 g/day faster in Orford Reef than in East Island Rock
(p=0.0009), for a given mass at metamorphosis. There was no evidence of an interaction
between Mass at Metamorphosis and Region (p=0.74 with 1 d.f.).

There was no evidence of an effect of Larval Duration (Age at Metamorphosis)
on Juvenile Length Growth Rate (Nested ANOVA, p=0.99 with 1 d.f., Figure 14). There
was no evidence of an effect of Region on Juvenile Length Growth Rate (p=0.81 with 1
d.f., Figure 14). There was suggestive, but inconclusive, evidence of an effect of
Site[Region] on Juvenile Length Growth Rate (p=0.072 with 3 d.f., Figure 14). Within
the central Oregon coast, juvenile growth rates by length were on average 0.017 mm/day
faster in Otter Crest than in Depoe Bay, for a given larval duration (age at
metamorphosis) (p=0.21). Within the southern Oregon coast, juvenile growth rates by
length were on average 0.024 mm/day faster in Nellie’s Cove than in Orford Reef
(p=0.22), and 0.046 mm/day faster in Orford Reef than in East Island Rock (p=0.019), for
a given larval duration (age at metamorphosis). There was no evidence of an interaction
between Larval Duration (Age at Metamorphosis) and Region (p=0.56 with 1 d.f.).

There was no evidence of an effect of Larval Duration (Age at Metamorphosis)
on Juvenile Mass Growth Rate (Nested ANOVA, p=0.17 with 1 d.f., Figure 14). There
was no evidence of an effect of Region on Juvenile Mass Growth Rate (p=0.70 with 1
d.f., Figure 14). There was moderate evidence of an effect of Site[Region] on Juvenile
Mass Growth Rate (p=0.016 with 3 d.f., Figure 14). Within the central Oregon coast,
juvenile growth rates by mass were on average 0.00012 g/day faster in Depoe Bay than in
Otter Crest, for a given larval duration (age at metamorphosis) (p=0.68). Within the
southern Oregon coast, juvenile growth rates by mass were on average 0.00087 g/day
faster in Nellie’s Cove than in Orford Reef (p=0.030), and 0.0013 g/day faster in Orford
Reef than in East Island Rock (p=0.0017), for a given larval duration (age at
metamorphosis). There was no evidence of an interaction between Larval Duration (Age
at Metamorphosis) and Region (p=0.86 with 1 d.f.).

6) Does growth-selective mortality occur during the early juvenile stage of young-of-
year rockfish along the Oregon coast, as predicted by the Growth-Mortality
Hypothesis?

There was moderate evidence of an effect of Juvenile Duration Class on Variance
of Juvenile Length Growth Rates (Nested ANOVA, p=0.012 with 1 d.f., Figure 15). The
variance of juvenile length growth rates decreased by 0.00431 for every 10-day increase
in juvenile duration, after accounting for the effects of Region and Site[Region]. There
was no evidence of an effect of Region or Site[Region] on Variance of Juvenile Length



Growth Rates (p=0.15 with 1 d.f. for Region, and p=0.92 with 3 d.f. for Site[Region]).
There was no evidence of an interaction between Juvenile Duration Class and Region
(p=0.90 with 1 d.f.).

There was moderate evidence of an effect of Juvenile Duration Class on Variance
of Juvenile Mass Growth Rates (Nested ANOVA, p=0.031 with 1 d.f., Figure 15). The
variance of juvenile mass growth rates decreased by 1.07*10 for every 10-day increase
in juvenile duration, after accounting for the effects of Region and Site[Region]. There
was no evidence of an effect of Region or Site[Region] on Variance of Juvenile Mass
Growth Rates (p=0.31 with 1 d.f. for Region, and p=0.24 with 3 d.f. for Site[Region]).
There was no evidence of an interaction between Juvenile Duration Class and Region
(p=0.96 with 1 d.f.).

There was no evidence of an effect of Juvenile Duration Class on Mean of
Juvenile Length Growth Rates (Nested ANOVA, p=0.25 with 1 d.f., Figure 16). There
was no evidence of an effect of Region or Site[Region] on Mean of Juvenile Length
Growth Rates (p=0.96 with 1 d.f. for Region, and p=0.61 with 3 d.f. for Site[Region]).
There was no evidence of an interaction between Juvenile Duration Class and Region
(p=0.47 with 1 d.f.).

There was no evidence of an effect of Juvenile Duration Class on Mean of
Juvenile Mass Growth Rates (Nested ANOVA, p=0.45 with 1 d.f., Figure 16). There was
no evidence of an effect of Region or Site[Region] on Mean of Juvenile Mass Growth
Rates (p=0.67 with 1 d.f. for Region, and p=0.34 with 3 d.f. for Site[Region]). There was
no evidence of an interaction between Juvenile Duration Class and Region (p=0.58 with 1
d.f.).



APPENDIX I1l: DETAILED COMMENTS ON RESULTS

Four species in the Genus Sebastes were identified as candidates for all juvenile
young-of-year rockfish collected: Sebastes maliger (quillback rockfish), S. caurinus
(copper rockfish), S. carnatus (gopher rockfish), and S. chrysomelas (black-and-yellow
rockfish) (Appendix V: Fig. B). S. carnatus and S. chrysomelas cannot be distinguished
genetically with reasonable confidence (Larson 2002) and therefore these two species
were grouped together for the purpose of genetic species identification (R.D. Vetter and
T.E. Laidig, personal communication). 80% of fish identified genetically to species were
S. maliger, 10% were S. caurinus, and 10% were S. carnatus or S. chrysomelas. 100%
(four out of four) of central Oregon coast fish identified genetically to species were S.
maliger. Only 67% (four out of six) of southern Oregon coast fish identified genetically
to species were S. maliger; 11.5% (one out of six) were S. caurinus, and 11.5% were S.
carnatus or S. chrysomelas. Within the southern Oregon coast, 100% of fish analyzed
from Orford Reef were S. maliger; 50% of fish analyzed from Nellie’s Cove were S.
maliger and 50% were S. caurinus; 50% of fish analyzed from East Island Rock were S.
maliger and 50% were S. carnatus or S. chrysomelas.

Differences in species composition between regions and among sites may be
attributable to spatial variation in settlement habitat, such as macroalgal (e.g., kelp)
assemblages (Carr 1989, Carr 1991), or to oceanographic conditions that influence
settlement patterns, such as upwelling and downwelling (A.J. Ammann, personal
communication). The potential implications of different species compositions for spatial
patterns of growth are examined in the discussion for physical conditions (Question #3).

S. maliger is genetically very similar to S. caurinus, with evidence of possible
hybridization between the two (Love 2002, Yamanaka 2002). Likewise, S. carnatus and
S. chrysomelas are practically identical genetically and may represent environmentally
induced color morphs of a single species, as the two exhibit distinct pigmentation and
occupy different depth ranges (Larson 2002). These four species are virtually
indistinguishable as larvae and early juveniles (T.E. Laidig and A.J. Ammann, personal
communication) and constitute a species group sharing common morphological,
behavioral, and ecological characteristics (Love et al. 2002). Therefore, similar factors
and processes likely influence patterns of growth and development in the early life
history stages of these four species. S. maliger, S. caurinus, S. carnatus, and S.
chrysomelas are all characterized by a relatively short pelagic larval duration of typically
less than two months (A.J. Ammann, M.H. Carr, and T.E. Laidig, personal
communication), a very short or absent pelagic juvenile stage with settlement occurring
during or immediately following metamorphosis (Love et al. 2002), and settlement to
nearshore rocky reefs, eelgrass beds, or kelp canopies (Larson 2002, Love 2002,
Yamanaka 2002, Ammann 2004). Settlement of these species appears to occur
preferentially during periods of downwelling or wind relaxation (A.J. Ammann, personal
communication, T.H. Young, personal observation), suggesting that pelagic larvae and



juveniles reside in shallow surface waters and that upwelling inhibits settlement to
nearshore habitats while downwelling enhances settlement (Roughgarden et al. 1988).
This group of species has also been observed to recruit as juveniles to Macrocystis kelp
canopies in California at higher densities during EI Nifio years than during Normal years,
and at the lowest densities during La Nifia years (PISCO 2002, M.H. Carr, J.E. Caselle,
and C. Syms, personal communication), hypothetically as a consequence of suppressed
coastal upwelling during El Nifios and intensified upwelling during La Nifias (Segar
1998). The adults and older juveniles of these species are solitary and benthic or
demersal, are common in the shallow nearshore environment where they prefer rocky
reef habitats of high relief and/or kelp cover, and feed predominantly on crustaceans and
small fish (Larson 2002, Love 2002, Yamanaka 2002).

Estimated parturition dates and metamorphosis dates for the collected fish agreed
with parturition dates and settlement dates documented in the literature (Laidig 2002,
Larson 2002, Yamanaka 2002), suggesting that otolith increment counts reflect true fish
ages and that the first accessory primordium may be an accurate indicator of
metamorphosis age. However, the published ranges of parturition and settlement dates
are sufficiently broad to preclude a validation of daily otolith increment formation and
metamorphosis timing to a high level of confidence. Nonetheless, there is no reason to
believe that the young-of-year rockfish of the four species collected do not exhibit daily
otolith increments in the same manner as most fish (Campana and Neilson 1985, Jones
1986), including other species of the Genus Sebastes whose ages have been validated
(Yoklavich and Boehlert 1987, Laidig et al. 1991, Sakuma and Laidig 1995, Laidig et al.
1996, Ralston et al. 1996, Plaza et al. 2001).

The most likely source of error in estimating ages and growth rates from otolith
increment counts is the presence of irregular sub-daily increments within the underlying,
regular daily increment pattern, leading to possible overestimation of ages and
underestimation of growth rates (Campana 1992). The inclusion of sub-daily increments
in otolith counts may have caused a systematic bias in estimates of ages and growth rates,
despite randomized, blind otolith examination methods. The proportion of sub-daily
increments deposited appeared to vary with fish age and otolith size, with the number of
sub-daily increments increasing along the otolith radius from nucleus to edge. Therefore,
larger otoliths, from larger fish, tended to exhibit proportionally more sub-daily
increments than smaller otoliths, with an associated increase in the risk of overestimating
ages and underestimating growth rates, especially during the juvenile stage. This may
have been an important confounding factor and source of systematic error in estimates of
ages and growth rates, due to spatial differences in sizes at capture and otolith radii
among sites (Fig. 3).

