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Abstract—Surveys of juvenile and 
larval stages can be useful for man-
agement of commercially important 
marine fishes but require definitive 
species identification. From May 
through October 2005–2008, mid-
water (30-m) trawls collected 78,407 
late-larval and juvenile rockfish (Se-
bastes spp.) in shelf and slope wa-
ters off Oregon and Washington. Be-
cause of their small size and lack of 
pigmentation, we could identify only 
4.1% (3266 individuals) of sampled 
rockfishes to species morphologi-
cally, representing a total of 17 spe-
cies. An additional subsample (2534 
individuals), representing 24 species 
and a 4-species complex, was identi-
fied by sequencing the mitochondrial 
cytochrome b gene and matching se-
quences to a reference data set. In-
complete overlap between identified 
species meant that a total of 29 spe-
cies were identified overall. Commu-
nity analyses showed that rockfish 
collected during the early upwelling 
season (May–June) were distinct 
from samples collected in the late 
upwelling season (July–October). 
Most rockfish were collected from 
outer-shelf or upper-slope stations, 
but distributions varied by month 
and year. Combining genetic and 
morphological identifications vastly 
improved our ability to assess sea-
sonal distributions and abundances 
of planktonic rockfishes and is a 
step toward performing species-level 
surveys for this speciose and com-
mercially important genus. Defini-
tive identification based on visual 
and molecular methods as used here 
provides key information to enhance 
understanding of early-stage rock-
fish ecology.

The larval and juvenile stages of 
many demersal fish species occur in 
pelagic waters, which may connect 
populations (Cowen and Sponaugle, 
2009), and may promote survival of 
a subset of larval production by dis-
persing larvae among diverse habi-
tats in an uncertain, variable envi-
ronment while reducing the risk of 
inbreeding and density-dependent 
mortality (Gadgil, 1971; Levin et al., 
2003). The dispersal of most larval 
fish seems to be highly diffusive and 
driven by ocean currents, although 
there is evidence that some rock-
fishes (particularly nearshore spe-

cies) remain nearshore due to larval 
swimming behavior or limited water 
movement (Buonaccorsi et al., 2002, 
2005; Johansson et al., 2008). Envi-
ronmental conditions also vary with 
ocean currents, and habitat variabil-
ity can affect species abundance and 
diversity. 

In the California Current sys-
tem of the eastern North Pacific, 
the genus Sebastes (the rockfishes) 
is known to be sensitive to shifts in 
environmental conditions associated 
with changes in prevailing currents. 
The rockfishes are among the most 
common of groups found in pelagic 

4 Fisheries Resources Division
 Southwest Fisheries Science Center
 National Marine Fisheries Service, NOAA
 8901 La Jolla Shores Drive
 La Jolla, California 92037-1509

mailto:m.l.johansson@gmail.com


Johansson et al.: Seasonal distribution and environmental associations of larval and juvenile Sebastes spp.  267

micronekton surveys in the eastern North Pacific. Lar-
val and juvenile rockfishes may represent a great deal 
of unrecorded diversity because they are often difficult 
or impossible to identify to species based on body shape 
or pigmentation patterns. This highly diverse genus is 
represented by at least 65 species in the Pacific Ocean 
off the coast of North America, of which 36 to 40 oc-
cur in waters off southern Washington and northern 
Oregon (Love et al., 2002). 

After parturition, the life history of all rockfish spe-
cies includes a pelagic phase, consisting of both lar-
val and juvenile stages (Boehlert, 1977; Moser and 
Boehlert, 1991). Settlement to the bottom occurs after 
a period of a few months to a year, and varies by spe-
cies (Love et al., 2002). Larval and pelagic-juvenile-
stage rockfish represent a significant proportion of 
the ichthyoplankton and micronekton community off 
Washington, Oregon, and California (Auth, 2009; Phil-
lips et al., 2009; Thompson et al., 2016; Thompson et 
al., 2017). 

The early-stage larvae of a number of species of 
rockfish occurring off the west coast of North Ameri-
ca have been described morphologically (Sakuma and 
Laidig, 1995; Moser, 1996). However, misidentification 
of larval and juvenile fish often occurs even at the 
family level (Ko et al., 2013). Visual identification of 
field-caught late-larval and early-juvenile rockfishes 
is especially difficult because different but closely re-
lated species of Sebastes occur together and there are 
few distinguishing morphological characters (Seeb and 
Kendall, 1991; Sakuma and Laidig, 1995; Rocha-Oliva-
res et al., 2000). This difficulty of identifying late lar-
val and juvenile rockfishes is particularly problematic 
given their importance in the fisheries they support 
in the northeast Pacific Ocean (Love et al., 2002) and 
their history of being heavily fished. 

Surveys of pelagic larval and juvenile fish are a 
widely used fishery-independent means of tracking 
abundances of marine fishes (Lasker, 1985; He et al., 
2015). These surveys are both easier and cheaper than 
sampling adult fishes, and are likely to have a smaller 
impact on populations. In order to provide early indica-
tions of the potential recruitment of fishes to the north-
ern California Current, the NOAA Northwest Fisher-
ies Science Center (NWFSC) Fish Ecology Division has 
conducted surveys as part of the Stock Assessment Im-
provement Program (SAIP) during summer from 2004 
through 2012 to collect late-larval and juvenile fish 
from southern Washington to central Oregon (Phillips 
et al., 2009). 

