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Zachary Randell1, Megan H. Williams1, Chris VanDamme1†,
Dayv Lowry2 and William Jasper3

1Research Program, Conservation Programs and Partnerships Department, Seattle Aquarium, Seattle,
WA, United States, 2West Coast Region Office, NOAA| Fisheries, U.S. Department of Commerce,
Lacey, WA, United States, 3Makah Fisheries Management, Makah Tribe, Neah Bay, WA, United States
Rockfish, Sebastes spp., are bottomfish that come in a variety of shapes, sizes and

colors with 28 species recognized in the Salish Sea. Based on increasing concern

over the long-term stability of rockfish populations in Washington by state and

federal agencies, the Seattle Aquarium formalized a benthic monitoring program

starting in 2005 on rocky reefs west and east of Neah Bay, Washington. Diver-

operated video (DOV) surveys were conducted annually to quantify patterns in

bottomfish (rockfish and other species associated with rocky reefs) abundance and

stability over time. Divers performed 100-meter video transects devised to be both

non-invasive and repeatable, for assessing both relatively sessile bottomfish and for

schooling, transitory rockfish species. Strip transects were conducted annually in

August from 2005 through 2023 at five permanently marked index sites. Species-

specific relative abundance data for bottomfish were later extracted by biologists

from archived video. Notably, over the 19-year study period, bottomfish abundance

was stable or increased at all sites, driven by significant increases in eight rockfish

species: Black/Deacon, Canary, China, Copper, Quillback, Tiger, and Yellowtail.

Relatively few Puget Sound, Vermillion, Widow, and Yelloweye Rockfish individuals

were documented, and their abundance did not increase throughout the study.

Boccaccio where never encountered during the 19 year monitoring period. All sites

displayed relative stability in fish community structure over time. We documented

low levels of young-of-the-year (YOY) rockfish recruitment over the years with one

major recruitment event in 2016. Despite an increase in abundance across eight

rockfish species, recruitment events remained infrequent. Furthermore, Boccaccio

and Yelloweye rockfish, both protected species, were either never or rarely

encountered, respectively, underscoring the need for sustained conservation

efforts and expanded long-term monitoring for species with long generation

times such as rockfish.
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Introduction

Rockfish, Sebastes spp., are long-lived demersal fish with

extended generation times and longevity ranging from 44 to 56

years for schooling species and up to 147 years for non-schooling

species (Love et al., 2002). There are at least 34 species of rockfish in

Washington state waters with 28 found in the Salish Sea (Love et al.,

2002; Palsson et al., 2009). Rockfish have been declining in the

Puget Sound since the 1970s (Williams et al., 2010). These declines

resulted in two rockfish species being listed federally under the

Endangered Species Act (ESA) within the Puget Sound and Georgia

Basin: Yelloweye Rockfish (S. ruberrimus) are categorized as

threatened and Bocaccio (S. paucispinis) are categorized as

endangered (75 (Department of Commerce National Oceanic and

Atmospheric Administration, 2010) FR 22276, 2010). These

conservation designations and associated declines are attributed

to historical fishing pressures and potential impacts on successful

recruitment events thought to be caused by changes in water quality

(Drake et al., 2010; Washington Department of Fish and Wildlife,

2011; Williams et al., 2010). Management and recovery plans for

rockfishes at the state and federal level, in both the United States

and Canada, prioritize determining stock status and trends as key

outcomes from long-term baseline monitoring (National Marine

Fisheries Service (NOAA NMFS), 2017b; Fisheries and Oceans

Canada (DFO), 2021a). Recent model-based advances toward this

goal have relied heavily on a combination of historical catch

reconstruction and contemporary visual surveys of deep-water

habitats using remotely operated vehicles (Min et al., 2023).

