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CALIFORNIA DEPARTMENT OF FISH AND WILDLIFE
Marine Region

4665 Lampson Ave. Suite C
Los Alamitos, CA 90720

Dianna.Porzio@wildlife.ca.gov

REVIEW OF SELECTED CALIFORNIA FISHERIES FOR 2014:
COASTAL PELAGIC FINFISH, MARKET SQUID, GROUNDFISH, PACIFIC HERRING,  

DUNGENESS CRAB, OCEAN SALMON, TRUE SMELTS, HAGFISH, AND DEEP WATER  
ROV SURVEYS OF MPAs AND SURROUNDING NEARSHORE HABITAT

SUMMARY
In 2014, commercial fisheries landed an estimated 

161,823 metric tons (t) of fish and invertebrates from 
California ocean waters (fig. 1). This represents a decrease 
of almost 2% from the 165,072 t landed in 2013, a less 
than 1% decrease from the 162,290 t landed in 2012, 
and a 36% decline from the peak landings of 252,568 t 
observed in 2000. The preliminary ex-vessel economic 
value of commercial landings in 2014 was $233.6 mil-
lion, decreasing from the $254.7 million generated in 
2013 (8%), and the $236 million in 2012 (1%), but an 
increase from the $198 million in 2011 (18%). 

Coastal pelagic species (CPS) once again made up 
four of the top five volume fisheries in 2014; red sea 
urchin (5,364 t) and Pacific pink shrimp (3,845 t) were 
ranked sixth and seventh respectively. California market 
squid continued to be the largest volume fishery, and it 
reemerged as the highest valued in the state with over 
102,516 t landed and an ex-vessel value of approximately 
$71.8 million; a decrease of nearly 2% and 3%, respec-
tively from 2013. For the fifth season in a row, market 
squid landings were projected to reach the seasonal catch 
limit of 107,048 t. However, by November 18, 2014, 
97.2% of the catch limit had been landed, so the seine 
sector of the squid fleet made a voluntary decision to 
stop fishing so that the remaining portion of the catch 
limit could be set aside for the brail sector. The 2014/15 
season also represents the first time in recent history that 
directed fishing for market squid has resulted in landings 
to the port of Eureka. Northern anchovy emerged as 
California’s second largest volume fishery with 10,511 t 
landed worth greater than $1.6 million in ex-vessel reve-
nue, which continues the dramatic increasing trend from 
6,005 t in 2013 (>$1.0 million) and 3,485 t in 2012 
($872,820). For the first time since 1982, the northern 
anchovy fishery ranked as the largest by volume among 
the four federally managed CPS finfish (Pacific sardine, 
Pacific mackerel, jack mackerel, and northern anchovy), 
comprising nearly 42.9% of the total volume and 32.4% 
of the total value. Nearly all (98.7%; 10,378.8 t) of Cali-
fornia’s 2014 northern anchovy catch was landed in the 
Monterey port area. The Pacific sardine fishery has long 

been one of the largest in the state, and in 2014 it held 
its position as the fourth largest in volume, and was the 
twelfth largest in value, landing 7,768.0 t and generating 
an ex-vessel revenue of $2 million. Nearly all of Cali-
fornia’s 2014 sardine catch was landed in the Monterey 
port area (80.2%, 6,233.0 t). The recommended harvest 
guideline for 2014/15 season was 28,646 t based on a 
biomass estimate of 369,506 t (a 44% decrease from the 
2013 biomass estimate of 659,539 t). A decrease in the 
biomass and harvest guideline in 2014 largely contrib-
uted to the general decrease in US commercial land-
ings of Pacific sardine. Pacific mackerel was California’s 
fifth largest volume fishery with 5,420 t landed gener-
ating over $1.2 million in ex-vessel revenue. Monterey 
area ports landed 243.4 t while landing nearly no Pacific 
mackerel in 2013. Landings of jack mackerel in Califor-
nia remained relatively low, with 784 t landed in 2014 
(a decrease from 892 t in 2013); however, this still rep-
resents an increase over 2012 landings of 145 t. Landings 
of jack mackerel in Oregon and Washington increased 
with 800.4 t (549.7% increase from 2013) and 242.7 t 
(204.9% increase from 2013), respectively.  

Dungeness crab ranked as California’s third largest 
volume fishery in 2014 with 8,244 t landed, a decrease 
from the 14,066 t landed in 2013. The fishery dropped 
to the second highest valued fishery in the state with 
an ex-vessel value of over $65.8 million, decreasing 
from $88.7 million in 2013. Typically, the northern area 
contributes the majority of total crab landed statewide, 
however, for the 2013/14 season 61% of landings were 
reported from central area ports, between Bodega Bay 
and Morro Bay. The recent 2013/14 season is the first 
to implement the Dungeness crab trap limit program, 
the primary goal of which is to cap the overall amount 
of traps that are fished in California. Vessels in the fleet 
are now subject to fish up to a maximum trap num-
ber dependent on their placement in one of seven trap 
allotment tiers.

More than 90 species of bottom-dwelling marine 
finfish are included in the federally managed ground-
fish fishery. These groundfish species are grouped into 
39 federal management units, consisting of species or 
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(2,014 t). California anglers targeting groundfish par-
ticipated in an estimated 950,801 trips in 2014, a small 
increase (<3%) from 2013 (925,682 trips). To date, full 
stock assessments have been completed for half of the 
nearshore species, including blue, black, brown, China, 
copper, and gopher rockfish, as well as California scor-
pionfish and cabezon. The remaining species have been 
assessed with less intensive data methods. Many stocks 
are considered to be healthy while others are in the pre-
cautionary zone; none are considered overfished.

Fishing effort for Pacific herring in 2014 continued 
at reduced levels when compared to historic landings 

species groups, to help facilitate management measures 
that balance biological and economical goals. In 2014, 
California’s commercial groundfish landings totaled 
6,603 t, worth an estimated ex-vessel value of $19.5 
million. This represents a 2.4% increase in landings from 
6,443 t in 2013 and an increase in ex-vessel value of 
12% from $17.3 million. The majority (71%) of ground-
fish was landed between the California/Oregon border 
and the Monterey Bay area and generated 52% of the 
total ex-vessel value of the fishery. An estimated 2,220 t 
of groundfish were taken by the recreational fishery in 
2014, which represents a 10% increase compared to 2013 

Figure 1. California ports and fishing areas.

 
 

 
 
Figure 1.  California ports and fishing areas. 
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$169,000; surf smelt landings totaled 102.2 t with an ex-
vessel value of $157,000. Over 97% of the 2014 state-
wide commercial Osmerid harvest was landed in Eureka 
with the remainder landed in the ports of Crescent City, 
San Francisco, and Half Moon Bay.

Prior to 1988 hagfish landings in California were 
nonexistent. However, hagfish imports were in great 
demand by South Korea due to a localized depletion 
of two related species, brown hagfish (Paramyxine atami) 
and inshore hagfish (Eptatretus burgeri). In 1988, a Korean 
hagfish importer recruited San Francisco and Monterey 
fishermen to target hagfish for export to South Korea. 
Statewide landings and fishing effort expanded in 1989 
leading to 1,199 t of landed hagfish. Landed in fresh-
dead condition, hagfish were then frozen, and shipped 
for use in the Korean leather goods market. In 2005, hag-
fish were exported in live condition for human food at 
a greater ex-vessel price. Fishing effort and catch began 
to increase with 54 t landed, and again in 2006 with 77 
t landed. In 2014, five port complexes and 33 vessels 
contributed to a landings total of 675 t at an ex-vessel 
value of $1.17 million. The top three port complexes 
were Eureka, Morro Bay, and Bodega Bay.

In December 2012, California implemented the larg-
est scientifically designed network of Marine Protected 
Areas (MPAs) in the United States, following an MPA 
design and siting process led by the California Depart-
ment of Fish and Wildlife (Department). Even before 
the Marine Life Protection Act and the implementation 
of California’s redesigned MPA network, the Depart-
ment has been at the forefront of efforts to use ROVs 
for subtidal ecosystem monitoring. In 1999, Department 
scientists began developing techniques for using ROVs 
for MPA monitoring and in 2001 completed the first 
extensive baseline survey of an MPA in California using 
an ROV at Punta Gorda Ecological Reserve on the 
remote rugged coast near Cape Mendocino. Since then, 
the Department has successfully completed substantial 
surveys in all four of California’s MPA regions. Data 
gathered from these surveys, on the abundance and dis-
tribution of fish and invertebrates, have provided much 
needed characterization of the baseline ecological con-
dition of California’s vast deep water habitats. 