Although the formation of the first accessory primordium has been found to occur
simultaneously with metamorphosis in shortbelly rockfish, Sebastes jordani (Laidig et al.
1991), and in black rockfish of Japan, S. inermis (Plaza et al. 2001), it is not known how
consistent is this coupling of otolith and somatic development across the Genus Sebastes.
However, first accessory primordia have also been shown to form during the initiation of



juvenile transformation in numerous other genera of fish (Campana 1984, Campana and
Neilson 1985, Alhossaini et al. 1989, Karakiri et al. 1989, Gartner 1991, Kramer 1991,
Linkowski 1991, Sogard 1991, Toole et al. 1993, Hare and Cowen 1994), indicating a
potentially great degree of taxonomic breadth to the ontogenetic significance of this
otolith character.

While the rate of deposition of otolith increments has not been experimentally
evaluated in any of the four species of Sebastes studied here, the daily periodicity of
otolith increment formation has been confirmed for the early life history stages in other
species of the Genus Sebastes (Love et al. 2002). The daily formation of otolith
increments was validated in laboratory-reared juveniles of S. melanops and S. auriculatus
using fluorescent oxytetracyline injections and autoradiography methods (Y oklavich and
Boehlert 1987, T.E. Laidig, personal communication). Similarly, otolith increment
counts were accurate estimates of actual ages in larval S. jordani (Ralston et al. 1996).
Comparisons of growth rates estimated from otolith increment counts with growth rates
calculated from changes in length of the same cohort of fish over a known period of time
were used to validate daily increment formation in juvenile S. jordani (Laidig et al.
1991). Back-calculated parturition size estimates from otolith-somatic growth
relationships were compared with empirical (i.e., observed) values to confirm the daily
periodicity of otolith increments in larval S. saxicola and S. goodei (Sakuma and Laidig
1995, Laidig et al. 1996).

Otolith radii did not differ between regions, but did differ between sites within
each region. Within the central Oregon coast, otoliths were larger in fish from Depoe
Bay than in fish from Otter Crest, although this difference was not significant. Within
the southern Oregon coast, otoliths were largest in fish from Nellie’s Cove and smallest
in fish from East Island, with intermediate otolith sizes in Orford Reef fish. | observed
that larger otoliths, usually from larger fish, exhibited more sub-daily increments than
smaller otoliths. The majority of these additional increments were located distally from
the first accessory primordium, or within the juvenile, post-metamorphosis portion of the
otolith. Given the greater possibility of including sub-daily increments into otolith counts
for otoliths with increasing radii, | expect ages to be overestimated and growth rates to be
underestimated in fish with larger otoliths. These errors may considerably affect the
estimated juvenile durations of fish and probably do not appreciably affect the estimated
larval durations of fish. Thus, total ages, juvenile growth rates, and total growth rates
will likely be most heavily impacted by variation in otolith radii. Fish with the smallest
otoliths or shortest juvenile durations probably yielded the most accurate age and growth
rate estimations.

Consequently, juvenile growth rates, total growth rates, and total age at capture
estimations are probably most accurate in fish from East Island Rock, with the smallest
otoliths. Age estimates for Orford Reef and Nellie’s Cove fish are expected to
overestimate the true values of this parameter, while growth rate estimates for these sites
are expected to underestimate true growth rates. These errors may be more pronounced
in fish from Nellie’s Cove than in fish from Orford Reef. Since otoliths from both Depoe



Bay and Otter Crest, of the central Oregon coast, were larger than otoliths from East
Island Rock, age estimates for these central sites may also overestimate true ages, and
growth rate estimates may underestimate their true values, relative to fish from East
Island Rock. These error predictions are examined further along with a discussion of
spatial patterns in parturition dates, metamorphosis dates, and metamorphosis ages
(Question #1).

There was no evidence to suggest a significant difference in the otolith-somatic
growth relationships between regions or among sites within each region (Fig. 3).
However, there was inconclusive evidence to suggest a difference in the slope of the
otolith-somatic growth relationship for lengths between regions (Appendix V: Fig. E),
although this difference was not considered statistically significant. A simple linear
regression equation was used to back-calculate sizes at metamorphosis for each of length
and mass, with the same equation applied across regions and sites (Fig. 3).

Estimated sizes at metamorphosis and larval growth rates from collected young-
of-year rockfish roughly corresponded with published sizes at metamorphosis (i.e.,
juvenile transformation) and growth rates for the early life history stages of other species
in the Genus Sebastes (Love et al. 2002). Back-calculated lengths at metamorphosis for
the collected fish ranged between 14.1 mm and 21.3 mm, with a median length at
metamorphosis of 16.9 mm (and a mean of 16.7 mm). Published sizes at metamorphosis
for most juvenile rockfish are approximately 20 mm, with some rockfish species
metamorphosing as large as 30 mm (Love et al. 2002).

The use of a single linear regression equation to back-calculate lengths at
metamorphosis for both southern and central Oregon coast fish may have introduced
additional error into the analyses of spatial patterns in growth rates. Disregarding a
potentially important difference in the slopes of otolith-somatic growth relationships
between regions would lead to errors in estimating the differences of growth rates
between the two regions (Appendix V: Fig. E). The magnitude of error in estimated
lengths at metamorphosis would be particularly large for larger fish and otolith sizes at
metamorphosis (predicted by otolith radii to the first accessory primordium). The larger
the otolith radii to the first accessory primordium, the more pronounced are differences
between the predicted values of size at metamorphosis from two otolith-somatic growth
relationships with separate slopes for each region, and the predicted values of size at
metamorphosis from a single regression equation, used to back-calculate sizes for both
regions (Appendix V: Fig. E).

The slope of the otolith-somatic growth relationship for lengths was shown to be
steeper for southern Oregon coast fish than for the central coast (p<0.10), but with the
same intercept (Appendix V: Fig. E). Therefore, back-calculated lengths at
metamorphosis using one otolith-somatic growth relationship for both regions (a simple
linear regression equation) underestimated actual lengths at metamorphosis for southern
Oregon coast fish, and overestimated actual lengths at metamorphosis for central Oregon
coast fish, with this error being more pronounced for larger fish at time of
metamorphosis. The calculated juvenile growth rates overestimated true juvenile growth



rates for southern Oregon coast fish, and underestimated true juvenile growth rates for
central Oregon coast fish, relative to growth rate calculations using a separate otolith-
somatic growth relationship for each region. The opposite is true for larval growth rates
by length, which were underestimated in the southern region and overestimated in the
central region.

Regional differences in the slope of otolith-somatic growth relationships may
have resulted from differences in somatic growth rates or in species composition between
southern and central regions. Secor and Dean (1989) found that faster growing fish
exhibited steeper otolith-somatic growth relationships compared to slower growing fish,
providing a mechanism by which otolith-somatic growth relationships may become
spatially uncoupled. Therefore, the observation of a steeper otolith-somatic growth
relationship for southern Oregon coast fish than for central Oregon coast fish (Appendix
V: Fig. E) may be attributable to faster growth rates in the southern region compared to
the central region (Fig. 5 and 7).

1) Do parturition dates, metamorphosis dates, or metamorphosis ages (i.e., larval
durations) vary between regions or among local sites along the Oregon coast?

Estimated parturition dates and metamorphosis dates differed significantly among
sites within each region, but not between the regions themselves (Fig. 4). In the central
Oregon coast, fish from Depoe Bay parturated and metamorphosed later than fish from
Otter Crest. In the southern Oregon coast, fish from East Island Rock parturated and
metamorphosed later than fish from Orford Reef, and fish from Nellie’s Cove parturated
and metamorphosed earlier than fish from Orford Reef. Metamorphosis ages, or larval
durations, did not differ between regions or among sites within each region along the
Oregon coast (Fig. 4).

The observed differences in estimated parturition dates among sites within each
region (Fig. 4) may indicate systematic, site-based errors in otolith increment counts,
causing spatial biases in estimated ages and growth rates. This conclusion depends on
the assumption of no significant difference in actual parturition dates among sites within
each region (T.E. Laidig, personal communication). Within the central Oregon coast, the
estimated ages at capture for Depoe Bay fish were younger than would be expected with
the assumption that Depoe Bay fish and Otter Crest fish parturated on the same date
(conversely, estimated ages at capture for Otter Crest fish were older than would be
expected). Within the southern Oregon coast, the estimated ages at capture for East
Island Rock fish were younger than would be expected, and the estimated ages at capture
for Nellie’s Cove fish were older than would be expected, given the assumption of equal
parturition dates with Orford Reef fish.

Since there were no significant differences in estimated metamorphosis ages
(larval durations) among sites or between regions (Fig. 4), differences in estimated
parturition dates among sites (i.e., deviations in ages at capture from expected values)
may be attributed to varying degrees of accuracy in estimates of juvenile durations. This
interpretation of the data is dependent on the assumption of equal actual larval durations
among sites and between regions, and therefore no systematic, spatial error in estimates
of larval durations. This conclusion is also supported by the observation that the larval



pre-metamorphosis segments of otoliths, proximal to the nucleus, were consistently easier
to read and daily otolith increments became more difficult to read distal from the nucleus
and the first acceossory primordium, in the juvenile segments.

Juvenile durations were estimated from otolith increment counts between the first
accessory primordium and the otolith edge and were equivalent to the age at
metamorphosis subtracted from the age at capture. This juvenile region of the otoliths
typically contained many sub-daily increments and very faint increments in the most
distal portions of the otolith, near the edge. Daily increments were very difficult to
discern in the juvenile stage, increasing the possibility of inaccurate age estimates for the
period between metamorphosis and capture. Therefore, juvenile durations may have
been underestimated in Depoe Bay fish or overestimated in Otter Crest fish along the
central Oregon coast. Juvenile durations may have been underestimated in East Island
Rock fish and overestimated in Nellie’s Cove fish, relative to Orford Reef fish, along the
southern Oregon coast.

The implications for growth rate estimates from this assessment of increment
count errors is that juvenile and total growth rates may have been overestimated in Depoe
Bay fish or underestimated in Otter Crest fish, along the central Oregon coast. Likewise,
juvenile and total growth rates may have been overestimated in East Island Rock fish and
underestimated in Nellie’s Cove fish, relative to Orford Reef fish, along the southern
Oregon coast.