The waters in and around the west end of the Strait of Juan de

Fuca and Neah Bay are defined by the Washington Department of

Fish and Wildlife (WDFW) and Makah Fisheries Management

(MFM) co-managers as Marine Areas 4A and 4B (the Strait of Juan

de Fuca from Cape Flattery east to the Sekiu River) (Figure 1). Part

of this area also lies within the Olympic Coast National Marine

Sanctuary (OCNMS; Figure 1). Marine areas 4A and 4B lie west of

an extensive rockfish harvest closure in the eastern Strait of Juan de

Fuca and Puget Sound (Marine Areas 6 through 13). Rockfish

fishery closures in Marine Areas 6 through 13 were enacted in 2010

to protect the ESA listed Yelloweye, Bocaccio, and Canary Rockfish

(S. pinniger), the latter of which was delisted in 2017 due to genetic

similarity to the outer coast stock (National Marine Fisheries

Service, 2017a). While these closures do not apply to Marine

Areas 4A and 4B, catch restrictions are in place to limit the

overharvest of many rockfish species. For example, while fishing

in Marine Area 4B is allowed year-round, recreational anglers are

permitted to retain a total of seven rockfish per day, comprised of

just four species: Black (S. melanops), Deacon (S. diaconus),

Yellowtail (S. flavidus), and Widow (S. entomelas) (Fish

Management Program, 2022). Furthermore, there is no directed

tribal or non-tribal commercial rockfish fishery.

Since 1984, Seattle Aquarium staff have performed annual

collections of temperate marine species for aquarium habitats in

and around Marine Area 4B. Aquarium divers participating in

annual collections had observed changes in rockfish and other

bottomfish abundance and diversity over time, however these

anecdotal observations were never quantified. To formally
Frontiers in Marine Science 02
document bottomfish abundance and stability in and around

Neah Bay, all within Marine Area 4B, and in response to NOAA

NMFS’ call for increased monitoring of bottomfish species in the

northeast Pacific, the Seattle Aquarium began formal strip diver

operated video (DOV) transects in 2005. Here, we report 19 years of

annual bottomfish surveys at five sites in the Strait of Juan de Fuca

just east and west of Neah Bay, Washington. All the sites surveyed

in this study are located within the Makah Tribe’s Usual and

Accustomed fishing area and within marine management area 4B.

This is a fishery hotspot area, with recreational rockfish and non-

rockfish directed commercial fishing occurring year-round. Our

questions were twofold: 1) Did bottomfish abundance and

community structure change significantly over the study period?

and 2)What was the frequency of large rockfish recruitment events?
2 Materials and methods

2.1 Location

The study area is a marine benthic habitat east-southeast of

Cape Flattery in the Strait of Juan de Fuca. The five surveyed sites

were distributed across three reef systems located just southeast and

northwest of the entrance to Neah Bay harbor and just east of the

OCNMS (see Figure 1 for map and Table 1 for site descriptions and

depths). This area is characterized by tilted slab basaltic reefs that

range from 4 m to 6 m tall and run at least 100 m with unbroken

reef faces. These basaltic reefs have shell-gravel/sand/cobble benthos

and known bottomfish communities (Figure 1).

Site 1 was the first annually surveyed site, established in 2005.

Sites 2 through 4 were added in 2006 and site 5 was added in 2010.

Sites were surveyed annually in August via strip DOV transects.

Exceptions to annual surveys were as follows: Site 3 was not

surveyed in 2016 due to low visibility (less than 1 m), site 5 was

not surveyed in 2021 due to unworkable ocean conditions (i.e. high

swell prevented dropping the divers on the site), and none of the

sites were surveyed in 2020 due to COVID 19 pandemic

restrictions. At sites 1 through 4, reef systems run in a south to

north direction, while at site 5 the reef runs east to west. Transects

were conducted along the tilted slab reefs for vertical and horizontal

reference, with the surveyed side varying by site: the east side at sites

1 through 3, the west side at site 4, and the south side at site 5. Video

transects were conducted as close as possible to slack tide for

optimal diving conditions and between 10:00 am and 5:00 pm for

optimal video quality and consistency of conditions (light and

presence of diurnal fish).
2.2 Survey method

Dive teams conducted DOV surveys using a 100 m fiberglass

surveyors transect tape and a handheld video camera equipped to

record diver audio via full face masks and communication units for

communications with the boat and for use as an audio slate during

the dive. Two divers conducted each strip transect survey: the

camera-operating diver swam 1 m above the benthos and 1 m off
frontiersin.org
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of the slab reef while the transect-tape diver deployed the transect

tape 1 m off of the video operator, or about 2 m from the reef. We

counted all fish within 4 m of the forward-facing camera lens,

horizontally held in relation to the bottom contour, representing a

maximum volume of water ca. 30-58 m3 in all dimensions of the

camera. All diver comments on fish species, transect measurements,

depth, and current were recorded alongside video observations using

full face masks equipped with audio devices, to assist with data

verification. A 50 m transect segment began at a permanent zero-

point marker located at the midpoint of the 100 m survey area.