The ability to efficiently identify large numbers of 
individual late-larval and pelagic juvenile rockfish 
would make it possible to characterize the distribu-
tions and abundances of the early life stages of species 
(Love et al., 2002; Ralston and Stewart, 2013), as well 
as conduct associated recruitment studies and estimate 
juvenile biomass (Sakuma and Laidig, 1995; Laidig et 
al., 2007). Molecular methods based on allozyme, mic-
rosatellite, or DNA sequence variation offer an alterna-
tive to morphological approaches to identify larvae to 

species quickly and efficiently (Seeb and Kendall, 1991; 
Rocha-Olivares et al., 2000; Gharrett et al., 2001; Tay-
lor et al., 2004; Gray et al., 2006).

Our objectives were to identify to species late-stage 
larvae and juveniles of the genus Sebastes collected in 
SAIP tows of midwater trawls made during 2005–2008 
by using visual meristic or pigmentation patterns. We 
used the cytochrome b sequence-based method of Tay-
lor et al. (2004) to identify to species the remaining 
visually unidentifiable fraction. Using both of these 
techniques, we also sought to assess spatial and tempo-
ral variations in composition, concentration, and other 
characteristics of the late-larval and juvenile rockfish 
community off the coast of Oregon and Washington, and 
to relate their distributions to environmental condi-
tions during the main upwelling season (May–October).

Materials and methods

Sampling procedure

Midwater trawls were used to sample micronekton, in-
cluding juvenile fishes, from spring to fall during 2005–
2008. With the exception of May 2005 and July 2006, 
monthly cruises were conducted from May through 
September of each year, and an additional cruise was 
included from October 2005. In each sampling cruise, 
the same 5 stations were sampled along each of 4 
transects: Heceta Head (HH) (44.00°N), Newport (NH) 
(44.65°N), and the Columbia River (CR) (44.16°N) off 
Oregon and Willapa Bay (WB) (46.67°N) off Washing-
ton (Fig. 1). Stations ranged from approximately 20 
to 100 km offshore along each transect. A single sta-
tion, located 185 km (100 nautical miles) off the NH 
transect (the NH-100 station) was sampled just once in 
June 2008. Owing to weather or mechanical problems, 
some stations or transects (or both) were not sampled 
during some cruises.

To collect the samples used in this project, a Nordic 
264 rope trawl was towed for 15 min with the head 
rope at a target depth of 30 m. The effective mouth 
area of the trawl was 12 m high and 28 m wide (336 
m2; Emmett et al., 2004). The main body of the net 
had variable mesh sizes (from 162.6 cm at the mouth 
to 8.9 cm at the codend), and a 6.1-m long, 3-mm 
stretched knotless web liner in the codend. All tows of 
the trawl were conducted at night. After all fish and 
invertebrates >10 cm in total length were removed, the 
remaining catch was subsampled as follows: samples 
with an unsorted volume of ≤0.25 m3 were frozen in 
their entirety, whereas samples with an unsorted vol-
ume of >0.25 m3 were subsampled in the amount of 
0.25 m3 or 20% of the entire sample, whichever was 
larger. The retained unsorted catches were frozen at 
sea and later thawed and sorted in the laboratory. For 
additional details on the collection method, see Phillips 
et al. (2007). 

In the laboratory, individual rockfish were identified 
to the lowest possible taxonomic level by using a va-
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riety of keys (Richardson and Laroche, 1979; Laroche 
and Richardson, 1980, 1981; Matarese et al., 1989; 
Laidig and Adams, 1991; Moser, 1996) and measured 
for standard length (SL, to the nearest mm). Densities 
for visually identified species were calculated by divid-
ing catch by total distance towed (km) and assuming 
a relatively constant mouth opening for all the tows. 
Because of ambiguous and overlapping meristics, most 
(96%) late-larval and juvenile rockfishes could be iden-
tified only to the genus Sebastes and were stored in 
ethanol for genetic analysis. 

DNA extraction and data collection

To perform genetic analysis, we took samples from cau-
dal fin tissue of late-larval and juvenile rockfish (2534 
individuals) collected in 144 different tows of the trawl. 
Samples were randomly selected from among the 96% 
of samples that could not be identified visually. On av-

erage, 26% of the individual rockfish from each haul 
were sampled for genetic material to obtain a repre-
sentative sample of catch. Total genomic DNA was ex-
tracted by using a glass-fiber plate extraction protocol 
(Ivanova et al., 2006). Polymerase chain reaction (PCR) 
was used to amplify a 782-base-pair (bp) fragment of 
the mitochondrial DNA (mtDNA) cytochrome b gene by 
using previously published GluRF and CB3RF primers 
(Rocha-Olivares et al., 1999). Thermal cycling condi-
tions included an initial denaturation at 94°C for 2.5 
min, followed by 35 cycles of 94°C for 45 sec, 56°C for 
1.5 min, and 72°C for 1.5 min. Final extension was car-
ried out at 72°C for 3 min. PCR products were cleaned 
using a procedure with ExoSap-IT1 reagent (Thermo 
Fisher Scientific, Waltham, MA), and were cycle se-

1 Mention of trade names or commercial companies is for iden-
tification purposes only and does not imply endorsement by 
the National Marine Fisheries Service, NOAA.

Figure 1
Map of stations (+) off Oregon and Washington sampled for species 
of Sebastes during 2005–2008. Along transects at Heceta Head, New-
port, the Columbia River, and Willapa Bay, 5 stations were sampled 
during most sampling cruises. In addition, a single station located 
185 km from shore on the Newport transect (the NH-100 station) 
was sampled once in June 2008.