Based upon the observation that larger otoliths, from larger fish, tended to exhibit
more sub-daily increments than smaller otoliths, one would expect juvenile durations to
be overestimated and growth rates to be underestimated in fish with larger otoliths, and
that fish with the smallest otoliths probably yielded the most accurate age and growth rate
estimations. This expectation coincides with the pattern observed along the southern
Oregon coast, where otoliths were largest from Nellie’s Cove fish, which were estimated
to parturate and metamorphose earliest, and otoliths were smallest from East Island Rock
fish, which were estimated to parturate and metamorphose latest (Fig. 4). If estimates of
ages and growth rates are regarded as most accurate for East Island Rock fish due to their
small otolith sizes, then the juvenile durations estimated for Nellie’s Cove and Orford
Reef fish were overestimates and the juvenile and total growth rates for these two sites
were underestimates, with a more severe error for Nellie’s Cove estimates than for Orford
Reef. However, these expectations do not coincide with otolith size patterns for fish
along the central Oregon coast, where there is no apparent difference in otolith sizes
between fish from Depoe Bay and Otter Crest (p>0.10), despite differences in estimated
parturition dates (Fig. 4).

Parturition dates, metamorphosis dates, and metamorphosis ages did not differ
between regions (Fig. 4), and otolith sizes were roughly the same from both regions,
although nearly all fish from East Island Rock had smaller otoliths than fish from both
the central coast sites and other southern coast sites (Fig. 3). It is possible, therefore, that
juvenile durations are overestimated in all sites from both the central and southern
Oregon coast, except East Island Rock, and that total and juvenile growth rates are
underestimated in all sites except East Island Rock. The influence of East Island Rock
fish on the southern region may have contributed to faster average estimated growth rates
in the southern Oregon coast than in the central Oregon coast.



An alternative explanation for the observed differences in parturition dates among
sites is that fish from each site constitute distinct cohorts, with different maternal
populations from potentially different geographic locations of origin (Burford 2001), or
that cohorts from each site arose during separate parturition events (Pasten et al. 2003).
These conclusions imply that fish from different sites within each region did not mix in
the plankton as pelagic larvae and may have either dispersed with discrete water masses,
been locally retained by oceanographic features such as eddies and gyres, or exhibited
behavioral mechanisms for limited dispersal capabilities (Jones et al. 1999, Swearer et al.
1999, Cowen et al. 2000, Swearer et al. 2002, Taylor and Hellberg 2003). Evidence of
limited larval dispersal in black rockfish (S. melanops) along the Oregon coast (Miller
and Shanks In Press) and of genetic subdivisions of copper rockfish (S. caurinus)
populations (Buonaccorsi et al. 2002) supports an explanation of local larval retention for
establishing distinct cohorts among sites.

2) Do larval, juvenile, or total growth rates vary between regions or among local sites
along the Oregon coast?

Larval growth rates did not differ between regions or among sites within each
region along the Oregon coast (Fig. 5). However, larval growth rates by mass were faster
for fish that metamorphosed at heavier masses, and the effect of mass at metamorphosis
on larval growth rates was stronger on the southern Oregon coast than on the central
Oregon coast (Fig. 5).

Juvenile growth rates did not differ between regions, but did appear to differ
among sites within each region (Fig. 6). In the central Oregon coast, fish in Otter Crest
grew faster as juveniles than fish in Depoe Bay. In the southern Oregon coast, fish in
East Island Rock grew faster than fish in Orford Reef, and fish in Nellie’s Cove grew
slower than fish in Orford Reef. Juvenile growth rates were faster for fish that were
captured at longer lengths or heavier masses.

Total growth rates appeared to differ between regions, and total growth rates by
length appeared to differ among sites within each region along the Oregon coast (Fig. 7).
Faster total growth rates, by length and by mass, were observed in the southern region
than in the central region. In the central region, fish from Otter Crest grew faster by
length than fish from Depoe Bay. In the southern region, fish from East Island Rock
grew faster by length than fish from Orford Reef and Nellie’s Cove, and fish from
Nellie’s Cove grew slowest by length. Total growth rates were faster for fish that were
captured at longer lengths or heavier masses.

Estimated larval growth rates from collected young-of-year rockfish roughly
corresponded with published growth rates for the early life history stages of other species
in the Genus Sebastes (Love et al. 2002). Estimated larval growth rates by length for the
collected fish ranged between 0.163 mm/day and 0.369 mm/day, with a median larval
growth rate of 0.212 mm/day (and a mean of 0.216 mm/day). Published growth rates for
other species of rockfish during their larval and pelagic juvenile stages range from 0.13
mm/day to 0.17 mm/day documented for young larvae, and growth rates between 0.36
and 0.57 mm/day documented for older larvae and pelagic juveniles (Love et al. 2002).
Estimated juvenile growth rates ranged between —0.0327 mm/day and 0.435 mm/day,



with a median juvenile growth rate of 0.226 mm/day (and a mean of 0.235 mm/day). The
juvenile growth rate estimates for three fish were negative, implying shrinkage of fish
during the juvenile stage, likely due to gross overestimations of sizes at metamorphosis
from back-calculations. In these fish, the back-calculated length at metamorphosis
actually exceeded the measured length at capture. Estimated total growth rate by length
for the collected fish ranged between 0.167 to 0.287 mm/day, with a median total growth
rate of 0.218 mm/day (and a mean of 0.223 mm/day).

Growth rates were calculated as absolute growth rates, or changes in size per unit
of time (mm/day or g/day), rather than proportional growth rates, or changes in the
percent of body size per unit of time (proportional growth rate = %/day = absolute growth
rate/fish size). Therefore, the observed increase in juvenile and total growth rates and
larval mass growth rates with increasing sizes at capture may indicate approximately
constant proportional growth rates throughout the early juvenile stage. Proportional
growth rates were not calculated due to the large time period over which larval and
juvenile growth rates were averaged for fish. In contrast to absolute growth rates, which
don’t change based upon the size of fish, the accuracy of proportional growth rates
decreases as the time period over which they are calculated increases because body size
at time of measurement is the denominator in the calculation. Thus, proportional growth
rates are best calculated over shorter intervals of time, such as daily or weekly, which can
be achieved by back-calculating sizes at daily or weekly intervals using radial
measurements of daily otolith growth increments. The otoliths that | examined did not
exhibit a consistent radial counting path, a necessary prerequisite for daily increment
measurements in asymmetrical otoliths (Campana 1992), due to many cracks and
obscurities radiating outwards from the nucleus. Therefore, only coarse estimates of
absolute growth rates averaged over the larval and juvenile periods were feasible.

Observed differences in total growth rates and larval mass growth rates between
regions indicated that young-of-year rockfish grew faster on the southern Oregon coast
than on the central Oregon coast, which contrasts previous findings for invertebrate
growth rates (Freidenburg 2002). Faster total length growth rates on the southern Oregon
coast were confirmed by a steeper length-age relationship in the southern region than in
the central region (Appendix V: Fig. F). These results are somewhat counterintuitive
because water temperatures are typically colder along the southern Oregon coast than
along the central Oregon coast (Appendix V: Fig. A), due to persistent upwelling south
of Cape Blanco (Parrish et al. 1981, Barth and Smith 1998). Colder water temperatures
generally lower metabolism rates, and thus growth rates, in fish, although excessively
high temperatures may induce physiological stress and inhibit growth (Jones 2002).

However, oceanographic conditions along the central Oregon coast during
summer 2002 were highly atypical, highlighted by a severe upwelling-driven hypoxia
zone that formed along the shallow inner shelf approximately 12 km south of Depoe Bay
(Grantham et al. 2004), the southernmost of the two central Oregon coast sites. This
hypoxia event occurred from July to September 2002 (fish were collected in late August
and early September 2002). Intense upwelling conditions persisted during these months,
resulting in cold water temperatures throughout the water column and anomalously high
chlorophyll a concentrations (Wheeler et al. 2003, Grantham et al. 2004). Although the
hypoxic zone itself did not impinge on the central coast sites, the growth rates of young-
of-year rockfish may have been depressed along the central Oregon coast as a



consequence of lowered water temperatures during this intense upwelling period (Jones
2002). The 2002 summer hypoxia event along the central Oregon coast may signal an
ecosystem-level regime change in the northeast Pacific (Grantham et al. 2004) and serve
as an indicator for repeated future hypoxic events. Such long-term oceanographic shifts
could have dramatic implications for rockfish recruitment and growth rates, with
coinciding consequences for fisheries, as well as the general health of temperate
nearshore communities such as kelp forests and rocky reefs. Indeed, preliminary data
collected during summer 2004 tentatively indicates the formation of another hypoxic
zone along the central Oregon coast (Service 2004).

The 2002 summer upwelling period was preceded by several intermittent, strong
downwelling events during June and early July, when surface water temperatures
exceeded 15°C (Grantham et al. 2004). These relatively high water temperatures may
possibly have induced warming-related physiological stress in the young-of-year
rockfish, then in their pelagic larval stage, and contributed to slower larval mass growth
rates in the central region (Fig. 5) (Jones 2002). However, a negative growth response to
downwelling conditions is unlikely since intermittent downwelling is normal along the
central Oregon coast in the summer (Huyer 1983).

In addition to, and perhaps as a consequence of, the anomalous hypoxia event,
recruitment and growth of Nereocystis kelp was very poor on deep and mid-depth reefs
(15 and 10 meters depth) along the central Oregon coast in summer 2002 (T.H. Young,
personal observation, M.H. Webster, personal communication). Nereocystis kelps were
absent from most rocky reef sites that were occupied by expansive, emergent Nereocystis
canopies in previous years (M.S. Webster and M.H. Carr, personal communication). The
few existing kelp forests observed along the central Oregon coast consisted either of 1)
almost exclusively year-old, perennial Nereocystis that had managed to survive the winter
(Nereocystis is typically an annual kelp on the central Oregon coast that is destroyed
during seasonal, winter storms; Abbott and Hollenberg 1976), or 2) dense kelp recruits in
shallow water (5 meters depth) (T.H. Young, personal observation, M.S. Webser,
personal communication). The poor condition of kelp along the central Oregon coast
may have contributed to slower growth rates of young-of-year rockfish, as juvenile
nearshore rockfish are often dependent upon kelp for settlement habitat (Carr 1991,
Ammann 2004), refuge from predators (Carr 1994b), and as a habitat for principle prey
such as amphipods (Love et al. 1991, Carr 1994b). Limited availability of settlement
habitat on the central Oregon coast may have caused crowding in recruited juvenile
rockfish, precipitating density-dependent growth inhibition due to post-settlement
intracohort competition within the sparse kelp canopy (Jones 1988, Booth 1995).