Forward swims (away) from the marker provided undisturbed video

without the transect tape in the viewfinder. Reverse swims (back) to

the marker showed the transect tape in the field of view (see

Supplementary Figure 1 for a visual interpretation of the dive
Frontiers in Marine Science 03
configuration during the survey). A transect consisted of two,

opposing 50 m forward swims and two, opposing 50 m reverse

swims, resulting in a 100 m forward and 100 m reverse complete

transect (for detailed description of the methods see Larson et al.,

2022). This procedure allowed for two views of the reef and

accounted for differences in fish behavior caused by divers and gear

(i.e., gear attraction or avoidance). One forward and one reverse

transect were conducted at each site. Our method was similar to Reef

Check methods with slate counting divers who count undisturbed

fish on the first pass of the transect tape and divers and who also use

standard strip transect methods (Freiwald et al., 2021).

Lens combinations for all cameras and housings were selected

to maximize the available field of view while ensuring that fish could

be identified to the species level during post-processing analysis on
FIGURE 1

Map of the study area showing the five study sites off Neah Bay, Washington. (A) The map includes layers for recreational marine areas (2–13) and
boundaries along the Washington coast and throughout Puget Sound (Lowry et al., 2014), the Olympic Coast National Marine Sanctuary (National
Marine Sanctuaries Program, 2004), the Makah Indian Reservation (Washington Department of Ecology, 2017), and a boundary line between Marine
Areas 4A and 4bB. (B–E) Bathymetric insets for sites 1–4 highlight the tilted basaltic reefs with central starting positions marked by red circles (NOAA
NECI and NOS, 2020). (C) No bathymetric data are available for site 5. Refer to Table 1 depths, and reef orientations.
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a large high-definition screen. The underwater video camera system

used from 2005 through 2010 was a Sony™ VX2100 mini DV

camera housed in a Light and Motion™ Bluefin VX2100 Elite

Travel Package. Accessories included a Light and Motion™ Bluefin

Compact Monitor (VX2100) and a Light and Motion™ UWA 100°

Wide Angle Lens. Underwater video camera systems used from

2011 through 2023 were a Sony aNEX 5N, a5000, or a6500 Digital
camera using a Sony SEL16F28 16mm f2.8 and VCL-ECU2 close-

up adapter (100° angle of view) in a Nauticam NEX 5N, NA-5000,

or NA-A6500 underwater housing with a 4.33” fisheye port. The

100° accessory wide lens on the Light and Motion™ housing was

used as the initial benchmark for field of view for this research

which was continued in the latter camera configuration and was

maintained throughout the study. Furthermore, the aspect ratio of

the recording format changed from 4:3 to 16:9 when the switch was

made to the Sony a series cameras in 2011, producing slightly

higher image resolution. From 2011 through 2023, the camera lens

and dome port specification remained unchanged between the Sony

a series cameras, giving a consistent field of view and image

resolution on this video platform. With the one change in video

equipment mid-way through the 19 year dataset, the recorded

resolution increased from 480i to 4k/24p while maintaining a

100° angle field of view.

Underwater communications consisted of diver-worn full face

masks equipped with a wireless transceiver and either a direct

hardwire link to the camera housing (Bluefin) or a wireless receiver

(Ocean Technology Systems Inc. (OTS) RX-100) mounted external

to the camera housing (Nauticam) for recording diver audio. Masks

were either Interspiro Divator MkII or OTS Guardian Full Face

Masks (GFFM) equipped with OTS earphones and a microphone.

Divers wore OTS wireless transceivers (SSB-2010) to provide audio

communication between divers and the camera system. Continuous

recording of diver speech onto the video file enabled diver

observations to be made at the rate the diver could clearly speak

and provided an “audio slate” to aid in fish identification when

capturing data off of the video (Larson et al., 2022).