Coastal Pelagic Finfish
Pacific sardine (Sardinops sagax), Pacific mackerel 

(Scomber japonicus), jack mackerel (Trachurus symmetri-
cus), and northern anchovy (Engraulis mordax) form a 
finfish complex known as coastal pelagic species (CPS). 
These species are jointly managed by the Pacific Fish-
ery Management Council (Council) and the National 
Marine Fisheries Service (NMFS) under the Coastal 
Pelagic Species Fisheries Management Plan (CPS 
FMP). In 2014, total commercial landings for these spe-

for California. During the 2014 sac roe season (January 
2014–March 2014), the San Francisco Bay fleet landed 
2,901.2 t, an increase over the 2013 landings (2,115.6 t) 
and 93% of the 3,122.5 t quota. The San Francisco Bay 
herring-eggs-on-kelp (HEOK) fishery landed 0 t during 
the 2014 season, however the fishery was active during 
the 2013 season, landing 35.7 t of HEOK product. Dur-
ing the 2014 season, the Department conducted spawn 
deposition surveys in San Francisco Bay to estimate the 
spawning biomass of the herring stock. The spawning 
biomass estimate for San Francisco Bay was 54,999 t, 
a 23.8% decrease from the previous season’s estimate 
of 72,130 t. However, 2014 was the fifth consecutive 
year of increased biomass since the historic low in the 
2009/10 season of 4,394 t and was above the long-term 
average biomass for San Francisco Bay (1979–2014) of 
47,445.8 t.

The 2014 commercial ocean salmon fishing season 
was more constrained compared to 2013, primarily due 
to lower ocean abundance projections and restrictions 
to protect ESA-listed California Coastal Chinook. The 
commercial ocean salmon fishery was open for 342 days 
in all four ocean management areas combined during 
2014. Nearly 166,500 Chinook (1,011 t) were landed 
in approximately 14,200 days fished. The average nom-
inal ex-vessel price was $12.19/kg ($5.54/lb), with an 
ex-vessel value of $12.3 million, the fourth largest in 
the state. Recreational ocean salmon fisheries were open 
for 743 days across four management areas in 2014, a 
slight increase in opportunity compared to the previ-
ous season primarily due to an increase in the allow-
able ocean impact rate on ESA-listed Sacramento River 
winter Chinook (SRWC). Nearly 74,700 recreationally 
caught Chinook were landed in approximately 120,300 
angler days. Protections in addition to NMFS guidance 
for ESA-listed endangered SRWC were deemed prudent 
when developing the 2015 ocean salmon fishing sea-
sons. As a result of the drought’s continuing detrimental 
effects on SRWC and based on the best available data, 
the Pacific Fishery Management Council, adopted more 
stringent recreational and commercial management mea-
sures to provide additional protection to SRWC.

The family Osmeridae is comprised of approximately 
11 genera and 30 species. These “true smelts” are small, 
soft-rayed, schooling fishes with an adipose fin and are 
found in marine, estuarine, and freshwater habitats in the 
Northern Hemisphere. They range from Pt. Arguello, 
California, to the Gulf of Alaska. Historically, most of 
California’s Osmerids contributed to sport, commer-
cial, and tribal fisheries; however, only surf and night 
smelt support these fisheries today. Most commercial and 
recreational Osmerid fishermen use cast nets (Hawai-
ian throw nets) and/or A-frame dip nets. In 2014, night 
smelt landings totaled 138.5 t with an ex-vessel value of 
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totaled 23,271.8 t, a 63.6% decrease from the 63,891.3 t 
landed in 2013 (fig. 3). 

The US Pacific sardine harvest guideline (HG) for 
each calendar year is determined from the previous year’s 
stock biomass estimate of the northern subpopulation (of 
≥1-year-old fish on 1 July) in US and Mexican waters. 
The recommended HG for 2014/15 season was 28,646 t 
based on a biomass estimate of 369,506 t (a 44% decrease 
from the 2013 biomass estimate of 659,539  t). The 
Pacific sardine HG was apportioned coast-wide through 
the year with a 40% allocation of the annual HG from 
1 July through 14 September, 25% (plus any portion 
not harvested) allocated from 15 September through 31 
December, and the last 35% (plus any portion not har-
vested from the first two allocations) released on 1 Jan-
uary. Landings above the HG would be constrained by 
an incidental catch rate of 45% by weight when landed 
with other CPS with an additional 500 tons per alloca-
tion set aside for incidental catch.

cies equaled 24,483 t (table 1, fig. 2), with a combined 
ex-vessel revenue of over $4.9 million. When compared 
to landings in 2013, this represents an 11.1% and 15.3% 
increase in volume and value, respectively. For the first 
time since 1982, the northern anchovy fishery ranked 
as the largest by volume among these four species in 
2014, comprising 42.9% of the total volume and 32.4% 
of the total value.

Pacific Sardine. The Pacific sardine fishery is com-
posed of three subpopulations; northern, southern, and 
Gulf of California. While the fishery ranges from Baja 
California, Mexico, north to British Columbia, Can-
ada, the majority of landings have occurred in south-
ern California and northern Baja California since the 
1980s. Landings of sardine have steadily increased in the 
Pacific Northwest and Canada since the recent expan-
sion of the sardine fishery in 1999; however, there were 
no landings in Canada in 2014. Combined landings of 
Pacific sardine for California, Oregon, and Washington 

TABLE 1
Landings of Coastal Pelagic Species in California (metric tons).

 Pacific Northern Pacific Jack Unspecified Pacific Herring Market 
Year sardine anchovy mackerel mackerel mackerel herring roe squid Total

1977 2 101,132 3,316 47,615  5,286  12,811 170,163 
1978 1 11,439 8,241 34,349 48 4,473  17,145 75,696 
1979 51 48,880 22,404 21,548 301 4,257  19,982 117,424 
1980 21 42,946 25,739 24,181 56 8,061  15,385 116,389 
1981 34 52,308 35,257 17,778 132 5,961  23,510 134,980 
1982 2 42,150 17,667 19,618 18,398 10,604  16,308 124,747 
1983 1 4,427 17,812 9,829 23,659 8,024  1,824 65,576 
1984 1 2,889 26,043 9,149 18,038 3,847  564 60,532 
1985 6 1,626 18,149 6,876 19,624 7,984  10,275 64,540 
1986 388 1,535 22,095 4,777 25,995 7,658  21,278 83,727 
1987 439 1,390 26,941 8,020 19,783 8,420  19,984 84,978 
1988 1,188 1,478 30,127 5,068 20,736 8,641  37,233 104,471 
1989 837 2,449 21,067 10,746 26,661 9,296  40,893 111,950 
1990 1,664 3,208 31,077 3,223 9,039 7,436  28,447 84,094 
1991 7,587 4,014 31,680 1,693 339 7,347  37,389 90,048 
1992 17,950 1,124 18,574 1,209 3 6,319  13,110 58,289 
1993 15,346 1,958 11,798 1,673  3,846 0 42,722 77,345 
1994 11,644 1,789 10,008 2,704 0 77 2,874 55,508 84,603 
1995 40,328 1,886 8,625 1,728  3 4,664 72,433 129,667 
1996 32,559 4,421 9,597 2,178 4 249 5,162 80,784 134,954 
1997 43,246 5,718 18,398 1,160 1 0 9,147 70,387 148,057 
1998 42,956 1,457 20,515 824  0 2,009 2,895 70,656 
1999 59,493 5,179 8,688 953 0  2,279 91,950 168,542 
2000 53,612 11,754 21,916 1,269 0 26 3,450 118,816 210,843 
2001 51,894 19,277 6,925 3,624 1 0 2,768 86,385 170,873 
2002 58,354 4,643 3,367 1,006 2 0 3,324 72,920 143,615 
2003 34,732 1,676 3,999 156 0 34 1,808 45,061 87,467 
2004 44,305 6,793 3,570 1,027 0 60 1,581 41,026 98,362 
2005 34,633 11,182 3,244 199  219 136 58,391 108,005 
2006 46,577 12,791 5,891 1,167 0 37 694 49,159 116,316 
2007 80,981 10,390 5,018 630 1 336 261 49,474 147,091 
2008 57,806 14,285 3,530 274 0 131 626 38,101 114,754 
2009 37,578 2,668 5,079 119 1 74 460 92,338 138,317 
2010  33,658   1,026   2,056   310  0    129,904   166,954  
2011 27,714 2,601 1,357 80 0  1,566 121,556 154,874 
2012 23,037 2,488 3,485 145 0  1,482 97,078 127,715 
2013 7,074 6,005 8,066 892 1 0 2,086 104,404 128,528 
2014 7,768 10,511 5,420 784 6  2,942 102,516 129,946 

Data Source:  Commercial Fishery Information System (CFIS)  
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targeted fishing to continue during the transition to the 
new management cycle.