The recruitment and growth failure of Nereocystis on deep and mid-depth reefs in
the central Oregon coast during summer 2002 may have been caused by competition for
light with large phytoplankton blooms (Grantham et al. 2004) and shading by dense
zooplankton, particularly mysid shrimp (T.H. Young, personal observation).
Additionally, high purple urchin densities (Strongylocentrotus purpuratus) along the
central Oregon coast may have indicated a possible shift of kelp forests to urchin barrens
in 2002 due to overgrazing (M.S. Webster, personal communication, T.H. Young,
personal observation, Steneck et al. 2002, Scheibling et al. 1999), hinting at the
significance of community-level trophic dynamics for juvenile rockfish growth (Love et
al. 1991). In contrast, kelp forests in the southern Oregon coast sites appeared relatively



robust and healthy, with expansive canopy cover of large Nereocystis compared to the
central coast sites (T.H. Young, personal observation). However, the spatial extent of
kelp forests on the southern Oregon coast in 2002 did not necessarily exceed that of
previous years and may have actually been a significant reduction from 2001 kelp forests
(M.S. Webster and M.H. Carr, personal communication), although not nearly to the level
of the central coast.

Regional variation in total growth rates may also result from differences in the
species composition of fish collected between the central Oregon coast and the southern
Oregon coast. Although all fish identified genetically on the central Oregon coast were
quillback rockfish (Sebastes maliger), only two-thirds of fish identified on the southern
Oregon coast were quillbacks; the remaining one-third southern fish were copper rockfish
(S. caurinus) and gopher (S. carnatus) or black-and-yellow rockfish (S. chrysomelas).
These results indicate that a higher species diversity of rockfish may be represented in the
collection from the southern Oregon coast. Differences in species composition between
the two regions may have produced regional differences in growth rates, independent of
environmental influences, if the different species experience distinct endogenous growth
and ontogenetic rhythms or if their growth rates respond differently to various
exogenous, or environmental, factors. The importance of species composition for
structuring spatial patterns in growth rates is explored in the following section, along with
a discussion of spatial patterns in juvenile physical conditions (Question #3).

Consistent regional differences in growth rates were observed for total growth
rates (Fig. 7) and larval mass growth rates (Fig. 5). Thus, regional differences in total
mass growth rates can be attributed to differences in growth rates that occur during the
larval stage, but that do not persist through the juvenile stage. However, there was no
evidence of regional differences for juvenile growth rates (Fig. 6) or for larval length
growth rates (Fig. 5). Differences in total length growth rates between the southern and
central Oregon coast must be occurring during either the larval stage, the juvenile stage,
or both, and therefore should be demonstrated by regional differences in one or both of
these stages. The exception to this would be if an additive effect were producing a
significant difference in total length growth rates by combining non-significant
differences in larval and juvenile growth rates. Therefore, the lack of regional spatial
patterns in larval and juvenile length growth rates may indicate such an additive effect, or
may arise from additional error in larval and juvenile growth rate estimates. The use of
back-calculated sizes at metamorphosis to derive juvenile and larval growth rates
invariably introduces an additional source of error into growth rate estimations and may
preclude the ability to resolve regional differences in larval and juvenile growth rates. In
contrast, total growth rates do not require back-calculation and are calculated from direct
measurements of size and age.

There is considerable evidence to indicate that an additive effect caused
significant regional differences in total growth rates by combining small differences in
larval and juvenile growth rates. Parameter estimates for larval and juvenile growth
rates, by length and by mass, were consistently faster on the southern Oregon coast than
on the central Oregon coast (Fig. 5 and 6), which corroborates the pattern observed for
total growth rates (Fig. 7). P-values from t-tests comparing larval and juvenile growth
rates between regions were as follows (Nested ANOVASs): Larval Length Growth Rate,
p=0.12; Larval Mass Growth Rate, p=0.084; Juvenile Length Growth Rate, p=0.016;



Juvenile Mass Growth Rate, p=0.14. Although the effect of Region was not significant
for any of these ANOVAs (p>0.10), the parameter estimates and their corresponding p-
values clearly indicate a consistent difference in larval and juvenile growth rates between
the central and southern Oregon coast. P-values from t-tests comparing total growth rates
between regions were as follows: Total Length Growth Rate, p<0.0001; Total Mass
Growth Rate, p=0.0014. When larval and juvenile growth rates are pooled together and
error from back-calculations is eliminated, a substantial regional difference in total
growth rates is produced.

Juvenile growth rates and total growth rates by length appeared to differ at the
spatial scale of local sites, and the pattern of growth rate variation among sites within
each region was consistent (Fig. 6 and 7). However, it is difficult to evaluate whether
this variation among sites is a result of local ecological factors occurring at the scale of
one to ten kilometers, such as predation (Metcalfe et al. 1987, Connell 1998), selective
mortality (Levin et al. 1997, Takasuka et al. 2003), competition (Booth 1995), prey
availability (McCormick and Molony 1992), or habitat quality (Love et al. 1991, Tupper
and Boutilier 1997); due to temporal effects resulting from different collection dates
between sites (Appendix V: Table A); due to differences in species composition among
sites; or due to possible systematic biases in age and growth rate estimates between sites.

Spatial variation in growth rates, especially among sites within the southern
Oregon coast, may have resulted from spatial differences in allometric growth or
ontogenetic stage of fish. In particular, East Island Rock fish were significantly younger,
smaller, and faster-growing than fish from all other sites. It is possible that the slower
growth rates in the other sites may be associated with a developmental change in growth
pattern — an ontogenetic shift to slower growth rates — that all other fish underwent as
juveniles but had not occurred yet in the younger East Island Rock fish. Consequently,
the growth-size relationships used to test for spatial patterns in growth rates may not
adequately describe the growth-size relationship for smaller fish such as those from East
Island Rock.

Spatial variation in larval growth rates appears to occur predominantly at the
regional scale (Fig. 5), whereas spatial variation in juvenile growth rates occurs almost
exclusively at the local site level (Fig. 6). Planktonic larvae tend to be transient and
highly mixed on a regional level, and are influenced by processes occurring at the spatial
scale of current systems, eddies, gyres, and water masses (Lasker 1978, lles and Sinclair
1982, Fortier and Gagne 1990). In addition, the habitat characteristics of pelagic,
planktonic larvae are defined by the oceanographic properties of the water in which they
drift or swim, and such properties tend to vary on larger spatial scales than structural
habitats, such as reefs or kelp beds where juveniles reside (Love et al. 1991, T.H. Young,
personal observation). Larvae are thought to be entrained in water masses where they
may be passively transported long-distance by currents (Roberts 1997) or entrained in
meso-scale eddies and regionally or locally retained (Jones et al. 1999, Swearer et al.
1999, Cowen et al. 2000, Taylor and Hellberg 2003). Small-scale spatial variation is
difficult or impossible to detect in populations whose larval growth rates are uncoupled
from local environmental factors by long-distance dispersal (Roberts 1997). For these
transient larvae, important growth factors may include water temperature, salinity, and
dissolved oxygen content (Fuiman 2002); zooplankton composition and availability (i.e.,
food) (McCormick and Molony 1992); degree of upwelling or downwelling and pelagic



productivity (Lasker 1978); circulation patterns relative to available settlement habitat
and prey patches (Cowan and Shaw 2002); availability of settlement habitat such as
canopy kelp (Carr 1991, Carr 1994a), and intensity or selectivity of predation and
competition (Houde 2002).

In contrast, juveniles are local resident fish and exhibit a high degree of site-
fidelity, remaining within the same kelp forest canopy before transitioning to the reef
below (Love et al. 2002). The growth patterns of juveniles are consequently tightly
coupled to local conditions, interactions, and resource dynamics that occur on the scale of
the kelp forest or reef. Kelp forest and reef characteristics, which define the habitats of
juvenile rockfish, tend to vary on smaller spatial scales than the majority of water mass
properties that characterize larval habitats (Broitman and Kinlan In Review). For
example, local kelp dynamics may be instrumental in determining food and habitat
availability (Love et al. 1991), degree of exposure to storm surges and currents (Dayton
1985), intensity of predation and density of predators (Gaines and Roughgarden 1987),
density of competitors or congeners within a cohort (Carr 1994a), and overall habitat
quality and structural complexity (Carr 1991). Other crucial local factors for juvenile
growth rates may include habitat relief or rugosity, and small-scale oceanographic effects
from coastline geography and bathymetric features, such as downstream (leeward)
effects, eddies, and wave exposure (Broitman and Kinlan In Review). The observation
that juvenile growth rates varied on a local spatial scale (at the site level) while larval
growth rates varied on a regional scale underscores the importance of individual dispersal
distances and capabilities or behaviors of movement (e.g., transient or resident) for
determining the scale at which influential factors in life history parameters operate.
Speculative causes in spatial variation of growth rates at the local scale, among sites, are
addressed to greater detail in the next section, alongside a discussion of spatial patterns in
juvenile physical conditions (Question #3).

It is important to note that some of the observed spatial patterns in growth rates
reflect those that would be predicted from suspected systematic errors in otolith daily
increment counts, age estimates, and size back-calculations. Within the southern Oregon
coast, differences in estimated parturition dates (Fig. 4) indicate that growth rates for East
Island Rock may be overestimated and growth rates from Nellie’s Cove may be
underestimated. This is corroborated by the observation that estimated juvenile growth
rates and total length growth rates along the southern Oregon coast are fastest in East
Island Rock and slowest in Nellie’s Cove (Fig. 6 and 7). However, differences in
estimated parturition dates (Fig. 4) also predict that, within the central Oregon coast,
growth rates for Depoe Bay fish may be overestimated and/or growth rates for Otter Crest
fish may be underestimated. In contrast, despite these predictions of error, estimated
growth rates were fastest in Otter Crest and slowest in Depoe Bay in the central region.

Otolith radii (Fig. 3) may correspond positively with the degree of age
overestimation due to sub-daily increments. Within the southern Oregon coast, spatial
differences in otolith radii predict that juvenile and total growth rates in East Island Rock
should be faster than growth rates in Orford Reef, and that growth rates in Nellie’s Cove
should be slowest, ceteris paribus. Likewise, growth rates for the southern Oregon coast
region should be faster than the central Oregon coast. Within the central region, there
should be no difference in growth rates between Depoe Bay and Otter Crest, ceteris
paribus. These predictions are corroborated by observed spatial patterns of juvenile



growth rates and total length growth rates among sites within the southern Oregon coast
(Fig. 6 and 7), and by spatial patterns of total growth rates between the two regions (Fig.
7). However, Otter Crest fish exhibited faster juvenile growth rates (Fig. 6) and total
length growth rates (Fig. 7) than Depoe Bay fish within the central Oregon coast, despite
no significant difference in their otolith radii.