Fish data were collected from the videos on a large screen (23”

or greater) monitor using commercially available video players

(Windows Media Player and VLC Media player). The video

output included the visual transect from each site as well as an

audio recording of diver observations in real time. A trained

observer then reviewed the video and audio files at reduced speed

to identify and count fish captured in the video field of view. No still
Frontiers in Marine Science
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frames were taken from the video, rather the fish were counted

directly from the video and only those that could be identified to

species level were recorded, aided by the audio slate when

appropriate. Fish that were pushed in front of the camera were

noted and were not double counted. Young-of-the-year (YOY) were

classified as those individuals that were less than 10 cm long, the

standard cut off used to describe YOY rockfish, and were thought to

be composed of that years cohort (Obaza et al., 2021). This method

of data mining the video allowed for counts of fish abundance and

diversity annually and provided a permanent record of the reef for

repeated analysis, future research, and educational purposes.

There were two instances where we pooled rockfish species.

Black and Deacon Rockfish were grouped as they commonly

schooled together and were difficult to distinguish from each

other when in large mixed groups. Siilarly YOY rockfish schools

were also counted as grouped sums because they were composed of

relatively large mixed species of individuals (typically made up of

Black, Canary, Decon, Widow, and Yellowtail Rockfish) only a few

centimeters in length (up to 10 cm), making it difficult to accurately

determine species given video resolution and distance from

the camera.
2.3 Recreational fishery information
network data

To compare our data to other bottomfish metrics collected in

Marine Area 4B, we compared fish counts derived from DOV

surveys with the recreational fishery information network (RecFIN)

biological samples from Neah Bay from 2005 through 2023 (https://

www.recfin.org/). RecFIN is a collaborative program among state

and federal fishery management agencies on the West Coast to

consolidate fishery-related sampling data into a single clearing

house and is overseen by the Pacific Marine Fisheries

Commission. Recorded species were as follows: Black, Canary,

China (S. nebulosus), Copper (S. caurinus), Deacon, Puget Sound

(S. emphaeus), Quillback (S. maliger), Tiger (S. nigrocinctus),

Vermilion (S. miniatus), Widow, Yelloweye, and Yellowtail

Rockfish; as well as Cabezon (Scorpaenichthys marmoratus);

Pacific Halibut (Hippoglossus stenolepis); Lingcod (Ophiodon

elongatus); Kelp Greenling (Hexagrammos decagrammus); and

Wolf-eel (Anarrhichthys ocellatus). Biological samples were

generated by WDFW creel samplers over the timeframe of the

study. WDFW samplers stationed in Neah Bay collected catch and

effort information during dockside angler interviews from boats

returning from fishing. During the recreational season each year,

recreational fisheries in Neah Bay were sampled a minimum of four

days per week, with weekend (Saturday, Sunday, and holidays) and

weekdays (non-holiday Monday through Friday) stratified. A

minimum of 20% of the boats returning to the port within each

boat type (charter and private) were sampled. Data collected during

each sample included number of anglers, target species, area fished,

landed catch by species, and angler estimates of released groundfish

by species (Fish Management Program, 2018).
TABLE 1 Study site descriptions.

Site
Start
year

Ave
Depth (m)

Reef direction
(shallow-deep)

1 2005 18 SW-NE

2 2006 20 SW-NE

3 2006 15 SW-NE

4 2006 20 SW-NE

5 2010 20 SE-NW
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2.4 Data analysis

All data were analyzed using the statistical software, R (v4.3.1; R

Core Team, 2023). To avoid pseudo-replication, we used only the

forward 100 m pass for all statistical analyses.

To understand adult rockfish trends over time, we constructed a

generalized linear mixed effects model (GLMM) with rockfish

counts as the response, year × species as fixed effects, and site as

a random effect. Given the year × species interaction was significant

(year × species, df = 16, LRT = 14.45, p = 0.03), we then constructed

separate generalized linear models (GLMs) for each species using

counts as the response and year as the predictor. We dropped the

random effect (site) as it explained little variation in the mixed

effects model and led to convergence issues with the species-specific

models (due to insufficient data points). We used the negative

binomial distribution for all models to account for overdispersion.

We removed Puget Sound, Vermillion, and Yelloweye Rockfish

from this analysis as they were observed less than ten times

throughout the study period. Widow Rockfish were also removed,

even though 70 individuals were counted, because they were

observed in only one year (2008) at two sites (sites 1 and 2).

To analyze changes in abundance over the survey time, we used

change point analysis. This analysis allowed us to identify the exact

time points in the time series where a statistically significant change

occurred. Change points in annual rockfish counts were identified

using the changepoint.np package in R (Haynes and Killick, 2022).