In 2014, the US West Coast fisheries harvested a 
large portion (81.2%) of the HG. The 2014 interim 
period (1  January–30 June) lasted almost the entire 
allocation period, 175 days. The first allocation period 
for the 2014/15 season (1 July–14 September) lasted 
23 days. The second period (15 September–31 Decem-
ber) lasted only 5 days. A decrease in the biomass and 
harvest guideline in 2014 largely contributed to the 

In November 2013, the start date of the 12 month 
Pacific sardine fishery was changed from 1 January to 1 
July; this changed the fishing season from one based on 
a calendar year (1 January–31 December) management 
cycle to a fishing season (1 July–30 June) cycle. This 
change better aligned the timing of the research and 
science required for annual stock assessments with the 
annual management schedule. A one-time interim har-
vest period from 1 January 2014 through 30 June 2014 
was established with an allocation of 5,446 t to allow 

 

 
 
Figure 2.  California commercial landings of Pacific sardine (Sardinops sagax), Pacific mackerel 
(Scomber japonicus), jack mackerel (Trachurus symmetricus), and northern anchovy (Engraulis 
mordax), 1980-2014. 
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Figure 3.  Commercial landings of Pacific sardine (Sardinops sagax) in California, Oregon, and 
Washington, 2000-2014.  
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(Trachurus symmetricus), and northern anchovy (Engraulis mordax), 1980–2014.

Figure 3. Commercial landings of Pacific sardine (Sardinops sagax) in California, Oregon, and Washington, 2000-2014.
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product from California; Japan and Australia received the 
majority at 25.6% and 9.9%, respectively.

Oregon landings appeared to be leveling off since 
2008; they experienced a large jump in 2012 and 
decreased in 2013 and 2014. Landings of Pacific sar-
dine totaled 7,788.5.4 t, a 70.4% decrease from 2013 
(26,288.4 t). In 2013, Oregon exported 88 t of sardine 
product to 1 country (Malaysia) worth $113,021.

Washington landings of Pacific sardine totaled 
7,783.8  t in 2014, a decrease of 74.4% from 2013 
(30,457.1 t). They exported 16,614.6 t of sardine prod-
uct to 20 countries, totaling $15.8 million in revenue. 

The recreational Pacific sardine catch as sampled from 
the California Recreational Fisheries Survey (CRFS) 
was 12.6 t (127,321 fish). The majority (94.8%) of the 

general decrease in US commercial landings of Pacific 
sardine (fig. 4). 

California commercial landings of Pacific sardine 
come from the northern subpopulation. This fishery in 
California has long been one of the largest in the state. 
In 2014, it was the fourth largest in volume and twelfth 
largest in value, landing 7,768.0 t and generating an ex-
vessel revenue of $2 million (fig. 2). This was a 9.8% 
increase from 2013 (7,074 t). Commercial landings of 
sardine averaged 39,979 t over the fourteen-year period 
from 2001–14. Nearly all (98.6%) of California’s 2014 
sardine catch was landed in Monterey (80.2%, 6,233.0 t) 
and Los Angeles (18.4%, 1,438.2.0 t) port areas (table 2). 
California exported 6,497.1 t of sardine product worth 
over $6.2 million. Twenty-six countries received sardine 

 
Figure 4.  The US Pacific sardine harvest guideline (HG) for each calendar year; in November 2013, 
the start date of the 12 month Pacific sardine fishery was changed from 1 January to 1 July which 
changed the fishing season from one based on a calendar year (1 January–31 December) 
management cycle to a fishing season (1 July–30 June) cycle. A one-time interim harvest period from 
1 January 2014 through 30 June 2014 was established to allow targeted fishing to continue during the 
transition to the new management cycle. 
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Figure 4. The US Pacific sardine harvest guideline (HG) for each calendar year; in November 2013, the start date of the 12 month Pacific 
sardine fishery was changed from 1 January to 1 July which changed the fishing season from one based on a calendar year (1 January–31 
December) management cycle to a fishing season (1 July–30 June) cycle. A one-time interim harvest period from 1 January 2014 through 
30 June 2014 was established to allow targeted fishing to continue during the transition to the new management cycle.

TABLE 2
Landings (metric tons) of Pacific sardine (Sardinops sagax) and Pacific mackerel (Scomber japonicus),  

jack mackerel (Trachurus symmetricus), and northern anchovy (Engraulis mordax) at California port areas in 2014.

 Pacific sardine Pacific mackerel Jack mackerel Northern anchovy 

Area Landings % Total Landings % Total Landings % Total Landings % Total

Monterey 6,233.7 80.2 243.4 4.5 90.3 11.5 10378.8 98.7
Santa Barbara 96.1 1.2 182.2 3.4 3.5 0.4 66.3 0.6
Los Angeles 1,438.2 18.5 4,994.2 92.1 690.6 88.0 65.6 0.6

Total 7,768.0 100 5,419.8 100 784.4 100 10,510.7 100

*Monterey totals include San Francisco landings; Los Angeles totals include Oceanside/SoCal landings.
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15 countries. Ghana (247.3 t) and Malaysia (190.2 t) 
received over 50% of this product.

At the start of the 2014/15 season, which runs from 
1 July to 30 June the following year, the PMFC set the 
HG at 29,170 t, including a 5,000 t set aside for inciden-
tal landings in other fisheries. Landings above the HG 
would be constrained by an incidental catch rate of 45% 
by weight when landed with other CPS.

The 2014 recreational Pacific mackerel catch as sam-
pled from CRFS was 285.4 t (1,743,740 fish), a 79.3% 
increase (93.1% by number of fish) from 2013. The 
majority (49.5%, 863,230 fish) of fish landed were from 
manmade structures; 43.1% of fish were landed on com-
mercial passenger fishing vessels (CPFVs).

Jack Mackerel. Jack mackerel has long been the 
smallest of the federal CPS finfish fisheries. It is a moni-
tored species under the CPS FMP. Jack mackerel rep-
resented 3.2% of the total landings of the CPS finfish 
fisheries in California for 2014. Landings of jack mack-
erel totaled 784.4 t in 2014, with an ex-vessel revenue 
of $148,947 for California (table 1, fig. 2). 

Oregon reported landing 800.4 t of jack mackerel, 
with an ex-vessel revenue of $146,577. This is a 549.7% 
increase from the 2013 catch of 123.2 t.

Washington reported landing 242.7 t of jack mackerel 
in 2014, with an ex-vessel revenue of $59,210. This is an 

fish landed were from manmade structures, such as piers. 
The tonnage and number of fish decreased from 2013, 
83.6 % and 82.6% decreases, respectively.

Pacific Mackerel. In 2014, 5,420 t of Pacific mack-
erel were landed in California (table 1, fig. 2) generat-
ing over $1.2 million in ex-vessel revenue, and making 
it California’s fifth largest volume fishery. This is a 32.8% 
decrease in volume and a 19.3% increase in ex-vessel 
revenue from 2013. Monterey area ports landed 243.4 t 
while landing nearly no Pacific mackerel in 2013. A shift 
in oceanic conditions, such as sea surface temperature, 
may have attributed to Pacific mackerel landings shift-
ing northward (fig. 5). 

Industry exported 2,994.5 t of mackerel product, val-
ued at $2.6 million, mainly for human consumption, 
to 20 countries. The Philippines (1,074.3 t) and Egypt 
(447.5 t) received over 50% of this product.

Oregon reported landing 1,172.3 t of Pacific mack-
erel in 2014, with an ex-vessel revenue of $324,624. This 
is a 167% increase from the 2013 catch of 439.3 t. No 
exports were reported for Oregon. 

Washington reported landing 544.6 t of Pacific mack-
erel in 2014, with an ex-vessel revenue of $155,337. 
There were no landings of Pacific mackerel in 2013. 
Washington exported 1,341.7 t of mackerel product, val-
ued at $1.9 million, mainly for human consumption, to 

  
 
 
Figure 5.  Average sea surface temperatures (SSTs) off the coast of California, 2013 and 2014 (data: 
http://gis.ncdc.noaa.gov/map/viewer/#app=clim&cfg=cdr&theme=cdr&layers=00001&node
=gis). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. Average sea surface temperatures (SSTs) off the coast of California, 2013 and 2014 (data: http://gis.ncdc.noaa.gov/map/viewer/#ap
p=clim&cfg=cdr&theme=cdr&layers=00001&node=gis).