The use of a single regression equation for length back-calculations (Fig. 3),
despite regional differences in the slope of otolith-somatic growth relationships, likely
caused overestimations in juvenile length growth rates for southern Oregon coast fish and
underestimations in juvenile length growth rates for central Oregon coast fish.
Conversely, error in back-calculations may have resulted in underestimation of southern
coast larval length growth rates and overestimation of central coast larval length growth
rates. This is due to the fact that the slope of the otolith-somatic growth relationship for
lengths was steeper for the southern Oregon coast than for the central Oregon coast
(Appendix V: Fig. E). Therefore, the use of a single linear regression equation for back-
calculations in both regions led to underestimation of lengths at metamorphosis for the
southern region, and overestimation of lengths at metamorphosis for the central region.
There was no difference between regions in otolith-somatic growth relationships for
masses (p>0.10). Back-calculation errors are likely not important for mass growth rates,
and spatial patterns in mass growth rates probably reflect actual regional variation.

The only measurement for which error derived from back-calculation appears to
have been important was larval length growth rate. There was no evidence of regional
spatial patterns in either juvenile growth rates by length or by mass (Fig. 6). However,
larval mass growth rates exhibited significant regional variation whereas larval length
growth rates did not (Fig. 5). Therefore, errors in lengths at metamorphosis from back-
calculations may have statistically nullified an important regional pattern in larval length
growth rates that was apparent in larval mass growth rates. The slope of larval mass
growth rates versus mass at metamorphosis was steeper for the southern Oregon coast
than the central Oregon coast and southern coast fish grew faster than central coast fish
for heavier masses at metamorphosis (Fig. 5). A similar regional pattern may have been
masked in larval length growth rates because of the underestimation of southern larval
growth rates and overestimation of central larval growth rates (Appendix V: Fig. E).
Additionally, errors in larval length growth rates should be more pronounced for fish with
larger lengths at metamorphosis, thereby depressing the slope for larval length growth
rates of southern coast fish and steepening the slope for larval length growth rates of
central coast fish. These back-calculation errors may have therefore effectively cancelled
out a true regional pattern in larval length growth rates, if the regional pattern were
similar to that of larval mass growth rates (Fig. 5).

Errors introduced by inaccurate back-calculations in the estimation of juvenile
and larval growth rates by length cannot explain the spatial variation observed in total
growth rates at the regional level. The equations for calculating total growth rates do not
utilize back-calculated sizes at metamorphosis. Therefore, observed regional differences
in total growth rates, by mass and by length, are not thought to be associated with any
substantial error due to back-calculations (Fig. 7). Additionally, there was no evidence of
differences in the otolith-somatic growth relationships for masses between regions. Thus,
regional spatial patterns observed in larval mass growth rates cannot be explained by
errors in back-calculations of masses at metamorphosis.



Similar significant regional patterns, marked by faster growth on the southern
coast than on the central coast, occurred in total growth rates by mass and by length, as
well as in larval mass growth rates. Additionally, these regional patterns were
corroborated by non-significant differences in juvenile growth rates and larval length
growth rates. Therefore, these consistent regional differences may indicate a real spatial
pattern, rather than error associated with measurement or back-calculation.

3) Do juvenile physical conditions (mass-length relationships) vary between regions or
among local sites along the Oregon coast?

The relationship between mass and length differed significantly between sites
within each region, but not between the regions themselves (Fig. 8). Along the central
Oregon coast, Depoe Bay fish were more massive per unit of length than Otter Crest fish,
indicating better physical condition of Depoe Bay fish than Otter Crest fish. Along the
southern Oregon coast, Nellie’s Cove fish appeared to be more massive per unit of length
than Orford Reef fish, and East Island Rock fish appeared to be less massive per unit of
length than Orford Reef fish, but these differences were not significant (p>0.10).

Depoe Bay fish were captured approximately three weeks later than Otter Crest
fish. Therefore, differences in condition factors (Fig. 9) and in growth rates (juvenile
growth rates and total length growth rates, Fig. 6 and 7) between these two central
Oregon coast sites may have resulted either from intrinsic local variation in
environmental factors operating on a site-level scale (i.e., a spatial effect), or from
temporal changes in regional oceanographic conditions along the central Oregon coast
between the time of capture of Otter Crest fish and the time of capture of Depoe Bay fish
(i.e., atemporal effect). Both Otter Crest and Depoe Bay fish were collected from
emergent Nereocystis canopy kelp during a protracted period of intense, persistent
upwelling along the central Oregon coast (Grantham et al. 2004). Depoe Bay fish
experienced a greater duration of exposure to cold sea-surface temperatures due to
prolonged upwelling, which may have caused average juvenile and total growth rates of
Depoe Bay fish to decrease significantly over time or may have induced an allometric
shift in growth, thereby changing condition factors.

Depoe Bay and Otter Crest are dramatically different sites that may be influenced
by distinct small-scale oceanographic conditions. Depoe Bay is a small, wide-mouthed
bay with low bottom habitat rugosity, while Otter Crest is a shallow, high relief reef
located immediately down-current of a major headland, or cape (M.S. Webster and M.H.
Carr, personal communication, T.H. Young, personal observation). These two coastal
features — bays and headlands, or capes — typically exhibit markedly different
oceanographic conditions (Broitman and Kinlan In Review). In addition, during summer
2002, the Nereocystis kelp in Depoe Bay appeared large, old, and worn, was more
sparsely and patchily distributed, and grew deeper than Otter Crest kelp, probably
consisting of perennials that survived winter storms (T.H. Young, personal observation).
Otter Crest kelps, in contrast, were relatively small, young, healthy, and very dense, grew
only in shallow water, and likely consisted of new kelp recruits for that year (T.H.
Young, personal observation). The differences in juvenile growth rates and juvenile
physical conditions between these sites, although relatively close in proximity to one



another, emphasizes the strong effects of oceanographic and biological variation on a
small, local spatial scale for controlling growth patterns and overriding the effects of
regional processes for resident fish (i.e., juveniles). Depoe Bay fish were also slightly
older at capture than Otter Crest fish, and the difference in condition factors (Fig. 9) may
represent an ontogenetic change in allometric growth, although this scenario is unlikely
since the average age difference between the two central sites was only approximately 5
days (Appendix V: Table B).

Differences in physical conditions and in growth rates (juvenile growth rates and
total length growth rates) between the three southern Oregon coast sites may be a
consequence of local spatial variation in environmental factors among sites. Temporal
effects would not have been important among these three sites, as fish collections were
conducted over a period of only two days. The three southern sites were situated at
different distances from the mainland coast, and were probably influenced by distinct
oceanographic conditions. Nellie’s Cove is a small cove with low relief located directly
adjacent to the mainland coast, East Island Rock is a nearshore basalt haystack with high
relief situated within a kilometer of the coast, and Orford Reef is a series of high relief
basalt pinnacles several kilometers offshore. Consequently, Orford Reef is typically
situated within a different oceanographic regime, characterized by more intense
upwelling, colder water temperatures, higher water visibility (lower turbidity), lower
phytoplankton concentrations, and more expansive kelp forests compared to Nellie’s
Cove and East Island Rock (M.S. Webster, personal communication, T.H. Young,
personal observation).

Environmental differences among these sites were reflected in different algal,
invertebrate, and fish communities from subtidal surveys of kelp forests and rocky reefs
at these sites (M.S. Webster, personal communication, T.H. Young, personal
observation). For instance, very high densities of mysid shrimp and Nereocystis kelp
were observed at Orford Reef in summer 2002 and 2004, compared to low densities of
mysids at both East Island Rock and Nellie’s Cove in summer 2002, and low densities of
both mysids and Nereocystis at East Island Rock in summer 2004 (Nellie’s Cove was not
surveyed in 2004; M.S. Webster, personal communication, T.H. Young, personal
observation). Additionally, species composition of young-of-year juvenile rockfish
recruits varied tremendously between Orford Reef and East Island Rock in summer 2004
(T.H. Young, personal observation). Orford Reef recruits consisted primarily of black
rockfish (S. melanops) and the species group that was identified in this study (quillback,
copper, gopher, black-and-yellow). East Island Rock recruits were predominantly blue
rockfish (S. mystinus), mixed with few black rockfish. These observations underscore the
magnitude of local variation in productivity and recruitment among local sites.

These site differences in the southern region imply that spatial variation in growth
rates and condition factors should be smallest between Nellie’s Cove and East Island
Rock, which are located within viewing distance of one another, and greatest between the
offshore Orford Reef and one of the other two nearshore coastal sites. However, the
opposite is true, where the largest differences in growth rates and condition factors
consistently occurred between Nellie’s Cove and East Island Rock. Orford Reef fish
always occupied the intermediate value in ordered lists of parameter estimates for
physical conditions and for all growth rates, with the single exception of total mass



growth rates (which were not significantly different among sites within the southern
Oregon coast, p>0.10).

It is possible that bottom habitat relief may play a crucial role in determining
juvenile growth rates and condition factors, which would help explain the lack of
variation between East Island Rock and Orford Reef, both of which exhibit higher habitat
relief. Since juvenile growth rates were faster in these sites, habitat relief may confer
some benefit to the growth rates of young-of-year juvenile rockfish. High relief rocky
reefs may provide more suitable bottom habitats for juvenile rockfish than low relief
reefs, or may accommodate higher densities of benthic crustaceans and other invertebrate
prey of juvenile rockfish. The recently settled juveniles may not remain exclusively in
the kelp canopy during their early development and may utilize shelter in the rocky reef
(T.H. Young, personal observation), perhaps as an alternative habitat for feeding on
benthic organisms or as a secondary refuge from predators and competitors. Mysid
shrimp that juvenile rockfish may prey upon occurred in dense aggregations along the
bottom meter of the water column, directly above the reef, and therefore were not
accessible to recruits residing in the kelp canopy.

The dramatic difference in juvenile growth rates and juvenile physical conditions
between East Island Rock and Nellie’s Cove, despite their almost immediate proximity to
one another, underscores the importance of local factors, operating on small scales with a
high degree of spatial variability, for driving post-settlement demographics and
controlling juvenile growth patterns. During the juvenile stage, any influence of regional
factors is overtaken and overwhelmed by the effects of highly spatially variable local
processes.