This method applies a non-parametric cost function and uses the

pruned exact linear time algorithm (PELT) to search for optimal

segmentations or significant changes in trends (Killick et al., 2012).

Analysis was completed for total adult rockfish and total YOY, as

well as independently for counts of each species tracked. To further

assess the significance of these results, we used pairwise Wilcox tests

to compare mean counts from the distinct time periods as

designated by the changepoint segmentations for each species

(Hollander and Wolfe, 1973).

We performed multivariate non-metric multidimensional scaling

(NMDS) analyses to extract and visualize the predominant patterns

of community structure using the vegan package (Oksanen et al.,

2022) in R. We analyzed data from 2010 onwards as we did not add

site 5 until that year. The sample unit was kept at the scale of the

individual transect. To evaluate how the fluctuations in YOY affected

multivariate community structure, we conducted our NMDS analyses

on data frames with and without YOY. Rarely observed species

encountered on less than 1% of surveys were omitted from the

analyses, which resulted in the removal of Puget Sound Rockfish

(n=8), Wolf Eel (n=4), and Pacific Halibut (n = 1). The remaining 14

species (or 13 excluding YOY) were retained for the multivariate

analyses. Abundances in the community matrix were retained at the

natural scale. We used the Bray-Curtis distance metric to calculate a

dissimilarity matrix for our n = 70 rows of data, and the metaMDS

function in the vegan package to perform NMDS analysis.

To determine whether YOY counts were independent of year,

we conducted a Kruskal-Wallace test with the model ‘YOY ~ Year’,

where ‘YOY’ indicated counts for each site and year (Hollander and

Wolfe, 1973).
Frontiers in Marine Science 05
To examine how RecFIN data (response) varied with DOV fish

counts (predictor), we constructed a GLMM with year and bag

limits as random effects. We included all non-rockfish species and

only those rockfish species which could be caught each year, as

follows: from 2005 through 2009 all species except Canary and

Yelloweye, from 2010 through 2019 only Black and Deacon

Rockfish, and from 2020 onwards only Black, Deacon, Yellowtail,

and Widow Rockfish. Bag limits were as follows: ten fish per day

from 2005 through 2009, six fish per day from 2010 through 2019,

and seven fish per day from 2021 through 2023. DOV fish counts

were totaled across sites for each year and species.

For all GLMMs and GLMs, we tested for homoscedasticity

using plots of residuals versus fitted values and tested the

assumptions of normality using q-q plots of residuals. The

significance of fixed effects was evaluated using likelihood ratio

tests (LRTs).
3 Results

We documented the following rockfish species during our

surveys: Black/Deacon, Canary, China, Copper, Puget Sound,

Quillback, Tiger, Yelloweye, Yellowtail, YOY (mixed species), and

Widow. We also recorded the following non-rockfish bottomfish:

Cabezon, Pacific Halibut (documented once), Kelp Greenling,

Lingcod, and Wolf Eel (documented once).

Bottomfish abundances varied interannually among sites. The

overall trend over the 19-year dataset was stability at all sites, with

slight increases at some of the sites (Supplementary Figure 2).

Black/Deacon, Canary, China, Copper, Quillback, Tiger, and

Yellowtail Rockfish all contributed to the increase in abundance

seen at most sites based on significant GLMM (Figure 2). Puget

Sound (documented just once), Vermillion, Widow, and Yelloweye

Rockfish were rare throughout the 19-year study period and thus do

not have modeled projections. The rate of increase in rockfish

abundance over time varied depending on the species (year ×

species, df = 16, LRT = 14.45, p = 0.03) and year was a significant

predictor of abundance for all rockfish species (see p values

Figure 2). We observed the most notable increase in abundance

for China and Black/Deacon Rockfish, which increased by tens to

hundreds of individuals over the 19 year study period, respectively.

Alternately, Canary, Copper, Quillback, Tiger, and Yellowtail all

increased by only a few individuals (usually less than five) over the

19 year monitoring period. Other bottomfish were Cabezon that

were rare and Lingcod and Greenling that were stable throughout

the study period (see Supplementary Figure 3 for species

scatter plots).

Following the significant model results, with year as a significant

predictor, we used changepoint analysis to further investigate

whether changes in abundance occurred during specific years.