Fisheries review
CalCOFi rep., vol. 56, 2015

8

compared to 2013 landings, from 104,370 t to 102,516 t 
(fig. 6). Ex-vessel value in 2014 decreased 3% compared 
to 2013, from $73.7 million to $71.8 million. California 
fish businesses exported 89,240 t of market squid to 40 
countries for a value of $114 million in 2014 (http://
www.st.nmfs.noaa.gov/commercial-fisheries/foreign-
trade/). The majority (86%) was shipped to just 3 coun-
tries but most (73% of the total amount) went to China.

For the fifth season in a row, since the inception of 
the Market Squid Fishery Management Plan in 2005, 
market squid landings were projected to reach the sea-
sonal catch limit of 107,048 t. By November 18, 2014, 
97.2% of the catch limit had been landed. On this date, 
the seine sector of the squid fleet made a voluntary deci-
sion to stop fishing so that the remaining portion of the 
catch limit could be set aside for the brail sector. Neither 
the brail nor seine sector of the commercial fleet made 
directed landings of market squid after November 18, 
2014, and the 2014/15 season ended without reaching 
the seasonal catch limit.

Commercial fishing for market squid is limited by 
fishery control rules set forth in the Market Squid Fish-
ery Management Plan (MS FMP). Vessels are required 
to have a permit to commercially fish for market squid. 
In 2014, there were 75 market squid vessel (purse/drum 
seine), 34 light boat (attracting), and 44 brail (or dip net) 
permits issued. Of the 75 vessel permits issued, 64 ves-
sels were active in the fishery with 52 vessels contribut-
ing 95% of the landings. Of the 44 brail permits issued, 
11 brail vessels landed squid. Other fishery control rules 
include a seasonal catch limit that starts April 1 and ends 
March 31 of the following year, weekend closures, spatial 
closures, and lighting restrictions. 

The geographic distribution of market squid landings 
in 2014 is particularly interesting. Although the fishery 
has its historical origins in Monterey Bay, it had been 
dominated by southern California landings in recent 
years (fig.7). Landings north of Point Conception have 
increased since 2010 and increased sharply in 2014. This 
sharp increase, paired with a sharp decrease in landings 
south of Point Conception, meant the fishery was no 
longer dominated by southern California in 2014. The 
Department’s Commercial Fisheries Information System 
(CFIS) contains landing data back to 1980 and contains 
no record of directed squid landings north of the San 
Francisco Bay prior to 2014. The 2014/15 season rep-
resents the first time in recent history that directed fish-
ing for market squid resulted in landings to the port of 
Eureka (2,174.8 t). A shift in oceanic conditions, such 
as sea surface temperature (SST), may have attributed to 
this northward shift of landings (fig. 5). 

Market squid live less than a year and have been found 
in nearshore waters of the eastern Pacific Ocean from 
Baja California to the Gulf of Alaska. The population 

increase of over 204.9% from the 2013 catch of 79.6 t. 
The 2014 recreational jack mackerel catch as sampled 

from CRFS was 8.6 t (56,091 fish), a 101.7% increase 
(152.6% by fish) from 2013. A total of 31,224 fish were 
landed on manmade structures.

Northern Anchovy. Composed of three stocks, 
southern, central and northern, landings of northern 
anchovy in California have been reported since the 
early 1900s. Northern anchovies are only occasionally 
landed in Oregon and Washington (primarily used for 
live bait). The California fishery is harvested from the 
central stock, which ranges from San Francisco to north-
ern Baja California. Currently, northern anchovy are a 
monitored species under the CPS FMP. Studies of scale 
deposits on the sea floor suggest that their abundance 
has historically been quite large. Now used for animal 
food, live bait, and human consumption, anchovy was 
used mainly in a reduction industry to produce oil and 
fish meal in the 1900s. From the 1900s to the late 1970s, 
northern anchovy was a major component of Califor-
nia’s commercial CPS fisheries. During periods of low 
sardine abundance, anchovy landings have increased, hit-
ting a peak in the mid-1970s at over 100,000 t. However, 
commercial landings of northern anchovy have remained 
relatively low since the 1980s due to market constraints. 
Presently, landings of northern anchovy are modest, aver-
aging 7,877 t per year over the last 14 years. 

Landings of northern anchovy in California for 2014 
were 10,511 t with an ex-vessel revenue of greater than 
$1.6 million (table 1, fig. 2). When compared to land-
ings in 2013, this represents a 75.0 % and 49.9% increase 
in volume and value, respectively. Nearly all (98.7%; 
10,378.8 t) of California’s 2014 northern anchovy catch 
was landed in the Monterey port area (table 2). Exports 
of northern anchovy product from California totaled 
416 t for an export value of over $1.5 million. Seven 
countries received anchovy product from California; 
Australia received the majority at 77.0%. 

In 2014, Oregon and Washington reported no land-
ings of anchovy. Oregon did not report any anchovy 
exports in 2014. Washington exported 1.9 t of anchovy 
product to Canada, totaling $13,336 in revenue. 

The 2014 recreational northern anchovy catch as 
sampled from CRFS was 4.1 t (227,759 fish), a 25.1% 
decrease (50.1% by fish) from 2013. The majority 
(91.6%) of fish landed were from manmade structures, 
and 6.5% were landed from CPFVs.

California Market Squid
In 2014, market squid (Loligo (Doryteuthis) opalescens) 

continued to dominate commercial landings of marine 
species in California, contributing about 64% of the total 
tonnage and 30% of total ex-vessel value of all species 
landed. Landings of market squid in 2014 decreased 2% 
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Figure 6.  California commerical market squid (Loligo (Doryteuthis)opalescens) landings, 1981-2014. 
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Figure 6. California commerical market squid (Loligo (Doryteuthis) opalescens) landings, 1981–2014.

 
 
Figure 7.  Comparison of market squid (Loligo (Doryteuthis)opalescens) landings for northern and 
southern fisheries by fishing season (1 April-31 March), from 1980/81 to 2014/2015 seasons. 
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Figure 7. Comparison of market squid (Loligo (Doryteuthis) opalescens) landings for northern and southern 
fisheries by fishing season (1 April–31 March), from 1980/81 to 2014/2015 seasons.
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mated ex-vessel value of $19.5 million. This represents 
a 2.4% increase in landings from 6,443 t in 2013 and an 
increase in ex-vessel value of 12% from $17.3 million. 
During the last decade, groundfish landings declined by 
46% (6,603 t in 2014 versus 12,243 mt in 2004); yet 
the ex-vessel value increased nearly 41% ($19.5 million 
in 2014 versus $13.8 million in 2004) (fig. 8). In 2014, 
the majority (71%) of groundfish was landed between 
the California/Oregon border and the Monterey Bay 
area and generated 52% of the total ex-vessel value of 
the fishery. By volume, trawl gear comprises 72% of the 
total statewide landings followed by hook and line and 
trap gear at 28%. While that 28% is low compared to 
trawl gear, hook and line and trap gear generated 41% 
of the total revenue generated by the fishery. The lower 
volume capacity of the hook and line gear accounts for 
the majority of total trips (89%) as compared to trawl 
gear (11%). 

Landings of Dover sole, sablefish, thornyheads (Sebas-
tolobus altivelis and S. alascanus), petrale sole, and chili-
pepper (Sebastes goodei) continued to be the top species 
by weight, with 1,897 t, 1,800 t, 989 t, 614 t and 276 t 
landed, respectively. These species comprised 84% of the 
groundfish landings. 

Groundfish landings in 2014 were mostly com-
prised of flatfishes (41%), followed by roundfishes (29%), 
thornyheads (15%) and rockfish (10%). The “other” 
groundfish species category was comprised of grena-
dier (Macrouridae) which accounted for 61 t (table 3). 
Chili pepper was the top rockfish species by weight, with 

appears to fluctuate widely in abundance in response 
to short-term oceanographic events, like the El Niño 
Southern Oscillation. Ecologically, they are considered 
important as forage for other species, including preda-
tory fishes, marine mammals, and seabirds.

A live bait fishery exists for market squid, largely to 
supply recreational fishing in southern California. The 
live bait fishery is a low-volume, high-value endeavor, 
as recreational anglers are willing to pay up to $60 for a 
“scoop” of live squid, which averages 10 lbs.; as a com-
parison, the average price paid to the commercial fleet 
in 2014 was $0.32 per pound. 