Pacific Ocean

Willapa Bay

Study area

Columbia River
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quenced by using BigDye Terminator cycle sequencing 
kits (Thermo Fisher Scientific) and internal primers 
CBInf2 and CBInr2 (Dauble et al., 2012). Sequencing 
products were cleaned with Sephadex (GE Healthcare 
Bio-Sciences, Pittsburgh, PA) and visualized on an Ap-
plied Biosystems 3730xl DNA Analyzer (Thermo Fisher 
Scientific). Sequence data were aligned and edited with 
Sequencher, vers. 4.7 (Gene Codes Corp., Ann Arbor, 
MI) software. All sequencing and analysis were per-
formed by the authors. Reference and unknown se-
quence data are available from ScholarsArchive@OSU 
(available at website).

Haplotype sequences from trawl-collected larvae 
were compared with a reference data set of 374 in-
dependent haplotypes from 67 species of morphologi-
cally identified adult rockfish (see Taylor et al., 2004 
for species included in the reference data set). Identi-
cal sequences were identified in Sequencher, and all 
unique sequences were compared with the reference 
data set by using a custom script in R, vers., 3.3.1 (R 
Core Team, 2016) and the program PAUP*, vers. 4b10; 
Sinauer Associates, Sunderland, MA) with the optimal-
ity criterion set to distance (number of bp differences 
divided by total length of sequence in bp). 

Nonparametric bootstrapping (1000 replicates) was 
used to cluster individual unknown sequences within 
the reference data set of 374 known adult sequences. 
Some species in the reference data set failed to form 
monophyletic clades: the widow rockfish (S. entome-
las) and blue rockfish (S. mystinus) (EM complex) and 
pygmy rockfish (S. wilsoni), Puget Sound rockfish (S. 
emphaeus), harlequin rockfish (S. variegatus), and 
sharpchin rockfish (S. zacentrus) (WEVZ complex). 
Others, such as the splitnose rockfish (S. diploproa), 
have few differences from sister species, a feature 
that affects the robustness of bootstrap results. For 
samples that were identified as falling within the 
EM complex, we manually compared sequences in 
Sequencher with those of known widow rockfish and 
blue rockfish. Known widow and blue rockfish differ 
consistently at a single nucleotide in our database 
of known sequences (base position 627, where widow 
rockfish sequences contain a cytosine and blue rock-
fish sequences contain an adenine), allowing us to 
identify all our juveniles as widow rockfish. For all 
other samples, we performed identifications with 2 
different levels of stringency and compared outcomes. 
If an individual clustered within a monophyletic sin-
gle-species clade with a bootstrap value ≥70%, this 
result was considered a high-confidence identification 
of the individual. Bootstrap values between 50% and 
69% were considered low-confidence identifications. 
Other outcomes (i.e., nonmonophyletic affinities, poly-
tomies) were coded as failed identifications. We also 
calculated F84 distance (Felsenstein and Churchill, 
1996) between unknown and reference haplotypes us-
ing the R package ape, vers. 3.5 (Paradis et al., 2004) 
to confirm that unknowns fell within the range of ex-
pected intraspecific diversity on the basis of reference 
data.

Physical data

Physical data were collated from local, regional, and 
basin-wide spatiotemporal scales for comparison with 
rockfish community composition to determine whether 
species of Sebastes were associated with a particular 
level of environmental variability. In situ measure-
ments of temperature and salinity were collected at 
the surface (1 m) and at trawling depth (30 m) by 
using a cast of an SBE25plus Sealogger CTD conduc-
tivity, temperature, and pressure recorder (Sea-Bird 
Scientific, Bellevue, WA) at each sampling station. At 
the regional scale, monthly averaged upwelling indi-
ces, based on estimates of offshore Ekman transport 
driven by geostrophic wind stress at 45°N and 145°W, 
were obtained from the Pacific Fisheries Environmen-
tal Laboratory (website). At the basin scale, monthly 
indices of the Pacific Decadal Oscillation (PDO; Man-
tua et al., 1997) and the North Pacific Gyre Oscillation 
(NPGO; Di Lorenzo et al., 2008) were included in the 
analysis because they are oceanic expressions of the 2 
dominant modes of North Pacific atmospheric variabili-
ty—the Aleutian Low and the North Pacific Oscillation, 
which are linked to the different phases of the El Niño 
Southern Oscillation cycle (Di Lorenzo et al., 2010). 
The PDO captures variability in sea-surface tempera-
ture (SST) and the NPGO captures the variability in 
salinity, nutrients, and chlorophyll-a.

Community analyses

To evaluate seasonal and annual variability in the spe-
cies numerical composition of late-larval and juvenile 
rockfish sampled for this study, nonmetric multidimen-
sional scaling (NMS) was used to ordinate rockfish 
samples (densities of fish identified in the laboratory 
by visual means and proportions of rockfish identified 
on the basis of genetics) in n-dimensional space. NMS 
is an iterative process that searches for the best posi-
tions of n entities on k dimensions (axes) that minimize 
the stress of the k-dimensional configuration (McCune 
et al., 2002). The goal is to generate a plot of sample 
points (individual tows) such that the rank order of 
the dissimilarity values between all pairs of samples is 
preserved in the spatial arrangement of points in the 
final plot. A total of 17 rockfish species were visually 
identified in the laboratory from 3266 individuals col-
lected at 93 sampling stations, but only 7 taxa that oc-
curred in ≥10% of the sampling stations were included 
in the analysis (total number of individuals of the 7 
visually identified taxa: 3072). Densities were ln (x+1) 
transformed and relativized by species maxima to ho-
mogenize variance. For rockfishes identified by using 
genetics, 24 taxa (total number of individuals of the 24 
genetically identified taxa: 915) were used, excluding 
individuals classified to species complexes as WEVZ 
(1489 individuals) or samples for which identification 
to species failed (25 individuals). This analysis was 
conducted with PC-ORD, vers. 6; MjM Software, Gl-
eneden Beach, OR; McCune and Mefford, 2011) with 

https://doi.org/10.7267/N94X55Z6
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the Sørensen distance measure, a maximum of 4 axes, 
and 200 iterations.