Alternatively, spatial differences in condition factors and growth rates among
sites, as well as differences in growth rates between regions, may result from distinct
species compositions of fish collections. Although there was no evidence to suggest that
species compositions differed between Depoe Bay and Otter Crest, which may both
consist entirely of quillback rockfish (Sebastes maliger), an insufficient number of fish
were genetically analyzed from each of these central Oregon coast sites to ascertain
whether or not species compositions differed significantly. There were indications, albeit
inconclusive, of differences in species composition among the southern Oregon coast
sites. Orford Reef appeared to consist mostly or perhaps entirely of quillback rockfish,
while Nellie’s Cove contained a mix of quillback and copper rockfish (S. caurinus), and
East Island Rock contained a mix of quillback rockfish and gopher or black-and-yellow
rockfish (S. carnatus or S. chrysomelas, respectively).

It is conceivable that quillback rockfish, copper rockfish, and gopher/black-and-
yellow rockfish exhibit dissimilar physiological tolerances and require distinct conditions
and resources for optimal growth, since these species are characterized by differences in
geographic distributions and depth ranges, despite considerable overlap in behavior,
ecology, and early life history characteristics (Love et al. 2002). Quillback rockfish are a
northern species that does not occur south of Point Conception, California and live in
water as deep as 274 meters (900 feet) (Yamanaka 2002). In contrast, gopher and black-
and-yellow rockfish are southern species that do not occur north of Cape Blanco, Oregon
and only reside in water shallower than 80 meters (264 feet) (Larson 2002). The
distribution of copper rockfish encompasses the entire geographic ranges of both
quillbacks and gophers/black-and-yellows, and coppers have been found as deep as 183



meters (600 feet) (Love 2002). These depth ranges and geographic distributions indicate
that quillback rockfish are probably better adapted for colder water temperatures and
deeper habitats than are gopher and black-and-yellow rockfish. Conversely, gophers and
black-and-yellows are likely better adapted for warmer water temperatures and shallower
habitats than quillbacks. Copper rockfish probably represent an intermediate species that
is tolerant of both colder and warmer water temperatures and shallow to intermediate
depths. Despite their long list of ecological and behavioral similarities, different
physiological tolerances or ecological preferences between rockfish species may have
profound implications for spatial patterns in growth rates and physical conditions if
species compositions are dissimilar between regions or among sites.

Juvenile growth rates, by both mass and length, varied inversely with juvenile
physical conditions at the local site level. In other words, sites with faster growing fish
consistently had fish that were less massive per unit of length compared to sites with
slower growing fish, within the same region (Fig. 6 and 8). Within the central Oregon
coast, juvenile growth rates by both mass and length were faster in Otter Crest than in
Depoe Bay (Fig. 6), but physical conditions were greater in Depoe Bay than in Otter
Crest (i.e., Depoe Bay fish were more massive per unit length) (Fig. 8). Within the
southern Oregon coast, juvenile growth rates by both mass and length were faster in East
Island Rock than in Orford Reef and slowest in Nellie’s Cove (Fig. 6). Physical
conditions, in contrast, were greatest in Nellie’s Cove and least in East Island Rock (Fig.
8). Total growth rates by length also maintained inverse spatial patterns at the local site
level as compared with juvenile physical conditions (Fig. 7 and 8). This local site-level
inversion of growth rates and physical conditions may represent an important
physiological or ecological trade-off between one measure of fitness in juvenile rockfish
— growth rates, and another measure of fitness — physical conditions, or mass-length
relationships.

The apparent trade-off between juvenile growth rates and juvenile physical
conditions was investigated by plotting condition factors of fish versus juvenile growth
rates by length and by mass (Fig. 9). Condition factors appeared to be negatively
correlated with juvenile growth rates by length, but were not correlated with juvenile
growth rates by mass (Fig. 9). Relationships between condition factors and juvenile
growth rates varied considerably among sites but not between regions. These results
suggest that the observed trade-off between juvenile length growth rates and physical
conditions (i.e., condition factors) occurs at the level of the individual fish, and is
reinforced by differences in condition factors among sites that correlate inversely with
spatial patterns in juvenile length growth rates. The inverse relationship with condition
factors did not extend to juvenile mass growth rates, as expected, since condition factors
are determined by the relative rates of growth by mass versus length in fish. Fish are in
essence sacrificing their linear growth in order to acquire more mass per unit of length.
Whether the strategy of maximizing growth rates by length or attaining optimum
condition factors confers greater survivorship, and under what ecological conditions one
or the other alternate growth strategy may be preferred, remain to be determined. How
environmental or endogenous factors may influence the growth strategy of fish are other
important questions to be addressed. Clear variation among sites in this relationship is
evidence of local-scale environmental factors playing an important role in the growth
strategy of fish. It is not suspected that systematic errors in measurements contributed to



these patterns because no otolith age estimates or size back-calculations were used to
calculate condition factors. However, differences in species composition among sites
may have been an influential factor for local spatial variation in condition factors.

4) Do faster growing larvae metamorphose at younger ages, as predicted by the Single
Process Concept?

Larvae with faster growth rates by length metamorphosed at younger ages and
experienced shorter larval durations compared to larvae with slower growth rates by
length (Fig. 10). The effect of larval length growth rate on age at metamorphosis
appeared to be stronger in the central Oregon coast than in the southern Oregon coast
(Fig. 10). In contrast, larvae with faster growth rates by mass metamorphosed at older
ages and experienced longer durations compared to larvae with slower growth rates by
mass (Fig. 10). The effect of larval mass growth rate on age at metamorphosis was
stronger in the central Oregon coast than in the southern Oregon coast, and southern coast
fish appeared to metamorphose at younger ages than central coast fish for a given larval
mass growth rate (Fig. 10).

Multiple studies have found that swimming speeds (Fuiman and Webb 1988,
Miller et al. 1988, Williams et al. 1996), predator detection ability (Fuiman 1989, Fuiman
and Delbos 1998, Zaunreiter et al. 1991), and escape responses (Fuiman 1989) increase
with size and ontogeny in young-of-year fishes. In this context, the observed negative
correlation between larval length growth rates and ages at metamorphosis indicates a
distinct selective advantage for larval rockfish with faster growth rates by length (Fig.
10). Faster growing fish by length proceed more rapidly through successive
developmental stages, experience shorter larval durations, and escape a highly vulnerable
planktonic larval existence at younger ages. Therefore, according to the Single Process
Concept (Cushing 1975, Houde 1987, Houde 1989) and Stage Duration Hypothesis
(Houde 1987, Fuiman 1994, Leggett and DeBlois 1994), faster larval length growth rates
likely contribute to higher survivorship (lower mortality rates) and increased chance of
recruitment (Bergenius et al. 2002, Cowan and Shaw 2002, Houde 2002).

These results indicate that the timing of metamorphosis may be heavily
influenced by larval length growth rates in young-of-year rockfish (Fig. 10). The fact
that the rockfish species represented in this study settle almost concurrently with
metamorphosis (Love et al. 2002) also highlights the importance of larval growth rates
for influencing settlement ages. Given that the pre-settlement environment (pelagic) and
lifestyle (planktonic) are thought to be associated with higher mortality rates than benthic
habitats and a demersal existence for young-of-year fish (Bailey and Houde 1989), larval
growth rates may therefore be a critical factor for determining recruitment rates by
mediating the timing of settlement, a pivotal early life history transition.

Larval mass growth rates exhibited a positive relationship with ages at
metamorphosis (Fig. 10), contradicting the prediction of the Single Process Concept and
presenting a counterpoint to the apparent effect of larval length growth rates. The
increase in mass growth rates with age at metamorphosis may be due to the non-linear
power function relationship between mass and length (Appendix V: Fig. D). As a result
of this mass-length relationship, mass growth rates always increase with age in fish that



are growing by length. This mass growth relationship is a characteristic biometric for the
early life history of many fish (Jones 2002).

Another potential mechanism by which the observed pattern may occur is if fish
metamorphose upon attaining some critical, or threshold, length (Pasten et al. 2003), and
also require appropriate settlement cues, such as available bottom habitat, in order to
undergo metamorphosis (Montgomery et al. 2001, Parmentier et al. 2004). If there is a
physiological trade-off between larval length growth rates and larval mass growth rates,
then fish may “attempt” to shorten their larval duration and expedite metamorphosis by
speeding their linear growth (length growth rate) and compromising their mass growth.
Although this compromise would increase a larva’s chances of escaping the intense
predation typical of the larval stage by metamorphosing early (Houde 2002), the trade-off
is that the larvae would be more vulnerable to starvation due to the lack of energy stores
(Fuiman 2002). If a fish attains the critical length before encountering the necessary
settlement cues, it may hypothetically be capable of delaying metamorphosis, and thus
settlement, by slowing its linear growth (Victor 1986, Sponaugle and Cowen 1994,
McCormick 1999). Instead of accumulating length, the fish would accrue additional
mass to prevent starvation while biding its time to metamorphose and settle. Therefore,
fish that settle youngest would exhibit fastest larval length growth rates and slowest
larval mass growth rates, whereas fish that metamorphose oldest, by postponing
metamorphosis and settlement, would exhibit the reverse pattern: faster mass growth
rates and slower larval length growth rates, as indicated in Fig. 10. This process indicates
an important trade-off between larval length growth rates and larval mass growth rates.

The natural log of larval mass growth rates was plotted versus the natural log of
larval length growth rates in order to investigate this trade-off (Fig. 11). Contrary to the
predicted trade-off, which would entail a negative correlation, there was a positive
relationship between the natural log of larval length growth rates and the natural log of
larval mass growth rates (Fig. 11). This relationship was consistent at both regional and
local spatial scales. Therefore, it is not clear why or how larval length growth rates can
exhibit an inverse, or negative, relationship with age at metamorphosis while larval mass
growth rates exhibit a direct, or positive, relationship with age at metamorphosis.

Spatial variation in the relationships between larval growth rates and ages at
metamorphosis suggests that these may not be highly conserved ontogenetic-growth
phenomena along the Oregon coast. The nature and strength of these relationships may
be influenced by spatially variable environmental factors.