Groundfish 
More than 90 species of bottom-dwelling marine fin-

fish are included in the federally managed groundfish 
fishery. The species that comprise the groundfish fish-
ery are diverse and complex; their primary distributions 
range from nearshore depths to deep offshore habitats. 
“Groundfish” species include all rockfishes in the Scor-
paenidae family, flatfishes such as Dover sole (Microstomus 
pacificus) and petrale sole (Eopsetta jordani), roundfishes 
such as sablefish (Anoplopoma fimbria), and lingcod (Ophi-
odon elongatus), and various sharks and skates. These 
groundfish species are grouped into 39 federal manage-
ment units, consisting of species or species groups, to 
help facilitate management measures that balance bio-
logical and economical goals. 

Commercial Fishery. In 2014, California’s commer-
cial groundfish landings totaled 6,603 t, worth an esti-

 

 
 
Figure 8.  California commercial groundfish landings, 1998-2014.  
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Figure 8. California commercial groundfish landings, 1998–2014.
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Landings of overfished rockfish species, which 
accounted for <1% of the groundfish landings in 2014, 
decreased by 7.4% compared to 2013 (21.3 t versus 
23 t). In both years the predominant species was bocac-
cio (S. paucispinis), which accounted for 71% and 73% 
of the total overfished rockfish species landings in 2014 
and 2013, respectively. Management measures to protect 
overfished species have greatly reduced landings over the 
past decade. 

Recreational Fishery. The Recreational Fisheries 
Information Network (RecFIN) Program stores recre-
ational data from California, Oregon, and Washington. 
RecFIN incorporates data from two recreational fish-
ery sampling programs in California—the Marine Rec-
reational Fisheries Statistical Survey (MRFSS), which 

landings of 276 t worth an ex-vessel value of $455,998. 
Unlike high-volume, high-value species such as sable-
fish, nearshore rockfishes are generally a low-volume, 
high-value commodity in California—brown rockfish 
(S. auriculatus), gopher rockfish (S. carnatus), and grass 
rockfish (S. rastrelliger) were worth a combined ex-vessel 
value of $1,049,843 with landings of 26 t, 26 t and 11 t 
respectively. Restricted access and the live fish market 
are primarily responsible for the high market value of 
the nearshore fishery. In 2014 the top grossing nearshore 
species were grass rockfish, black-and-yellow rockfish 
(S. chrysomelas), and gopher rockfish; valued at approxi-
mately $21,100/t, $17,000/t and $17,000/t, respectively. 
By contrast, chilipepper (a non-nearshore rockfish) was 
valued at approximately $1,650/t.

TABLE 3
California commercial groundfish landings (in metric tons) and ex-vessel value in 2014 with comparisons to 2013.  

The top species by weight for the flatfishes and rockfishes are represented in the table.

   2014 2013  % change % change
  Harvest Value Harvest Value from 2013 from 2013 
  (mt) ($) (mt) ($) (mt) ($)

Flatfishes
 Dover sole 1,897 $1,866,714  2,218 $2,143,990 –14% –13%
 Petrale sole  614 $1,644,155  470 $1,321,525 31% 24%
 Arrowtooth flounder 75 $16,839  118 $26,824 –36% –37%
 English sole  59 $45,633  49 $39,777 20% 15%
 Rex Sole 43 $38,219  45 $42,920 –4% –11%
 Sand sole 16 $36,136  15 $37,774 4% –4%
 Other flatfishes 14 25,811 28 $24,679 –49% 5%
  Total Flatfishes  2,719 $3,673,507 2,944 $3,637,489 –8% 1%

Rockfishes      
 Chilipepper  276 $455,998  322 $472,897 –14% –4%
 Blackgill rockfish 60 $142,603  72 $146,033 –17% –2%
 Bank rockfish 58 $119,993  52 $110,088 11% 9%
 Black rockfish 40 $188,441  36 $159,878 12% 18%
 Brown rockfish 26 $386,791  28 $422,334 –6% –8%
  Vermilion rockfish 27 $162,294  23 $142,335 15% 14%
 Gopher rockfish 26 $436,526  23 $392,733 11% 11%
 Other rockfishes 105 807,842 100 $751,094 5% 8%
Overfished species      
 Bocaccio 15.2 $41,005  16.5 $39,700 –8% 3%
 Canary rockfish 1.9 $2,984  1.6 $3,474 21% –14%
 Cowcod 0.2 $469  0.2 $191 11% 145%
 Darkblotched rockfish 3.9 $8,208  4.2 $6,204 –6% 32%
 Pacific ocean perch 0.04 $50  0.05 $56 –22% –10%
 Yelloweye rockfish 0.02 $34  0.01 $30 40% 12%
      Total Rockfishes  638 $2,753,239 679 $2,647,047 –6% 4%

Roundfishes      
 Sablefish  1,800 $8,964,857  1,375 $7,014,561 31% 28%
 Lingcod 106 $514,508  64 $294,396 65% 75%
 Cabezon 31 $402,236  29 $361,832 7% 11%
 Kelp greenling 5 $60,085  5 $70,790 –15% –15%
 Pacific whiting 5 $223  4 $212 35% 5%
     Total Roundfishes  1,947 $9,942,180 1,478 $7,741,790 32% 28%

Scorpionfish, California  2 $23,098 3 $28,399 –45% –19%
Sharks & Skates 248 $204,975 172 $145,009 44% 41%
Thornyheads 989 $2,891,294 1,085 $3,114,120 –9% –7%
Other Groundfish 61 $35,322 84 $68,466 –27% –48%
 Total Groundfish 6,603 $19,523,614 6,443 $17,382,320 2% 12%

*Petrale sole was declared overfished in 2009                                                                       
Data Source: CFIS (CMASTR) Extraction Date: 04/28/2014
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cies comprised 61% of the catch. In 2014, the majority 
(52%) of groundfish catches occurred in central Cali-
fornia (Point Conception to Cape Mendocino), where 
lingcod was the most frequently encountered. In south-
ern California (south of Point Conception), anglers took 
36% of the groundfish catch, with vermilion rockfish 
being the most frequently encountered. Lastly, northern 
California (Cape Mendocino to the California-Oregon 
border) accounted for 12% percent of the catch, with 
black rockfish being the most frequent. 

Commercial Nearshore Fishery Update. The state 
Nearshore Fishery Management Plan (NFMP) has 
been in place for more than twelve years, having been 
first adopted in October 2002 to meet the mandates of 
the Marine Life Management Act in addressing grow-
ing concerns regarding increasing participation in the 
nearshore fishery. The NFMP provides a framework for 
management of nineteen species including various rock-
fish and a number of species caught in association with 
them in nearshore habitat. A full review of steps taken 
to implement the NFMP since its inception is provided 
in a recently published paper by Wilson-Vandenberg 
et al. (2014).

To date, full stock assessments have been completed 
for half of the nearshore species, including blue, black, 
brown, China, copper, and gopher rockfish, as well as 
California scorpionfish and cabezon. The remaining spe-
cies have been assessed with less intensive data methods 
(table 5). Many stocks are considered to be healthy while 
others are in the precautionary zone; none are consid-
ered overfished.

Regulations have been developed to prevent com-
mercial harvest from exceeding the allowable limits. 
Season lengths, depth restrictions, gear restrictions, trip 
limits and a restricted access permit system have been 
implemented and have been successful at providing as 
much fishing opportunity as possible while keeping 
catches within allowable limits.

Commercial Nearshore Fishery. During develop-
ment of the NFMP, a restricted access program was 
developed to address overcapitalization issues in the 
nearshore fishery and to keep catches within allow-
able limits. Three different species specific permits were 
developed for this fishery—a Nearshore Fishery Per-
mit (NFP; also known as the shallow nearshore per-
mit), a Deeper Nearshore Fishery Permit (DNSFP), and 
a Nearshore Fishery Bycatch Permit (bycatch permit). 
The NFP is divided into four regions (North Coast, 
North-Central Coast, South-Central Coast and South 
Coast) with area-specific capacity goals; capacity goals 
are North Coast = 14, North-Central Coast = 9, South-
Central Coast = 20, and South Coast = 18. This permit 
can only be fished in the region for which it is issued. 
This permit is also transferrable, but two permits must 

operated from 1980 to 2003, and the California Recre-
ational Fisheries Survey (CRFS) initiated by the Depart-
ment in 2004. These data, which are available from 1980 
to the present, represent the best available information 
on recreational catch in California. CRFS data indicate 
that California anglers targeting groundfish participated 
in an estimated 950,801 trips in 2014, a small increase 
(<3%) from 2013 (925,682 trips). The predominant gear 
type used in the California recreational groundfish fish-
ery is hook and line. 