We examined monthly averages of temperature, sa-
linity, and large-scale environmental indices by year 
to assess how the physical environment varied dur-
ing the study. To determine the degree to which these 
variables were correlated with one another, we used 
Pearson correlation analysis. We also used correlation 
analysis to assess the relationship of the environment 
with the juvenile rockfish community by examining 
relationships between NMS scores and environmental 
covariates measured at the level of an individual haul. 
Physical variables included surface (1 m) and depth 
(30 m) temperature and salinity, as well as the large-
scale indices of upwelling, PDO and NPGO. Distance 
from shore (km) was included as a spatial variable in 
the multivariate analysis because it has been shown 
in other studies that ichthyoplankton communities can 
vary along inshore and offshore gradients (Auth et al., 
2011). Temporal variables included month, year, and 
season (spring=May and June, summer=July–October). 

We also conducted indicator species analysis on each 
rockfish species matrix to detect within- and between-
year variability and to identify statistically significant 
indicators for each month and year (Dufrêne and Leg-
endre, 1997). An indicator species analysis combines in-
formation on relative abundance and frequency of occur-
rence to identify indicators that are most characteristic 
of a group. Indicator species analysis was performed 
separately for sampling months and years. Levels of sig-
nificance were determined by using a Bonferroni adjust-
ment and based on Monte Carlo tests with 5000 permu-
tations for comparison with observed indicator values.

Results

Rockfish identification

Late-larval and juvenile rockfish were 
caught in 196 of the 271 tows made (72%) 
for a total of 78,407 specimens from 2005 
through 2008. Using strictly visual means 
(meristics and pigmentation), we were able 
to identify 3266 (4.1% of total) late-larval/
juvenile rockfish from 17 distinct taxa found 
in 93 hauls (Fig. 2). By far the most abun-
dant species (81% of the identified rockfish) 
was the rosethorn rockfish (S. helvomacu-
latus), of which 2633 were identified. Other 
abundant rockfish species identified visually 
were the greenstriped rockfish (S. elongatus, 
213 individuals), rougheye rockfish (S. aleu-
tianus, 72 individuals), redbanded rockfish 
(S. babcocki, 66 individuals), brown rockfish 
(S. auriculatus, 66 individuals), and dark-
blotched rockfish (S. crameri, 52 individu-
als). Collectively, these 6 species accounted 
for 95% of the fish visually identified from 
2005 through 2008.

Size distributions of late-larval and ju-
venile rockfish measured during this study 

ranged from 6 to 69 mm SL (Suppl. Figs. 1 and 2). 
There was a tendency toward greater visual identifi-
cation of larger individuals, especially in May, when 
all specimens >35 mm SL were identifiable but none 
below this threshold (Suppl. Fig. 1). Similar patterns 
were observed in the annual size ranges that could be 
identified by visual means (Suppl. Fig. 2).

Subsampling among the visually unidentifiable 
larvae and juveniles, we successfully sequenced full-
length (782 bp) cytochrome b fragments from a total 
of 2534 juvenile rockfish collected in 144 hauls, includ-
ing 105 from the NH-100 station. We identified 20 spe-
cies according to our high-confidence stringency crite-
rion (Suppl. Fig. 3), and confidently assigned a large 
number (1489 individuals, 58.7%) of specimens to the 
multispecies WEVZ complex. Another 213 unknowns 
could not be assigned at high confidence and were 
coded as unassigned. Using the low-confidence (>50% 
bootstrap) criterion, we were able to identify 24 species 
(Fig. 2, Suppl. Fig 3 and assign many of the previous 
unknowns to the WEVZ group. The remaining 25 un-
knowns could not be assigned at low confidence and 
were coded as unassigned.

Of the species that occurred in the set of low-
confidence identifications that were not found in the 
high-confidence set, 3 were represented by a single in-
dividual (aurora rockfish, S. aurora; rosy rockfish, S. 
rosaceus) or a few individuals (darkblotched rockfish, 
3 individuals). Only the splitnose rockfish was present 
in greater numbers (43 individuals). Other differences 
between the sets of high- and low-confidence identifi-
cations were proportions of individuals that were as-
signed to individual species versus the multispecies 

Figure 2
Venn diagram of species of Sebastes identified morphologically, by 
molecular technique, or both, from samples collected during 2005–
2008 off Oregon and Washington.

Morphological ID Molecular ID

Both forms of ID
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complex or unidentified. The WEVZ complex accounted 
for 58% of the high confidence, and 59% of the low-con-
fidence data sets, respectively. Because the differences 
between sets were mainly differences of proportion 
rather than differences of identity, we chose to perform 
environmental analyses combining and using both high 
and low-confidence identification results.

There was some overlap between species identified 
by using morphological versus molecular techniques, 
with 12 species identified in both data sets (Fig. 2). 
However, both approaches also identified species that 
were not identified with the other method. Five spe-
cies, the brown rockfish, Puget Sound rockfish, chili-
pepper (S. goodei), grass rockfish (S. rastrelliger), and 
pygmy rockfish, were identified only by visual means, 
whereas 12 species were identified only with the molec-
ular technique (Fig. 2). Thus, the combined approach 
allowed us to identify a total of 29 species in our data 
set, plus those samples identified as belonging to the 
WEVZ complex. 