Among the species that increased, some were associated with

specific significant changepoints after which they were observed

more frequently each year. These species were Copper and Canary

in 2012, Quillback in 2014, Tiger in 2019 and China in 2022

(Figure 3). According to Wilcoxon rank sum tests, each of these
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species exhibited a significant difference (p < 0.01) in annual counts

before versus after the identified changepoint.

Over the 19-year dataset and across all sites, the only notable

peak in YOY abundance occurred in 2016 (Figure 4). The Kruskal-

Wallace rank sum test revealed year was not a significant predictor

of YOY count (p= 0.086). Thus the 2016 peak should be considered

an outlier or “jackpot” recruitment event.

All sites, including site 5, the westernmost site, occupied similar

multivariate space, indicating considerable overlap in the

constituency and species-specific abundance of the bottomfish
Frontiers in Marine Science 06
community across time. The multivariate space was larger with

YOY included (stress = 0.13; Figure 5A) when compared to the

NMDS without YOY (stress = 0.12; Figure 5B), thus the YOY event

in 2016 did affect community structure. Overall community

structure was variable interannually, but largely consistent across

all sites.

We found there was a positive relationship between fish counts

derived from DOV surveys and RecFin counts in the GLMM

(Figure 6). Fish counts derived from DOV surveys were a significant

predictor of RecFIN counts (df = 5, LRT = 88.71, p < 0.001).
FIGURE 2

Marginal effects plot depicting rockfish counts derived from DOV surveys through time (2005 through 2023) for (A) Black/Deacon, (B) Canary, (C)
China, (D) Copper, (E) Quillback, (F) Tiger, and (G) Yellowtail Rockfish. Each point corresponds to rockfish counts for a given site and year. Plot
displays predicted values (line) and 95% confidence interval (shaded area) from the GLMM. Results on the upper left corner of each graph
correspond to the LRT conducted to test the significance of the fixed effect (year) in the GLM.
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4 Discussion

Limited datasets exist for direct comparison with this study, given

its nature as an extended duration longitudinal investigation aimed at

documenting temporal changes in rockfish abundance in the western

Strait of Juan de Fuca. While there have been other extended rockfish

studies, these have primarily occurred in the Puget Sound. LeClair

et al. (2018) is the most directly comparable study, as it was

conducted via SCUBA from 1995 through 2010. Interannual
Frontiers in Marine Science 07
variability was documented with noted decreases in some rockfish

species, particularly Copper and Quillback (LeClair et al., 2018).

Similar to this study, they captured only one “jackpot” recruitment

event in 2006 and 2007 (LeClair et al., 2018). A subsequent, briefer

study spanning from 2015 to 2020 did not record any noteworthy

YOY recruitment events within the Puget Sound, although areas

north of the Strait of Juan de Fuca in the Georgia Strait experienced a

pulse in recruitment for some rockfish species in 2016 and 2020

(Obaza et al., n.d.; DFO, 2021b, 2024; Starr and Haigh, 2022).

We note interannual variability in bottomfish abundance over

time with increases in many of the observed species (Supplementary

Figures 2, 3, Figures 2, 3), similar to other surveys of bottomfish in

the Northeast Pacific using various sampling methods (LeClair

et al., 2018; Pacunski et al., 2020; Keller et al., 2005). Our results

showed significant increases over time in eight rockfish species,

although the magnitude of this increase varied by species (Figure 2)

with significant changes in species trends in five species (Figure 3).

The differences in trends between species could be attributed to

factors such as life history characteristics (i.e. age at maturity,

mortality rate), habitat preferences, and depth associations,

among others. For example, China, Black, and Deacon rockfish,

which increased by tens to hundreds of individuals, mature earlier

in life, leading to faster population recovery rates. These species are

primarily associated with shallow, nearshore rocky habitats, making

them more detectable at depths accessible to SCUBA divers

(Palsson et al., 2009). Additionally, these species had higher initial

population sizes, which likely contributed to a larger number of

reproductive adults in the population. In contrast, Canary,

Quillback, Tiger, and Yellowtail rockfish increased by fewer than

five individuals during the study period, possibly due to their later
FIGURE 4

Young of year rockfish (YOY) over time all sites. Points greater than
120 (denoted with the gray dashed line) are considered outliers
when all points are considered together.
FIGURE 3

Significant changepoint figures for copper (A), canary (B), quillback (C), tiger (D) and China (E). The red dashed line indicates the
significant changepoint.
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maturation, which results in slower population growth rates