An estimated 2,220 t of groundfish were taken by 
the recreational fishery in 2014 (table 4), which repre-
sents a 10% increase compared to 2013 (2,014 t). The 
top five species in 2014 were lingcod, black rockfish 
(S. melanops), vermilion rockfish (S. miniatus), blue rock-
fish (S. mystinus), and California scorpionfish (Scorpaena 
guttata), which accounted for approximately 62% of the 
groundfish catch by weight; in 2013, the same five spe-

TABLE 4
Comparison of recreational groundfish catch in   

California in 2014 and 2013 (does not include discards  
and only includes catch greater than 5 metric tons).

 2014  2013 % Change 
Species Harvest (mt) Harvest (mt)  from 2013

Lingcod 572 433 32%
Black rockfish 340 363 –6%
Vermilion rockfish 206 211 –2%
Blue rockfish 134 106 26%
California scorpionfish 123 112 9%
Brown rockfish 120 82 48%
Pacific sanddab 107 86 25%
Copper rockfish 102 99 4%
Bocaccio 100 131 –24%
Yellowtail rockfish 60 56 7%
Gopher rockfish 55 41 34%
Cabezon 32 25 28%
Olive rockfish 32 20 56%
Squarespot rockfish 22 17 35%
Kelp rockfish 18 19 –8%
Widow rockfish 16 18 –8%
Canary rockfish 16 13 25%
Starry rockfish 15 24 –39%
Leopard shark 14 14 1%
Kelp greenling 13 14 –8%
Grass rockfish 12 10 26%
Chilipepper 11 7 46%
Black-and-yellow rockfish 10 6 68%
Greenspotted rockfish 10 11 –12%
China rockfish 10 10 3%
Speckled rockfish 9 16 –39%
Flag rockfish 9 14 –34%
Treefish 9 13 –28%
Honeycomb rockfish 6 9 –39%
Rosy rockfish 5 6 –18%
Other groundfish 31 27 15%

Total Groundfish 2,220 2,014 10%

 
Angler Trips

Bottomfish Effort 950,801 925,682 3%

Data source: RecFIN  
Date Extracted: 05/08/2015
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Summary and Geographic Distribution of Landings.  
In the early 1990s, prior to implementation of the 
NFMP and restricted access program, coast-wide near-
shore landings (shallow and deeper combined) totaled 
445 t, with an ex-vessel value of $1.7 million. After 
implementation of the restricted access program and 
the DNSFP in 2003 the coast-wide shallow and deeper 
nearshore species landings totaled 230 t, with an ex-
vessel value of $2.0 million. Eleven years later, in 2014, 
coastwide nearshore landings (shallow and deeper com-
bined) decreased (6%) to 212 t compared to 2003; how-
ever, the ex-vessel value increased (25%) to $2.5 million 
(fig. 9).

While the fishery originated in the South and South-
Central regions in the 1980s, it expanded northward, 
and between 2003 and 2014 catch has been more evenly 
distributed over all regions (fig. 10). The composition of 
catch varies by area in part due to the geographic dis-
tribution of each species and availability of other target 
species (table 6). 

Many of the nearshore species are underharvested, 
meaning they are harvested at levels lower than permis-
sible. While economic factors can affect harvest, protec-
tive measures implemented in the early 2000s to protect 
overfished rockfish are likely having the greatest impact. 
Canary and yelloweye rockfish are frequently found 
to co-occur with many nearshore species; as a result 
large areas of allowable fishing area were closed, which 
eliminated and/or reduced access to productive fishing 

be purchased and one retired. The DNSFP can be fished 
coast-wide and is nontransferrable. The bycatch permit 
was issued to allow incidental take of shallow nearshore 
species with trawl or gill net gear only. This permit is 
not transferrable.

The restricted access program has greatly reduced 
the number of participants in the fishery. Between 1999 
and 2002, the number of permits issued decreased from 
1,127 to 505. The number of NFPs purchased in 2003 
totaled 220 but has been reduced through transfers or 
non-renewal, to 150 permits in 2014, for an attrition rate 
of 32%. Despite the reduction in the number of NFPs, 
each region remains above its capacity goal. In 2014 the 
number of permits issued by region is as follows: North 
Coast = 16; North-Central Coast = 26; South-Central 
Coast = 52; and South Coast = 56.

The DNSFP was intended to act as a moratorium to 
prevent any further entrants into the fishery and does 
not have gear restrictions or a capacity goal. In 2003, 294 
DNSFPs were issued; through attrition the number has 
been reduced 36% to 188 permits in 2014. In addition, 
a bycatch permit was created allowing for the inciden-
tal take of the nine shallow nearshore species with trawl 
or gill net gear only. In 2003, 97 individuals qualified 
for a bycatch permit but only 26 permits were issued. 
By 2014, the number of bycatch permits was reduced 
to 11 permits, yet only 3 of these permit holders were 
active (i.e., making at least one landing of shallow near-
shore species). 

TABLE 5
The 19 nearshore species with relevant federal and state management and stock assessment information.  

Shallow and Deep permit types refer to the Nearshore Fishery Permit (NFP) and  
Deeper Nearshore Species Fishery Permit (DNSFP), respectively.

  NFMP

Species Managed by Species by Permit Last Assessed Statusa

Black rockfish (RF) Fed/State Deep 2007 healthy
Black-and-yellow RF Fed/State Shallow  
Blue RF Fed/State Deep 2007 precautionary
Brown RF Fed/State Deep 2013 precautionary
Calico RF Fed/State Deep  
China RF Fed/State Shallow 2013 healthyb

Copper RF Fed/State Deep 2013 healthyb

Gopher RF Fed/State Shallow 2005 healthyb

Grass RF Fed/State Shallow  
Kelp RF Fed/State Shallow  
Olive RF Fed/State Deep  
Quillback RF Fed/State Deep  
Treefish Fed/State Deep  
Cabezon Fed/State Shallow 2009 healthyb

CA scorpionfish Fed/State Shallow 2005 healthy
Kelp greenlingc Fed/State Shallow 2011
Rock greenling State Shallow
CA sheepheadc State Shallow 2004
Monkeyface pricklebackc State —d

a Status of the stock is based on the Nearshore Fishery Management Plan (NFMP) 60-20 Harvest Control Rule
b indicates the northern portion of the stock was precautionary; the southern portion was healthy
c Stock status was not determined or the assessments were deemed inadequate for management
d No permit required. A commercial fishing license is required as it is for all 19 species 
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Figure 9.  California commercial nearshore groundfish landings, 1998-2014.   
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Figure 9. California commercial nearshore groundfish landings, 1998–2014.

 
 
Figure 10.  Commercial nearshore landings (shallow and deeper combined) by region, 2003-2014.  
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Figure 10. Commercial nearshore landings (shallow and deeper combined) by region, 2003–14. 

TABLE 6
Nearshore species regional commercial landings composition, 2003–14. Data from  
California Department of Fish and Wildlife commercial landing receipts (CFIS).

 North North-Central South-Central South Total 
Species/Group Coast Region  Coast Region Coast Region Coast Region All Regions

Deeper Nearshore Rockfish 94.80% 40.00% 32.80% 5.50% 46.70%
Shallow Nearshore Rockfish 1.60% 36.60% 42.30% 10.70% 22.20%
CA Sheephead 0.00% 0.00% 0.40% 69.70% 15.50%
Cabezon 3.10% 20.30% 22.50% 9.10% 13.30%
Greenlings 0.60% 3.00% 2.00% 0.00% 1.20%
CA Scorpionfish 0.00% 0.00% 0.00% 4.90% 1.10%
Monkeyface Prickleback 0.00% 0.00% 0.00% 0.00% 0.00%
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ex-vessel value of the herring sac roe fishery fell from 
over $1.7 million in 2013 to $857,064 in 2014. 

The San Francisco Bay herr ing-eggs-on-kelp 
(HEOK) fishery landed 0 t during the 2014 season, 
however the fishery was active during the 2013 season, 
landing 35.7 t of HEOK product. Price paid for HEOK 
typically ranges from $17.6–48.5/kg ($8–22/lb) depend-
ing on the quality of the product.  

During the 2014 season, the Department conducted 
spawn deposition surveys in San Francisco Bay to esti-
mate the spawning biomass of the herring stock. The 
spawning biomass estimate for San Francisco Bay was 
54,999 t, a 23.8% decrease over the previous season’s 
estimate of 72,130 t. However, 2014 was the fifth con-
secutive year of increased biomass since the historic low 
in the 2009/10 season of 4,394 t and was above the 
long-term average biomass for San Francisco Bay (1979–
2014) of 47,445.8 t. There were no spawning biomass 
estimates conducted in Tomales Bay, Humboldt Bay, or 
Crescent City for 2014.  