Since the young-of-year rockfish collected represent a group of species that
exhibits little or no pelagic juvenile stage (Love et al. 2002), larval rockfish may require a
suitable settlement habitat, such as a nearshore rocky reef or kelp canopy, in order to
metamorphose. Larvae that have not found such suitable settlement habitat when
physiologically ready to metamorphose may be able to actively slow their growth rates,
perhaps through behavioral or physiological changes, in order to induce a pause in their
development and prevent metamorphosis prior to encountering ideal settlement
conditions. Such a capacity to exert endogenous control over growth rates in order to
delay metamorphosis also would result in an inverse relationship between age at
metamorphosis and larval growth rates. This phenomenon would present a fascinating
ontogenetic mechanism by which young-of-year rockfish behaviorally or physiologically



minimize their pelagic juvenile duration so that metamorphosis may coincide with
settlement.

The Single Process Concept states that younger settlement and metamorphosis
ages should yield higher recruitment rates (Cushing 1975, Houde 1987, Houde 1989).
Younger metamorphosis ages may result from increased larval growth and development
rates, as predicted by the Single Process Concept and demonstrated in Fig. 10. However,
increased mortality rates may also produce younger metamorphosis ages, since high
larval mortality rates favor fish that escape the pelagic larval stage at younger ages. If
faster larval growth rates do indeed decrease the larval duration, or age at metamorphosis,
then higher larval mortality rates would indirectly favor faster larval growth rates. By
this mechanism, younger settlement (or metamorphosis) ages and faster larval growth
rates may be confounded with higher pre-settlement (or larval) mortality rates, possibly
nullifying the hypothesized inverse correlation between recruitment rates and settlement
(or metamorphosis) ages. Using the approaches in my study, it would not be possible to
determine whether an observed difference in average settlement ages between cohorts or
samples is a result of different growth and development rates between the samples, a
result of different pre-settlement mortality rates, or both. Higher pre-settlement mortality
rates create a directional selective pressure favoring earlier settlement ages, thereby
yielding potentially younger average settlement ages in cohorts with lower recruitment
rates. Such a pattern would contradict the predicted inverse relationship between
recruitment rates and settlement ages because cohorts with higher larval mortality rates
would likely exhibit both younger settlement ages and lower recruitment rates to the
juvenile stage. The scenario predicted by the Single Process Concept would only occur
under an assumption of no difference in larval mortality rates between cohorts or
samples, combined with a negative effect of larval growth rate on metamorphosis ages.

However, a valid criticism of these results is that the explanatory and response
variables for this regression are not independent, since larval duration (age at
metamorphosis) is the denominator for the equation of larval growth rate (larval growth
rate = larval growth/larval duration). It may thus only be a statistical artifact that these
two parameters are inversely related, since an increase in larval duration would cause a
decrease in the calculated larval growth rate, unless there is a compensatory increase in
larval growth (size at metamorphosis — size at parturition).

5) Do larval growth rates, size at metamorphosis, or larval duration (i.e., age at
metamorphosis) predict juvenile growth rates?

Larval growth rates appeared to have a negative effect on juvenile growth rates,
whereby faster-growing larvae tended to have slower growth rates during the juvenile
stage (Fig. 12). Lengths at metamorphosis were also negatively correlated with juvenile
growth rates by length; fish that metamorphosed at longer sizes experienced slower
juvenile growth rates (Fig. 13). Masses at metamorphosis did not exhibit a significant
effect on juvenile growth rates by mass (Fig. 13). Juvenile growth rates also did not
appear to be affected by larval duration (i.e., age at metamorphosis) (Fig. 14). These
results indicate that juvenile growth rates may be determined, or at least predicted, in part
by larval growth rates and size at metamorphosis (particularly length). However, the



apparent influence of larval growth rates and sizes at metamorphosis on juvenile growth
rates is an inhibitory effect rather than a reinforcing or enhancing effect, suggesting a
trade-off between larval and juvenile growth rates.

All of the above relationships, between juvenile growth rates and larval growth
rates, sizes at metamorphosis, or larval durations, varied among sites within each region
in a predictable fashion. In the central Oregon coast, fish in Otter Crest exhibited faster
juvenile growth rates by length than fish in Depoe Bay, for a given larval growth rate
(Fig. 12), length at metamorphosis (Fig. 13), or larval duration (Fig. 14). However, the
opposite was true for growth rates by mass: fish in Depoe Bay grew faster as juveniles
than Otter Crest fish, for a given larval mass growth rate (Fig. 12), mass at
metamorphosis (Fig. 13), or larval duration (Fig. 14).

The consistent reversal in growth rates between Depoe Bay and Otter Crest, with
Depoe Bay fish growing faster by mass but Otter Crest fish growing faster by length, may
result from the fact that Depoe Bay fish were more massive per unit length than Otter
Crest fish (Fig. 8 and 9). In the southern Oregon coast, fish in Nellie’s Cove consistently
exhibited the fastest juvenile growth rates, by length or by mass, followed by fish in
Orford Reef, with East Island Rock fish exhibiting the slowest juvenile growth rates, for a
given larval growth rate (Fig. 12), size at metamorphosis (Fig. 13), or larval duration
(Fig. 14).

These results suggest that fish that grow faster as larvae subsequently grow slower
as juveniles (Fig. 12), and that fish that metamorphose at larger sizes (specifically, longer
lengths) grow slower as juveniles (Fig. 13). The negative serial correlation between
larval and juvenile growth rates may represent important sequential trade-offs during the
early life history of rockfishes and may be induced by changes in physiological responses
to developmental rates between the larval and juvenile stages, or may result from
dramatic changes in optimal environmental conditions (requirements for optimal growth)
between larval and juvenile rockfish. For instance, the inverse correlation between larval
growth rates and juvenile growth rates, and between size at metamorphosis and juvenile
growth rates can hypothetically result from a switch in food and habitat requirements
between the pelagic larval stage and the demersal juvenile stage. Pelagic larval rockfish
primarily feed on zooplankton (Love et al. 2002) and would benefit from conditions that
retain local pelagic primary and secondary productivity, such as eddies and gyres
(Wieters et al. 2003). Upon settlement, demersal juveniles generally exhibit a partial
ontogenetic diet shift from zooplankton to benthic crustaceans (Love et al. 2002), which
often associate with kelp (T.H. Young, personal observation). Juveniles thus depend on
kelp for both habitat and food resources. However, conditions that favor pelagic
productivity and larval growth also typically inhibit kelp recruitment and growth due to
competition for light and nutrients (Dayton et al. 1999). Pelagic primary productivity
(i.e., phytoplankton and chlorophyll-a concentrations) is inversely spatially correlated
with benthic primary productivity, or kelp and algal growth, along much of the Pacific
coastline of North America (Broitman and Kinlan In Review). For instance,
phytoplankton (and subsequently zooplankton) standing stocks may be reduced near
upwelling centers and immediately downstream (in the lee) of capes and headlands, but
kelp forest biomass and productivity is enhanced in these areas. Therefore, certain
oceanographic conditions may favor the habitat and diets of juveniles while reducing
food supplies for larvae, while different oceanographic conditions may favor the diet of



larvae and be detrimental to the diet and habitat of juveniles (i.e., kelp and their
associated epifauna).

These apparent early life history trade-offs may have been produced simply by
errors in fish size back-calculations, whereby an overestimated size at metamorphosis
would yield a slower-than-actual juvenile growth rate and a faster-than-actual larval
growth rate. Conversely, an underestimated size at metamorphosis would inflate the
juvenile growth rate estimate and deflate or depress the larval growth rate estimate.
Thus, larval growth rates and sizes at metamorphosis may be inversely correlated with
juvenile growth rates simply due to variation in the degree and direction of errors in
back-calculations for size at metamorphosis.

6) Does growth-selective mortality occur during the early juvenile stage of young-of-
year rockfish along the Oregon coast, as predicted by the Growth-Mortality
Hypothesis?

Variances in juvenile growth rates by both length and mass decreased
significantly as juvenile duration increased (Fig. 15). Means of juvenile growth rates by
both length and mass did not change as juvenile duration increased (Fig. 16). This
pattern of stable average juvenile growth rates amidst decreasing variation in juvenile
growth rates with increasing time since metamorphosis suggests that stabilizing growth-
selective mortality may have occurred during the early juvenile stage of young-of-year
rockfish along the Oregon coast. This relationship was consistent between regions and
among sites, indicating that the direction and magnitude of growth-selective mortality do
not vary spatially along the Oregon coast.

It appears that stabilizing growth-selective mortality may be occurring throughout
the juvenile duration for the fish collected (Fig. 15 and 16). The variances of growth
rates decrease as juvenile duration increases (Fig. 15), but the mean juvenile growth rates
do not appear to change (Fig. 16), implying that the fastest and slowest growing fish are
dying first during the juvenile stage. Essentially, outlier fish with extreme juvenile
growth rates may be experiencing the highest juvenile mortality rates, being selectively
removed from the population faster than fish growing near the median rate. These results
contrast the positive directionally selective mortality predicted by the Growth-Mortality
Hypotheses (Anderson 1988, Booth and Hixon 1999, Takasuka et al. 2003), whereby
mortality rate is inversely proportional to growth rate. This pattern does not vary
between regions or among sites within each region (p>0.10), and it is a statistically
significant pattern (p<0.05) for both growth rates by length and by mass (Fig. 15).

Since growth-selective mortality during the juvenile stage appears to be largely
stabilizing rather than directional in nature, its effects upon spatial patterns in juvenile
growth rates should be minimal. Although directional growth-selective mortality was not
evident during the juvenile stage, this phenomenon may still have occurred during the
larval stage, skewing observed growth rates towards the assumedly faster-growing
survivors (Searcy and Sponaugle 2001, Takasuka et al. 2003). Growth-selective
mortality during the larval stage was not investigated using this approach because of the
difficulty differentiating variance in growth rate changes from systematic deviations in



otolith-somatic growth relationships from the regression used to back-calculate sizes at
metamorphosis.

A criticism of this approach to assessing growth-selective mortality is that one
might expect to see greater error, and thus greater variances, in juvenile growth rate
calculations for fish with shorter juvenile durations and smaller sizes simply as a
statistical consequence of using ages and back-calculated sizes at metamorphosis to
estimate juvenile growth rates. This pattern (of decreasing variation in juvenile growth
rates with increasing juvenile duration) may be caused by the proportionally greater
effect of incongruencies, or imprecision, between the points used to estimate age at
metamorphosis during increment counts (first accessory primordium) and the points used
to measure the otolith radius to the first accessory primordium, for fish with shorter
juvenile durations and smaller body sizes. The effect of such incongruencies (differences
between the increment used to measure otolith radii and back-calculate sizes, and the
increment used to estimate age at metamorphosis) diminishes with increasing juvenile
duration and/or increasing juvenile fish size. In other words, small errors in otolith radial
measurements, estimated ages at metamorphosis, and/or size back-calculations translate
into proportionally larger errors in estimated juvenile growth rates for smaller fish with
shorter juvenile durations compared to larger fish with longer juvenile durations. For fish
with longer juvenile durations, these errors are distributed over a greater number of days
and are therefore buffered by this longer time period. For fish with larger sizes, errors in
back-calculations of size at metamorphosis represent a smaller proportion of growth
during the juvenile stage than for smaller fish. Therefore, the observed pattern
interpreted as stabilizing growth-selective mortality may in fact indicate a statistical
artifact — a systematic sampling bias of juvenile duration on the error, or variation, in
growth rate estimates.