(Palsson et al., 2009). Some of these species are also associated

with deeper habitats beyond the reach of SCUBA divers, which may

have hindered detection (Palsson et al., 2009). Finally, we observed

little to no presence of Puget Sound, Widow, Vermilion, Boccaccio,

and Yelloweye rockfish. Puget Sound rockfish are typically absent

from the Strait of Juan de Fuca and have the highest natural

mortality rate of the rockfish species we documented (Palsson

et al., 2009). In contrast, Widow, Boccaccio, and Yelloweye

rockfish are generally found in deeper habitats, which likely

resulted in their low detection during our surveys.

The significant change points (Figure 3) and the “jackpot” YOY

recruitment event (Figure 4) coincided with two Northeast Pacific

warm water events: the “Blob,” from 2013 to 2016 and the “Blob 2.0,”

in 2019 (Amaya et al., 2020; Khangaonkar et al., 2021). Data from other

survey efforts in the region also detected a 2016 “jackpot” YOY

recruitment event, with DFO Canada estimating Bocaccio rockfish
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settlement on the West Coast of Vancouver Island 44 times greater

than the long-term average (Cornthwaite and Workman, 2021;

Starr and Haigh, 2022). The exact underlying mechanism connecting

marine heatwaves and rockfish YOY “jackpot” recruitment events

remains elusive; however, Black Rockfish on the West Coast of the

United States experienced increased larval growth and development

rates after the marine heatwave yet that did not result in a YOY

settlement pulse, likely due to increased predator abundance and/or

phenological shifts in prey availability (Fennie et al., 2023).

A notable ecosystem shift occurred in the study area during and

following the “Blob” anomalous marine heatwave event. This

ecosystem shift was characterized by a loss of kelp, pandemic of sea

star wasting syndrome, and considerable increase in urchin abundance,

yet, this study documented stability in bottomfish communities at all

sites Figure 5; (Galloway et al., 2023; Rogers-Bennett and Catton, 2019;

Tolimieri et al., 2023). This result suggests that adult bottomfish in this

region may be resistant to pulse-perturbations such as marine
B

A

FIGURE 5

Sites are designated by different colors and each data point is a year (A) NMDS all sites 2010-2023 with YOY (stress=0.13).; (B) NMDS all sites 2010-
2023 no YOY (stress = 0.12).
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heatwaves and benthic state shifts from kelp dominated states to urchin

barrens. The long-term implications of the increase in sea urchins at

these survey sites, driven by widespread loss of sea urchin predators due

to sea star wasting syndrome, remains unknown (Harvell et al., 2019;

Montecino-Latorre et al., 2016). Larval rockfish are thought to

preferentially settle alongside marine vegetation in this region, such

as understory kelp (Tolimieri et al., 2023). Understanding how such

YOY settlement relates to adult abundance in deeper waters will

require expanded monitoring, such as adding more sites and

remotely operated vehicle surveys to collect data in waters deeper

than SCUBA depths, and continued subtidal monitoring.

The stability of bottomfish over 19 years in this known fishery hot

spot is notable and aligns with the finding of LeClair et al. (2018), which

found that rockfish were most abundant in Puget Sound sites that were

once heavily fished, compared no take areas or Marine Protected Areas

(MPAs). This pattern could be explained by several factors unrelated to

fishing pressure, such as heavily fished areas coinciding with the

preferred habitats of target species, thereby increasing the likelihood

that population growth occurs in these fished areas first. It is also useful

to consider that, while there is a recreational fishery for rockfish and

other bottomfish in marine Area 4B, there is no large-scale commercial

fishery targeting rockfish in this area. There is, however, a Makah

artisanal rod and reel fishery which targets rockfish and other

bottomfish in the area. This fishery is primarily conducted from

small vessels (less than 25 ft) and has limited participation. Makah

fish ticket records indicate that, on average, less than 6,500 pounds of

bottomfish have been caught annually across all fisheries occurring in

Marine Area 4B since 2010. However, Pacific Halibut and associated

deepwater bottomfish species (Rougheye rockfish - Sebastes aleutianus,

Sablefish - Anoplopoma fimbri, Pacific cod -Gadus macrocephalus, etc)

comprise approximately 50% of this annual catch. These species are

primarily harvested in much deeper waters of the Western Strait of
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Juan de Fuca, which are outside the focus of this study (Personal

Communications - Makah Fisheries Management, 2024). As a result,

despite regular fishing pressure in this area, rockfish species remain

stable, and in some cases, are increasing over time.