The commercial herring fishery is closely regulated 
through a catch-quota system to provide for adequate 
protection of this important forage species. The Depart-
ment conducts annual assessments of the spawning her-
ring population in San Francisco Bay as part of its 
ongoing monitoring and management of the fishery. The 
Department also examines age structure, growth, general 
condition, and biological aspects of the catch. These data 
serve as the basis for establishing fishing quotas for the 
following season. The quota range is based on the deter-
mination of the Department’s assessment of the stock 
status, utilizing the best science available. This includes, 

grounds. As canary and yelloweye rockfish continue to 
rebuild, additional opportunities such as higher trip lim-
its or more access to deeper depths may be permitted. 

Pacific Herring
Fishing effort for Pacific herring (Clupea pallasi) in 

2014 continued at reduced levels when compared to his-
toric landings for California. San Francisco Bay was the 
only active fishery during this reporting year. There has 
been no commercial fishing effort in Tomales Bay since 
2007, Humboldt Bay since 2005, and Crescent City Har-
bor since 2002. During the 2014 sac roe season (January 
2014–March 2014), the San Francisco Bay fleet landed 
2,901.2 t, an increase over the 2013 landings (2,115.6 t) 
(fig. 11) and 93% of the 3,122.5 t quota.   

The forecast base price for roe herring is a good indi-
cator of the economic status of the fishery and deter-
mines whether fishermen will participate in the fishery. 
Ex-vessel prices for roe herring are set using a base 
price with an additional roe percentage point bonus. 
The base price is set per short ton of roe herring with a 
minimum roe percentage of 10%. Roe herring that are 
landed which exceed the minimum roe recovery level 
are given a bonus for each percentage point exceeding 
10%. Ex-vessel prices in the herring sac roe fishery can 
vary greatly based on roe recovery rates. The 2014 base 
price for roe herring with 10% or greater roe recov-
ery was $200/short ton landed ($220/t), with an addi-
tional $20 paid for each percentage point above the 10% 
baseline. The average roe count for the 2014 season was 
13.4% resulting in an ex-vessel value of $268/short ton 
($295/t). Due to a decrease in base price, the statewide 

 
 
 

 
 
Figure 11.  San Francisco Bay commercial Pacific herring (Clupea pallasi) sac roe, 1972-2014. 
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Figure 11. San Francisco Bay commercial Pacific herring (Clupea pallasi) sac roe, 1972–2014.
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Dungeness Crab
The trap-based Dungeness crab (Metacarcinus magis-

ter, formerly Cancer magister) fishery spans the West Coast 
of North America from Alaska to central California. The 
California commercial fishery is regulated through the 
state legislature and is managed primarily on the basis 
of size, sex, and seasonal restrictions. Male crabs larger 
than 159 mm (6.25 in) carapace width (CW) are har-
vested commercially in California’s two management 
areas, demarcated by the Sonoma/Mendocino county 
line. The commercial season in the central area, south of 
this line, begins November 15 and ends June 30, while it 
conditionally begins on December 1 and ends July 15 for 
the northern area, depending on the condition of the crab.

Mature males typically molt on an annual basis in 
the summer months and then begin gaining weight in 
their new shells. The timing of this molt varies, but the 
December 1 fishery opening along most of the West 
Coast usually results in adequately filled-out crab reach-
ing the popular holiday markets. Commencing with 
the 1995/96 season the state legislature authorized an 
 industry-funded preseason crab quality test to ensure 
crab meat adequately fills the new hardened shell on 
the target opening date. The test is conducted in concert 
with tests in Washington and Oregon. The states then 
mutually agree, through the Coastal Dungeness Crab 
Tri-State Committee, on whether to delay the opening 

but is not limited to, recent fishery-independent field 
surveys, commercial catch and age composition anal-
ysis, and environmental data. Quota recommendations 
for San Francisco Bay are primarily based on the most 
recent assessments by the Department of the size of the 
spawning population in San Francisco Bay. The recom-
mendation also takes into account additional data col-
lected each season, including ocean and bay conditions, 
growth rates of herring, strength of individual year-
classes, and predicted size of incoming year-classes (i.e., 
recruitment).

In response to poor recruitment, indication of popu-
lation stress, and/or unfavorable oceanographic condi-
tions, harvest targets in recent years have been set at or 
below 10%. The San Francisco Bay fishery was closed 
during the 2009/10 season for the first time ever to 
allow for stock recovery following a record low bio-
mass estimate of 4,394 t. After the one-year closure, 
harvest targets have been set at precautionary levels of 
approximately 5%. Since the 2004/05 season, harvest 
targets have allowed over 96% of the spawning biomass 
to return to the ocean after spawning in the bay. Based 
on accepted fishery management principles, these har-
vest targets are conservative and represent a precaution-
ary approach to safeguard the population as forage and 
to provide a robust reproductive base to allow for stock 
rebuilding during years of low recruitment or abundance. 

 
 
Figure 12.  California commercial Dungeness crab (Metacarcinus magister) landings, 1915/16-
2013/14.  
. 
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Figure 12. California commercial Dungeness crab (Metacarcinus magister) landings, 1915/16–2013/14.
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The recent 2013/14 season is the first to implement 
the Dungeness crab trap limit program, the primary goal 
of which is to cap the overall amount of traps that are 
fished in California. Vessels in the fleet are now subject to 
fish up to a maximum trap number dependent on their 
placement in one of seven trap allotment tiers. Place-
ment was based on historical landings during a “win-
dow” period and vessels in the highest tier, Tier 1, are 
allowed a maximum of 500 traps while the lowest tier, 
Tier 7, is set at 175 traps. Tier 1 vessel permits contrib-
uted the most to the 2013/14 statewide total catch at 
31%, and vessels in this tier landed on average 41 t, while 
Tier 7 vessels made up less than 6% of the total catch 
and averaged about 7 t.  

Preliminary data from the 2014/15 season shows 
statewide landings exceeding 6,500 t (through Febru-
ary 2015), and like the preceding season the majority of 
these landings (80%) are reported from the central area. 
Although landings are trending lower than previous sea-
sons, the record high average price of $7.99/kg ($3.63/
lb) has contributed to over $50 million in ex-vessel value 
brought in by that date. 

Legislation restricted access to commercial Dunge-
ness crab fishing permits beginning in 1995. A limited 
entry permit system was then enacted by the legislature 
with the provision that most permits are transferable. Of 
the approximately 563 vessels with a 2013 commercial 

of the season in order to let the crabs reach a standard 
relative body weight. The 2013/14 season in the north-
ern management area was not delayed and began on 
December 1 while the central management area is not 
subject to opening delays by statute. 

The 2013/14 crab season brought in statewide land-
ings of 7,822 t, resulting in $60.1 million in ex-vessel 
value received by the fishermen (fig. 12). The high value 
overall was in part due to the increasing average price 
per kilogram over the course of the season at $7.69/kg 
($3.49/lb), compared to $6.29/kg ($2.85/lb) the previ-
ous season. Dungeness crab was California’s second-most 
valuable fishery in ex-vessel value for the 2014 calen-
dar year at $65.8 million, resulting from the high aver-
age price and high landings from the previous 2012/13 
season (11,054 t). Typically, the northern area contrib-
utes the majority of total crab landed statewide, however 
for the 2013/14 season 61% of landings were reported 
from central area ports, between Bodega Bay and Morro 
Bay (fig. 13). This area has experienced a recent shift in 
higher than average landings for the past four seasons 
and set a record for the area in 2010/11 of 8,670 t, more 
than three times the current 20-year average of 2,390 t. 
Landings in the southern ports of the central manage-
ment area, Santa Cruz to Morro Bay, set a record for the 
area during the 2013/14 season of 714 t, where landings 
have averaged 157 t for the past 20 seasons. 

 
 
Figure 13.  California commercial Dungeness crab (Metacarcinus magister) landings by management 
area, 1994/95-2013/14.  
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Figure 13. California commercial Dungeness crab (Metacarcinus magister) landings by management area, 
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terey-south management area) on August 13. All other 
areas south of Point Arena (San Francisco management 
area) closed on September 30, with the exception of an 
October 1–15 (Monday through Friday) fishery between 
Point Reyes and Point San Pedro. In the Fort Bragg 
management area between Horse Mountain and Point 
Arena, the fishery opened June 19 through September 
30. The fishery was closed statewide during the first two 
weeks of July and during the last two days of August. The 
Klamath Management Zone (KMZ), including Crescent 
City and Eureka ports, opened on September 12 with a 
4,000 Chinook quota and daily bag and possession limit 
of 20 Chinook. 