An additional statistical artifact that can produce decreased variation in juvenile
growth rates with increasing juvenile duration (Fig. 15) is that juvenile growth rates for
recently metamorphosed juveniles depend more heavily upon a short period of conditions
or upon genetic factors, whereas growth rates for older juveniles are integrated over a
longer period of time with greater variation in conditions (Anderson and Sabado 1999,
M.S. Webster, personal communication). Therefore, growth rates are more variable
among younger juveniles due to the proportionally stronger and more exclusive effect of
either beneficial or detrimental conditions, and the greater possibility of experiencing
only extreme conditions during their short juvenile durations. The older juveniles each
experience a broad range of conditions, including both beneficial and detrimental, that are
integrated over their longer juvenile durations. They therefore exhibit less variable
juvenile growth rates that reflect the time-average of these conditions.

The phenomenon of growth depensation in younger fish and compensatory
growth in older fish may also be important for explaining this pattern (Jones 2002).
Growth rates tend to be more idiosyncratic and highly variable in younger fish,
particularly during the larval and early juvenile stages (Koebele 1985, Ochi 1986). This
growth depensation is due to the cumulative effects of physiological (endogenous) and
environmental (exogenous) factors, which may be additive or multiplicative (synergistic)
in nature (Jones 2002). Growth depensation may be especially strong throughout the
larval stage, during metamorphosis, and immediately following metamorphosis, when
growth rates are influenced by a number of asynchronous and idiosyncratic physiological



processes associated with ontogeny and allometric growth. The high variation in growth
for younger juveniles reflects the complexity of these processes. As the juvenile stage
progresses, and growth changes from allometric to isometric, physiological and
environmental effects upon growth become more consistent among individuals, and fish
may experience compensatory growth or reduced variability in growth rates (Fuiman
2002, Jones 2002, Ali et al. 2003).

Growth-selective mortality can be detected more finely and resolved with high
confidence by back-calculating growth rates or sizes at finer intervals (e.g., daily or
weekly) using radial measurements of daily otolith growth increments (Ricker 1969).
The otoliths that | examined did not exhibit a consistent radial counting path, a necessary
prerequisite for daily increment measurements in asymmetrical otoliths (Campana 1992),
due to many cracks and obscurities radiating outwards from the nucleus. Therefore, only
coarse estimates of average growth rates over the larval and juvenile periods were
feasible in my study.



APPENDIX IV: CONCLUSIONS

Rockfish of the genus Sebastes are ecologically and economically important
components of nearshore Oregon reef communities but are highly susceptible to
overfishing. A number of marine fisheries hypotheses highlight the significance of
growth and development in early life history stages for the replenishment of populations.
I examined spatial patterns of age and growth in larval and juvenile rockfish along the
Oregon coast; | examined the relationships between larval growth, timing of
metamorphosis, and juvenile growth; and I tested predictions of two hypotheses: the
Single Process Concept and the Growth-Mortality Hypothesis.

Young-of-year rockfish were collected during summer 2002 from five local sites
nested within two oceanographic regions — central and south — along the Oregon coast,
spanning a prominent oceanographic discontinuity located at Cape Blanco. Otolith
microstructures were examined and daily increments counted to estimate ages at capture
and ages at metamorphosis, using the first accessory primordium as an indicator of
juvenile transformation. Otolith-somatic growth relationships were used to back-
calculate sizes at metamorphosis, and growth rates were calculated for the larval and
juvenile stages.

Results from Nested ANOVAs suggest that parturition dates varied among sites,
which may be a consequence of local larval retention and limited dispersal. Larval
growth rates varied on a regional spatial scale, whereas juvenile growth rates varied on a
local spatial scale, indicating that the spatial scale of control over early life history
demographics is stage-specific. Intense, persistent upwelling and cold water
temperatures along the central Oregon coast during summer 2002 may explain slower
growth rates in the central region compared to the southern region. Juvenile condition
factors also varied on a local spatial scale in the central region, where a time lag between
fish collections may have been confounding.

A significant inverse relationship between larval length growth rates and ages at
metamorphosis (larval durations) corroborated a prediction of the Single Process Concept
that faster growing larvae metamorphose younger, but the strength of this relationship
differed between regions.

A positive relationship between larval mass growth rates and ages at
metamorphosis may indicate an ability of fish to delay metamorphosis while awaiting
appropriate environmental cues such as settlement habitat. Larval growth rates and
lengths at metamorphosis exhibited a negative effect on juvenile growth rates, signifying
a trade-off in growth between larval and juvenile stages, but there was no effect of age at
metamorphosis on juvenile growth rates.

There was no evidence of directional growth-selective mortality during the
juvenile stage, contrary to the predictions of the Growth-Mortality Hypothesis.
Decreasing variances and unchanging means for juvenile growth rates over the juvenile
duration suggest either stabilizing growth-selective mortality, growth depensation in
larvae followed by compensatory growth in juveniles, or a statistical artifact of measuring
integrated growth rates.



Future research should focus on temporal patterns of growth and recruitment in
young-of-year rockfish across nested spatial scales. Long-term studies conducted at
multiple spatial scales may assist efforts to identify the effects of oceanographic
phenomena and environmental changes on demographics in early life history stages and
assist with conservation planning and fisheries management.



APPENDIX V: SUPPLEMENTARY TABLES AND FIGURES

Local Site Geographic Region of | Date of Number Number of Number of
Name Coordinates Oregon Capture of Fish Fish Selected Otoliths
Coast Captured | for Analyses Examined
42°47.148°’N
Orford Reef 124°35.578'W Southern August 22 22 15 15
Nellie’s Cove 42°43.987’N
124°30.587'W Southern August 23 14 13 12
East Island 42°40.050°N
Rock 124°28.487'W Southern August 23 15 14 14
44°45.301°’N
Otter Crest 124°04.004’W Central August 19 40 20 20
44°48.683’N
Depoe Bay 124°04.348'W Central September 44 20 18
10
135 60 57
Totals

Table A. Sampling and site characteristics. Southern sites are located south of Cape
Blanco and central sites are located near Cape Foulweather. Fish from Orford Reef, Otter
Crest, and Depoe Bay were sub-sampled for analyses. All fish from Nellie’s Cove and
East Island Rock were selected for analyses, with the exception of one heavily damaged
fish that was not measured from each site. Otoliths from two Depoe Bay fish and one
Nellie’s Cove fish were unreadable and excluded from examination.

Local Region of | Total Ages at Ages at Parturition Dates Metamorphosis Dates
Site Oregon Capture (days) Metamorphosis
Name Coast

Range

Mean Range Mean Range Mean Range Mean

Orford Southern 70.3 - 86.8 32.7 - 51.8 May 15 — May 27 July 6 - July 18
Reef 99.0 63.7 June 12 July 29
Nellie’s Southern 79.7 - 90.9 40.0 - 50.9 May 4 - May 24 June 28 — July 14
Cove 110.3 64.7 June 4 July 27
East
Island Southern 60.7 - 69.3 58.3 - 524 June 4 — June 14 July 13 - August 6
Rock 79.7 60.7 June 23 August 23
Otter Central 76.0 - 93.1 39.3- 56.1 May 3 - May 17 June 27 — July 13
Crest 107.3 79.0 May 27 August 4
Depoe Central 82.7 - 98.2 41.0- 55.1 May 19 — June 3 July 14 — July 28
Bay 113.3 71.7 June 11 August 22

Table B. Estimated ages and dates for fish collected from each site. Ranges and means
for total ages at capture, ages at metamorphosis (larval durations), metamorphosis dates,
and parturition dates are provided for each site.
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Figure A. Summer sea surface temperatures along the Oregon coast, showing colder
region south of Cape Blanco with persistent upwelling and warmer region north of Cape
Blanco with intermittent upwelling. The temperature scale on the right is depicted in
degrees Celsius
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Figure B. Young-of-year juvenile rockfish, collected from Otter Crest (upper left) on the
central Oregon coast, from Nellie’s Cove (lower left) on the southern Oregon coast, and
from East Island Rock (middle right) on the southern Oregon coast. All fish are either
Sebastes maliger (quillback rockfish), S. caurinus (copper rockfish), S. carnatus (gopher
rockfish), or S. chrysomelas (black-and-yellow rockfish). The fish from East Island Rock
(right) is a recently metamorphosed juvenile with a standard length of 16.2 millimeters.
Standard length is measured from the anterior-most tip of the head (usually the maxilla)
to the posterior-most point of the caudal peduncle, not including the caudal fin.



Figure C. Emergent canopy of a bull kelp forest, Nereocystis luetkeana, at Otter Crest
along the central Oregon coast. Kelp canopy is a structural habitat where juvenile
rockfish commonly settle from the plankton along the Oregon coast, transitioning from a
pelagic to a benthic environment. Photos taken by Michael S. Webster.
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Figure D. Mass-length relationships and condition factors, coded by site. The
relationship between blotted dry mass and standard length at capture (top) is the power
function equation Mass = (1.1587x10°) * (Length)3%4%°, which described 96.0% of
variation in the data (R? = 0.9604). Condition factors (bottom) were calculated as the
residuals from this mass-length relationship.
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Figure E. Otolith-somatic growth relationships for lengths. Scatter plot of standard
length at capture versus otolith post-rostral radius, coded by region. The equation used to
back-calculate lengths at metamorphosis for both central and southern regions is
represented by a dashed black line, the middle regression line. The actual otolith-somatic
growth relationship for the southern Oregon coast is represented by a solid pink line, the
upper regression line. The actual otolith-somatic growth relationship for the central
Oregon coast is represented by a solid blue line, the lower regression line.
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Figure F. Length-age relationships. Scatter plots of standard length at capture versus
estimated age at capture, coded by region (left) and site (right).
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