Environmental data

During the 4 years of our study (2005–2008), ocean 
conditions during May–October off Oregon and Wash-
ington varied in terms of temperature, salinity, and up-
welling intensity (Suppl. Fig. 4). Cooler average SST 
with low variation occurred in 2005 (13.9°C [standard 
deviation (SD) 1.7]) and 2006 (14.1°C [SD 1.3]) than in 
2007 and 2008 (16.1°C [SD 2.0] and 14.2°C [SD 1.9], 
respectively). Warmest SST were measured during 
June–September 2007. At 30-m depth, warmest tem-
peratures occurred in 2005, a year considered anoma-
lous owing to delayed upwelling (Barth et al., 2007). 
Although the start of upwelling was delayed in 2005, 
once initiated in mid-July, it was strong and persis-
tent, leading to cross-shelf transport of surface waters. 

Upwelling was strongest during June–August in 2006, 
which likely impacted offshore larval dispersal. Salin-
ity varied little at 30 m during the study, but at the 
surface, freshwater input from the Columbia River was 
most detectable during May–June 2005, when upwell-
ing was delayed. 

Large-scale indices (PDO and NPGO) displayed val-
ues considered more favorable for productivity (more 
negative PDO and more positive NPGO; Chenillat et 
al., 2012; Sydeman et al., 2014) in the California Cur-
rent system during 2007–2008 than during 2005–2006, 
reflected in the highest rockfish density occurring dur-
ing 2007 and 2008 (Suppl. Fig. 5). In 2008, PDO val-
ues were the most negative and NPGO values the most 
positive throughout the entire sampling period (May–
October), indicating that cool productive ocean condi-
tions, coupled with less cross-shelf transport than in 
2005 and 2006, were favorable for rockfish prerecruits 
in 2008. On average, total catches during 2007–2008 
(59,779 rockfish) were >3 times larger than catches 
during 2005–2006 (18,628 rockfish). Effort was similar 
during the 2 time periods (129 hauls during 2005–2006 
and 142 hauls during 2007–2008). Highest densities of 
late-larval and juvenile rockfish (identified and uniden-
tified) were sampled in August and September of all 
years. Ten species/complexes accounted for >80% of the 
genetically identified rockfish over the entire study pe-
riod (Suppl. Fig. 6).

Correlations between mean monthly temperature, 
salinity, and the large-scale environmental indices 
were low (coefficient of determination [r2]=0.002–
0.436); therefore all were retained for inclusion in the 
community analysis (Table 1). Correlation coefficients 
between salinity at the surface and at 30-m depth were 
positively and significantly correlated (coefficient of 
correlation [r]=0.58, P=0.011) and negatively correlated 
between temperature at 30 m and the NPGO (r=−0.66, 

Table 1

Correlation matrix of average monthly values for temperature (T) and salinity (S) at 
the sea surface (1 m) and the depth of 30 m at sampling stations and for large-scale 
environmental indices off Oregon and Washington during 2005–2008. Pearson’s corre-
lation coefficients appear below and associated P-values are given above the diagonal. 
The environmental indices include the Upwelling Index (UI) measured off Oregon and 
Washington and the Pacific Decadal Oscillation (PDO) and North Pacific Gyre Oscillation 
(NPGO) indices. Bold values indicate significant correlations (P<0.05). SST=sea-surface 
temperature; SSS=sea-surface salinity.

 SST SSS 30-m T 30-m S UI PDO NPGO

SST – 0.645 −0.155 −0.880 −0.703 −0.160 0.921
SSS −0.12 – −0.498 −0.011 −0.758 −0.149 0.850
30-m T −0.35 −0.17 – −0.621  −0.827 −0.137 0.003
30-m S −0.04 −0.58 −0.13 – −0.599 −0.337 0.283
UI −0.10 −0.08 −0.06 −0.13 – −0.366 0.112
PDO −0.35 −0.35 −0.36 −0.24 −0.23 – 0.101
NPGO −0.03 −0.05 −0.66 −0.27 −0.39 −0.40 –

https://dx.doi.org/10.7755/FB.116.3-4.5s3
https://dx.doi.org/10.7755/FB.116.3-4.5s4
https://dx.doi.org/10.7755/FB.116.3-4.5s5
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P=0.003). However, because each variable represented 
a unique spatial scale or in situ habitat, they were all 
retained for subsequent analysis. 

Community analyses

The NMS ordination of rockfishes identified by visual 
means (Figs. 3 and 4) contained 7 species caught in 
89 of 93 tows where we had visual identifications, and 
described 73.8% of the variation in the data set (axis 
1=28.3%, axis 2=24.8%, and axis 3=20.6%). The stress 
for the final solution was 17.0 (instability=0, 158 it-
erations), considered fair but interpretable (Kruskal, 
1964). The largest variation in community structure 

was explained by seasonal differences along axis 1 
(Suppl. Table 1). Summer months (July through Octo-
ber, r=0.767) and warmer SST at 1 m (r=0.446) were 
positively correlated with axis 1 scores; spring months 
(May and June) were negatively correlated (r=−0.767). 
The species most likely to be present during warm, 
summer months was the rosethorn rockfish. During 
spring, we were more likely to find canary rockfish (S. 
pinniger), darkblotched rockfish, and widow rockfish. 
Axis 2 was positively associated with offshore stations 
(r=0.394) and negatively associated with warmer tem-
peratures at 50 m, indicating that axis 2 differenti-
ated between on-shelf and off-shelf catches. At offshore 
stations, we were more likely to encounter redbanded 

Figure 3
Nonmetric multidimensional scaling ordinations showing axes 1 and 2 for 
larval rockfishes (Sebastes spp.) identified visually and environmental co-
variates after collection off Washington and Oregon during 2005–2008. En-
vironmental data include sea surface temperature (SST) and salinity at the 
sea surface (1 m; SSS) and at a depth of 30 m, Upwelling Index (UI), Pacific 
Decadal Oscillation (PDO) index, and North Pacific Gyre Oscillation (NPGO) 
index. Asterisks (*) denote species with coefficients of correlation >0.15. Each 
symbol represents the species composition of larvae collected in a single com-
plete haul of a midwater trawl ordinated in species space (e.g. arranged so 
that similar hauls are near each other and dissimilar hauls are farther from 
each other). The arrows indicate the directionality and strength (by length 
of arrow) of physical correlations between hauls and physical variables mea-
sured during the collection period.
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rockfish, whereas greenstriped rockfish were identified 
closer to the shelf break.