Retention limits for recreational anglers (including rockfish sub-

bag limits) have generally becomemore restrictive inMarine Area 4B,

with some relaxation of those restrictions in recent years; increasing

the daily rockfish bag limit from 6 to 7 (Fish Management Program,

2022). Despite this overall restrictive trend in recreational fisheries

management, the fact that the creel species composition is positively

correlated with the dive survey data reported here (Figure 6) suggests

creel data may be a good metric for the fish species documented in

this region. Fish trends derived from the dive surveys were a good

predictor of reported RecFIN catches. However, the creel data does

not capture the large number of species which cannot be retained in

the region, nor does it track YOY recruitments. Thus, it is suggested

that creel data be used to supplement the DOV method but should

not be used as a substitute for subtidal monitoring.

The Seattle Aquarium is committed to continuing long term

subtidal monitoring of bottomfish in Marine Area 4B. We also plan

to increase the breadth and scope of our dataset which will enhance

our capability to capture changes in bottomfish populations over

time. To this end, we will increase the number of DOV index sites

and will add remotely operated vehicle (ROV) index sites, the latter

of which will allow us to gather additional data in areas beyond

SCUBA depths. By making these changes we hope to better capture

those species associated with deeper habitats, beyond the depths

accessible to SCUBA divers, such as the threatened Yelloweye and

endangered Boccacio Rockfish.
5 Conclusions

This study set out to answer two questions: 1) did bottomfish

abundance and community structure change significantly over the

study period? and 2) what was the frequency of significant rockfish

recruitment events? Over the 19-year study period, we observed fish

community stability with gradual increases in bottomfish abundance at

most sites. We noted significant increases in Black/Deacon, Canary,

China, Copper, Quillback, Tiger, and Yellowtail Rockfish. Even though

this was a “long-term” study we documented only one “jackpot” YOY

recruitment event. LeClair et al. (2018) concluded that their 16-year

study period was not long enough to determine significant trends, as

they documented just one strong recruitment event in 2006. While the

dataset reported here spanned 19 years and was conducted in a

different region, we found remarkably similar results: interannual

variability in species abundance with rare, strong recruitment events.

We suggest that monitoring to inform rockfish response to changing

ocean conditions, as well as fishery management practices (Min et al.,

2023), should span multiple decades to detect meaningful trends for

rockfish species which have long generation times (e.g. 7 to 10 years for

Black, 22.8 years for Quillback and 32.5 years for Yelloweye Rockfish)

(M. S. Love et al., 2002; Yamanaka, 2006). Only after we are able to

document multigenerational trends of rockfish will we be able to

manage and conserve these species for generations to come.
FIGURE 6

Marginal effects plot depicting dive survey data and recreational fish
landings from RecFIN data (2005 through 2023). Each point
corresponds to the count for a given species each year (totaled
across sites for dive survey data). Plot displays predicted values (line)
and 95% confidence interval (shaded area) from GLMM. Only species
which could be caught each year were included in the analysis.
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SUPPLEMENTARY FIGURE 1

Diver operated video method cartoon showing the camera operator next to

reef and the transect operator off of the camera operator furthest from the
reef. Note also the swim pattern starting at the middle of the 100 m transect

swimming 50m in one direction recording and then turning around the swim

the opposite direction to the center. Once at the center the divers then swam
the opposite direction for 50m recording, turning around to swim back to the

start. In this way the transect tape was only deployed 50 mmaking it easier to
handle in swell and current.

SUPPLEMENTARY FIGURE 2

Total adult fish abundance from 2005 through 2023 at (A) site 1, (B) site 2, (C)
site 3, (D) site 4, and (E) site 5. Different colors and shapes denote different
sites. Note general upwards trend at sites 1 through 3 and stability at sites 4

and 5 over the study period.

SUPPLEMENTARY FIGURE 3

Species scatters plots 2005 through 2023. Different colors and shapes denote

different sites. Note low levels throughout the study period for Widow,

Vermillion and Yelloweye Rockfish and Cabezon. Also note stability over
time for Lingcod and Greenling.
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