The NMS ordination of the proportion of rockfish 
identified by genetics (Figs. 5 and 6) contained 24 spe-
cies caught in 126 of 143 tows where we had genetic 
data (excluding the station sampled 185 km offshore) 
and described 87.3% of the variation in the data set 
(axis 1=38.9%, axis 2=29.5%, and axis 3=18.9%). The 
stress for the final solution was 15.7% (instability=0, 
131 iterations). The largest variation in communi-
ty structure was also explained by seasonal differ-
ences along axis 1 (Suppl. Table 2). Summer months 
(r=0.729) and warmer SSTs (r=0.416, r2<0.15) were 
positively associated with axis 1 along with redstripe 
rockfish (S. proriger), greenstriped rockfish, and yel-
loweye rockfish (S. ruberrimus) (r: 0.513, 0.482, and 

0.445, respectively). Axis 1 was negatively associated 
with spring months (r= −0.761) and canary) and widow 
rockfish (r: −0.688 and −0.592). These were 2 of the 
species that were also identified in spring using visual 
identification, indicating that there was good agree-
ment between visual and genetic identifications. Axis 
2 showed a positive association with redstripe rockfish 
(r=0.776) and a negative association with rosethorn 
rockfish (r= −0.745, r2<0.15), which was associated 
with warm, summer months based on the visual iden-
tification criteria. There were no physical variables as-
sociated with axis 2 or 3, but splitnose rockfish was 
negatively associated with axis 3 (r= −0.552).

Rockfish parturition timing varies seasonally by 
species. To better understand some of this variation, 
we conducted indicator species analysis to identify 

Figure 4
Nonmetric multidimensional scaling ordinations showing axes 1 and 3 for 
larval rockfishes (Sebastes spp.) identified visually after collection off Wash-
ington and Oregon during 2005–2008 and environmental covariates. Envi-
ronmental data include sea surface temperature (SST) and salinity (SSS) at 
1 m, and at a depth of 30 m, Upwelling Index (UI), Pacific Decadal Oscilla-
tion (PDO) index, and North Pacific Gyre Oscillation (NPGO) index. Aster-
isks (*) denote species with coefficients of correlation >0.15. Each symbol 
represents the species composition of larvae collected in a single complete 
haul of a midwater trawl ordinated in species space. The arrows indicate 
the directionality and strength (by length of arrow) of physical correlations 
between hauls and physical variables measured during the collection period.
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species’ affinities to particular months and years (Ta-
ble 2). Although month and year analyses were per-
formed separately, results are combined in the table. 
In 2007 and 2008, years previously identified as hav-
ing high mean concentrations (>60 individuals/1000 
m3) of rockfish larvae in the northern California Cur-
rent ecosystem (Auth, 2011), we identified the rosetho-
rn rockfish as an indicator species. This species was 
also more likely to be sampled in summer (August). 
Two of the species that were strongly associated with 
spring months (May and June) in NMS ordinations 
(canary and widow rockfish) were also significant indi-
cators in spring months. Another spring indicator spe-
cies that was not included in NMS ordinations was 
the yellowtail rockfish (S. flavidus). The NH-100 sta-
tion was sampled only once during the study, in June 
2008. Because widow and yellowtail rockfish were 
identified as significant indicator species in June and 
were identified in high abundance from the NH-100 

station sampled in 2008, these results suggest that 
widow and yellowtail rockfish either spawn far off the 
shelf, were more abundant, or were more susceptible 
to offshore advection than other spring spawning spe-
cies in 2008. 

The spatial distribution patterns of the dominant 
rockfish taxa for selected cruises showed much over-
lap overall (Suppl. Figs. 7–9). The redstripe rockfish 
was found mainly later in the summer and predomi-
nantly at the outer stations at the shelf break and be-
yond, although the NH transect had high catches some 
years at the inshore station (Suppl. Fig. 7). In contrast, 
the greenstriped rockfish tended to show lower abun-
dances and were caught almost exclusively beyond the 
shelf break (Suppl. Fig. 8). The rosethorn rockfish had 
a patchy distribution, but there were indications for 
some cruises that sampling did not extend far enough 
offshore to capture the full distribution of this species 
(Suppl. Fig. 9).

Figure 5
Nonmetric multidimensional scaling ordinations showing axes 1 and 2 for larval rockfishes (Se-
bastes spp.) identified by cytochrome b sequencing after collection off Washington and Oregon dur-
ing 2005–2008 and environmental covariates. Environmental data include sea surface temperature 
(SST) and salinity at the sea surface (1 m; SSS), Upwelling Index (UI), Pacific Decadal Oscillation 
(PDO) index, and North Pacific Gyre Oscillation (NPGO) index. Asterisks (*) denote species with 
coefficients of correlation >0.15. Each symbol represents the species composition of larvae collected 
in a single complete haul of a midwater trawl ordinated in species space. The arrows indicate the 
directionality and strength (by length of arrow) of physical correlations between hauls and physi-
cal variables measured during the collection period.
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Discussion

Before the widespread use of DNA-based identifica-
tions, much of what was known about larval and ju-
venile rockfishes off the west coast of North America 
came from bycatch in multiyear seasonal surveys made 
in the 1960s and 1970s by using strictly visual identi-
fications (Richardson and Laroche, 1979; Laroche and 
Richardson, 1980, 1981). These authors used a variety 
of gear to sample both pelagic larvae and juveniles, as 
well as settled juveniles, providing useful information 
on the sizes and dates of occurrence and some infor-
mation on spatial distribution for 7 common species, 
including several examined here. Using a similar ap-
proach, we were able to identify a total of 3266 rockfish 
from 17 species, using visual methods alone, acknowl-

edging that visual identification is more commonly ap-
plicable for larger size classes. Previous studies found 
seasonal patterns similar to those we observed, in that 
darkblotched, canary, widow, and yellowtail rockfish 
were generally present early in the summer and settled 
by the end of June, whereas rosethorn rockfish reached 
peak catches later in the summer (July and August) 
(Richardson and Laroche, 1979; Laroche and Richard-
son, 1980, 1981). Building on the earlier studies, we 
were able to provide information on a larger number of 
taxa (24) by using both genetic and visual approaches 
than by visual identifications alone (17) and to capture 
a broader size range of juveniles given the larger nets 
used in our study compared with those used in earlier 
studies. Because the list of species identified with the 
2 methods did not overlap completely, the combined ap-

Figure 6
Nonmetric multidimensional scaling ordinations showing axes 1 and 3 for 
larval rockfishes (Sebastes spp.) identified by cytochrome b sequencing after 
collection off Washington and Oregon during 2005–2008 and environmental 
covariates. Environmental data include sea surface temperature (SST) and 
salinity at the sea surface (1 m; SSS), Upwelling Index (UI), Pacific Decadal 
Oscillation (PDO) index, and North Pacific Gyre Oscillation (NPGO) index. 
Asterisks (*) denote species with coefficients of correlation >0.15. Each sym-
bol represents the species composition of larvae collected in a single complete 
haul of a midwater trawl ordinated in species space. The arrows indicate 
the directionality and strength (by length of arrow) of physical correlations 
between hauls and physical variables measured during the collection period.
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Table 2

Results of the analysis of indicator species for species of Sebastes identified 
either visually or on the basis of genetics for samples collected off Oregon and 
Washington during 2005–2008, by month or year in which samples were col-
lected. Separate analyses were conducted for months and years. Results are 
combined here for ease of presentation. Only the species that had significant 
(P<0.05) indicators for a particular month or year are shown.

 Indicator value P-value Month or year

Visual identification
 S. helvomaculatus 59.0/34.3 0.0002/0.002 August 2008
Genetic identification   
 S. pinniger 38.2 0.002 May
 S. entomelas 37.4 0.003 June
 S. flavidus 33.3 0.002 June
 S. helvomaculatus 22.7 0.009 2007
 S. babcocki 16.7 0.001 2007 

proach allowed us to identify a total of 29 species in 
our samples, and to assign individuals to the WEVZ 
complex. Of those 29 species, 5 were identified only in 
the morphological collection, whereas only 12 appeared 
in the molecular data set. We could also examine an-
nual patterns and seasonal patterns in the presence or 
absence of larval and juvenile stages of specific rockfish 
species for spring and summer and relate these to en-
vironmental variables at local and regional scales (both 
cross- and along-shelf scales).

With the publication of mitochondrial and nuclear 
sequences from 105 of the 110 then-described Sebastes 
species (Taylor et al., 2004; Hyde et al., 2007), it be-
came possible to identify larval juveniles at any size. 
Sequence-based identification methods have been pre-
viously used to identify morphologically unidentifiable 
rockfish larvae and to relate distributions of these lar-
vae to oceanographic features and natal habitat (Taylor 
et al., 2004; Hitchman et al., 2012; Thompson et al., 
2016; Thompson et al., 2017), to describe the early de-
velopment of larval rockfishes (Watson et al., 2016), and 
to describe the early life history among lesser-known 
species (Yu et al., 2015). As with previously published 
research in Southern California utilizing cytochrome 
b sequencing, we identified 2509 rockfish from 24 dif-
ferent taxa and the 4-species WEVZ complex (plus 25 
unknowns), and therefore adding this approach greatly 
increased the level of species identification and distri-
bution details that could be made available.

Given the difficulty or impossibility of visually iden-
tifying the earliest life stages of larval rockfish, genetic 
approaches offer a way to explore the diversity of im-
portant previously unidentifiable rockfish species, thus 
providing new information on the timing of pelagic lar-
val and juvenile stages and distribution of these previ-
ously unexamined species. For example, NMS and our 
observations from the indicator species analysis that the 
canary, darkblotched, and widow rockfish are more com-
mon among spring samples and the rosethorn rockfish is 

more prevalent in summer, revealed a clear relationship 
between abundances of certain species and the time of 
year sampled. Although some of these patterns have 
been previously identified, we were able to expand our 
identifications to include a much greater diversity of 
species, including many of those that are unidentifiable 
by visual means. This newly described diversity was 
then related to environmental factors, such as ocean 
temperature, upwelling intensity, and productivity re-
gime (PDO and NPGO indices), and season to explore 
temporal and spatial drivers of species diversity or mat-
ing success (Taylor et al., 2004; Thompson et al., 2016; 
Thompson et al., 2017). Although a detailed seasonal 
and annual analysis of the abundance and distribution 
patterns of rockfish species is beyond the scope of this 
study, we did observe some months and years where in-
dividual species showed greater prominence through the 
indicator species analysis. The years examined in this 
study showed substantial differences in their oceano-
graphic conditions which may have greatly affected the 
cross-shelf and along-shore distributions of rockfishes 
(Brodeur et al., 2006; Ralston and Stewart, 2013).

Previous research on ichthyoplankton diversity and 
concentration in the eastern North Pacific has shown 
spatial variation at the local (Richardson et al., 1980; 
Auth and Brodeur, 2006) and regional scale (Thomp-
son et al., 2014) and temporal variation over the short- 
and long-term (Brodeur et al., 2008; Auth et al., 2011; 
Thompson et al., 2014), all of which are influenced by 
regional and basin-wide environmental fluctuations 
(Auth et al., 2011; Auth and Brodeur, 2013). One uni-
fying feature of much of this previous research is that 
some groups of larval fishes cannot be identified to 
the species level based on pigmentation or meristics. 
These unidentifiable groups include larval smelts (7 
species in the family Osmeridae), rockfishes (65 spe-
cies), sanddabs (2 species of the genus Citharichthys), 
and snailfishes (17 species of the genus Liparis) (Rich-
ardson et al., 1980; Matarese et al., 1989; Love et al., 
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2002; Auth et al., 2011). Our work off the coast of Or-
egon, like previous research in and around Southern 
California (Taylor et al., 2004; Thompson et al., 2016; 
Thompson et al., 2017), has helped illuminate the di-
versity of the largest of these previously unidentifiable 
groups of fishes. 

Because of the distributional patterns we observed, 
we may not have sampled the offshore extent of a num-
ber of our late-larval rockfishes sufficiently because the 
highest catches often were found at the most offshore 
station along our transects. Many species spawn well 
offshore and move progressively shoreward as they age 
before finally settling in most cases in demersal habi-
tat over the continental shelf (Laroche and Richardson, 
1980; 1981). Time constraints precluded us from sam-
pling beyond our normal sampling grid during most 
cruises. However, on one occasion in June 2008, we 
were able to trawl at a station 185 km offshore along 
the Newport transect (Fig. 1). This single trawl tow 
sampled more than 60 km farther offshore than our 
target stations and captured 20,756 rockfish, which 
were mostly late-larval individuals and too small to 
be visually identified. We were able to run genetic 
analysis on a subsample from that haul of 105 indi-
viduals that were identified as mostly widow and yel-
lowtail rockfish. In a study of larval fish distribution 
out to 364 km from shore along the Newport transect 
and from another transect off Northern California, 
Auth (2009) found that the majority of Sebastes larvae 
were seaward of 120 km during the spring of 2007, but 
were closer to the shore during the summer months. 
However, as acknowledged by the author, because the 
larvae could not be identified to species, these shifts 
in regional observations could be confounded by differ-
ences in cryptic species not observed in that study. Sta-
ble isotope analysis of juvenile rockfish caught on the 
continental shelf also revealed that they had derived 
much of their previous nutrition from taxa found off 
the shelf, indicating potential onshore advection before 
settlement (Bosley et al., 2014). However, as postulated 
by Kamin et al. (2014) for a Gulf of Alaska population 
of Pacific ocean perch (S. alutus), these offshore popu-
lations may be subjected to substantial mortality and 
only a small fraction of the larvae may subsequently 
return to shelf nursery areas. 

Because some closely related groups of rockfishes 
are still undergoing lineage sorting (Hyde and Vetter, 
2007) or may experience mtDNA introgression (Pearse 
et al., 2007), it was not possible to confidently iden-
tify some individuals to species. In our sampling, the 
WEVZ complex represented a substantial proportion 
of the larval catch, and is a still-unresolved diversity 
of species. Although microsatellites represent one ap-
proach to separate this (and potentially other multi-
species complexes) (Pearse et al., 2007), microsatel-
lite peak sizes can vary between sequencers and PCR 
chemistries, and therefore would require standardiza-
tion between different laboratories to produce useful 
data (Weeks et al., 2002; Moran et al., 2006). This need 
for standardization makes it more difficult to compare 

and use microsatellites in databases of known samples 
than to use DNA sequences, as used here. Ultimately, 
the development of a suite of linked diagnostic single-
nucleotide polymorphisms from genomes of all the 
members of the genus Sebastes (microhaplotypes) may 
prove most effective for confidently identifying any spe-
cies by a molecular approach. 

Our study combines the relative speed and ease of 
visually identifying more distinctive species of rock-
fish with the power of current sequence-based genetic 
identification methods. This combined approach pro-
vides new information on the distribution and sea-
sonal timing of pelagic and larval juvenile stages of 
several rockfish species which have been challenging 
to identify on the basis of traditional morphologi-
cal metrics and pigmentation. However, there remain 
some species (i.e., the WEVZ complex) that cannot be 
resolved to species level with the cytochrome b data-
base of known samples. Analysis down to the species 
level for collections that contain a high proportion of 
rockfish (e.g., Thompson et al., 2016) can provide valu-
able information for ecosystem-based fishery manage-
ment. Identifying Sebastes larvae to species may allow 
estimates of spawning biomass of the more abundant 
species (Ralston et al., 2003; Ralston and MacFarlane, 
2010) and enable managers to track recruitment over 
time (Ralston et al., 2013). As the availability of high 
throughput sequencers bring the cost per sample down 
substantially, molecular identification of rockfish spe-
cies should become more commonplace in the future.
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