Commercial fisheries in the four major port areas 
(KMZ, Fort Bragg, San Francisco and Monterey-south) 
had 342 combined days open to fishing in 2014 com-
pared to 410 days open during the 2013 season. An esti-
mated 166,500 Chinook salmon (1,011 t) were landed 
during the 2014 commercial season (fig. 14) in 14,200 
days fished. The average weight per fish was 6.08 kg 
(13.4 lbs). The average price was $12.19/kg ($5.54/lb), 
with a total ex-vessel value of the fishery estimated at 
$12.3 million. Approximately 600 Chinook were landed 
out of the KMZ’s 4,000 Chinook quota.

The 2014 recreational fishing season increased 14 days 
compared to 2013, for a season total of 743 days open 
in each of the four management areas combined. The  
recreational fishery opened in the Fort Bragg, San  
Francisco, and Monterey-south areas on April 5 while 
the KMZ opened on May 10. All fisheries remained 
open through the summer until closing on September 
8 (KMZ), October 6 (Monterey-south), and November 
10 (Fort Bragg and San Francisco). 

In 2014, an estimated 74,700 Chinook were landed 
(fig. 15) in 120,300 angler days, a decrease in both catch 
and effort compared to 2013. Approximately 480 coho 
were landed illegally during 2014, presumably by anglers 
who misidentified their salmon as Chinook. The bag 
limit was two salmon per day of any species except coho 
and anglers were required to use no more than two 
 single-point, single-shank barbless hooks when fishing 
for salmon. The possession limit regulation was changed 
for the 2014 season to state that no more than two daily 
bag limits may be possessed when on land. On a vessel 
in ocean waters, no person shall possess or bring ashore 
more than one daily bag limit. The minimum size limit 
ranged from 20–24 inches (508–610 mm) TL to protect 
the generally smaller-sized ESA-listed endangered Sac-
ramento River winter Chinook. 

In fall 2014, SRFC exceeded the conservation goal of 
122,000–180,000 hatchery and natural area adult spawn-
ers for the fifth consecutive year. Nearly 211,700 SRFC 
adults and 25,400 jacks (age-2 fish) returned to spawn in 
the Sacramento River basin. Likewise, KRFC surpassed 

Dungeness Crab Vessel Permit, 453 vessels made at least 
one landing in the 2013/14 season. With about 20% of 
the total permits not actively participating in the fishery, 
there is concern that, even with trap limits in place, an 
influx of traps by these latent permits in future seasons 
could contribute to overfishing and intensify overcrowd-
ing on fishing grounds. 

In 2008, legislation created the Dungeness Crab Task 
Force (task force), an advisory group comprised of Dunge-
ness crab fishers from the major fishing ports in the state, 
members from the Department, and non-governmental 
organizations. The task force was reinstated in 2012 with 
SB 369 and one of their many objectives is to evaluate 
the trap limit program. An initial report was submitted to 
the Joint Committee on Fisheries and Aquaculture this 
past January 2015, with a final report of recommendations 
due on January 15, 2017. Further evaluation of the trap 
limit program continues as the fishing industry undergoes 
another fishing season with trap limits in place.

Ocean Salmon
Ocean salmon fisheries in California primarily tar-

get Chinook salmon (Oncorhynchus tshawytscha). The 
retention of coho salmon (O. kisutch) has been prohib-
ited in the commercial and recreational fisheries since 
1993 and 1996, respectively. Pink salmon (O. gorbus-
cha) are taken occasionally in the fisheries, primarily 
in odd-numbered years. Each season, the Pacific Fish-
ery Management Council (PFMC) and Fish and Game 
Commission (Commission) regulate California’s ocean 
salmon fisheries to meet the conservation objectives for 
Klamath River fall Chinook (KRFC) and Sacramento 
River fall Chinook (SRFC) stocks as described in the 
Salmon Fishery Management Plan (FMP). In addition, 
the fisheries must meet the NMFS Endangered Species 
Act (ESA) consultation standards for listed stocks, includ-
ing Sacramento River winter Chinook (endangered), 
Central Valley spring Chinook (threatened), California 
Coastal Chinook (threatened), Central California Coast 
coho (endangered), and Southern Oregon/Northern 
California coho stocks (threatened). 

In 2014, California ocean salmon fisheries north of 
Point Arena were primarily constrained by the NMFS 
consultation standards for California Coastal Chinook 
which limits the KRFC age-4 ocean harvest rate to 
a maximum of 16%. California ocean salmon fisher-
ies south of Point Arena were primarily constrained by 
the NMFS consultation standards for Sacramento River 
winter Chinook, which restricts season opening/closing 
dates, imposes minimum size limits, and sets an age-3 
ocean impact rate cap (15.4% in 2014) based on the last 
three years of spawner escapement. 

Commercial salmon fisheries south of Point Arena 
opened May 1 and closed south of Pigeon Point (Mon-
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dance projection is 423,800 without additional ocean 
or in-river fishing. However, protections in addition 
to NMFS guidance for ESA-listed endangered SRWC 
were deemed prudent when developing the 2015 ocean 
salmon fishing seasons. As a result of the drought’s con-
tinuing detrimental effects on SRWC and based on the 
best available data, the PFMC adopted more stringent 

the conservation objective of at least 40,700 natural area 
adult spawners, with 95,300 returning to the Klamath-
Trinity Basin in fall 2014.

The 2015 ocean abundance forecasts for SRFC and 
KRFC are higher than their respective 2014 projections. 
The Sacramento Index of ocean abundance forecast for 
2015 is 652,000 SRFC, while the KRFC ocean abun-

 
 
Figure 14.  California commercial landings of ocean salmon, 1980-2014.   
Note: Commercial fishery landings of coho salmon have been prohibited since 1993 to protect ESA-
listed California coastal coho salmon stocks. 
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Figure 14. California commercial landings of ocean salmon, 1980–2014.  
Note: Commercial fishery landings of coho salmon have been prohibited since 1993 to protect ESA-listed  
California coastal coho salmon stocks.

 
 

 
 
Figure 15. California recreational landings of ocean salmon, 1980-2014.   
Note: Recreational fishery landings of coho salmon have been prohibited since 1996 to protect ESA-
listed California coastal coho salmon stocks. 
 
  

0

50

100

150

200

250

300

350

400

1980 1985 1990 1995 2000 2005 2010 2015

N
um

be
rs

 o
f S

al
m

on
 (X

1,
00

0)
 

Year 

Chinook

Coho

Figure 15. California recreational landings of ocean salmon, 1980–2014.  
Note: Recreational fishery landings of coho salmon have been prohibited since 1996 to protect ESA-listed 
California coastal coho salmon stocks.
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recreational and commercial management measures, 
such as higher minimum size limits, reduced days open, 
and a new sub-management area south of Pt. Sur. These 
restrictions are expected to provide additional protec-
tion to SRWC.

True Smelts 
The family Osmeridae is comprised of approximately 

11 genera and 30 species. These “true smelts” are small, 
soft-rayed, schooling fishes with an adipose fin and are 
found in marine, estuarine, and freshwater habitats in the 
Northern Hemisphere. They range from Pt. Arguello, 
California, to the Gulf of Alaska. The related family 
Atherinopsidae (silversides) includes jacksmelt, topsmelt, 
and grunion. Members of the true smelts occurring 
in California waters are delta smelt (Hyposmesus trans-
pacificus), eulachon (Thaleichthys pacificus), longfin smelt 
(Sprinichus thaleichthys), night smelt (Sprinchus starksi), 
surf smelt (Hypomesus pretiosus), whitebait smelt (Allos-
merus elongatus) and a nonnative, the Wakasagi (Hypome-
sus nipponenisis). 

Historically, most of California’s Osmerids contrib-
uted to sport, commercial, and tribal fisheries; however, 
only surf and night smelt support these fisheries today. 
Surf and night smelt, though small in size, are a popular 
local food fish. Surf smelt are typically headed, gutted, 
and pan fried due to their relative large size while night 
smelt are fried whole—“fries with eyes” flavor. Surf and 
night smelt are also sold by fish wholesalers to aquari-
ums as food for fish, birds, and mammals. Anglers use 
Osmerids for bait targeting a range of gamefish includ-
ing striped bass, California halibut, rockfish, lingcod, and 
redtail surfperch. 

Most commercial and recreational Osmerid fish-
ermen use cast nets (Hawaiian throw nets) and/or 
A-frame dip nets (figs. 16–18). Two-person beach 
seines (“jump nets”) were once popular and are cur-
rently legal gear, but the use of beach seines has waned 
recently in favor of cast nets by recreational fishermen 
targeting surf smelt. Cast nets are most effective when 
thrown at visible schools of fish. Fishermen wait until 
they spot surf smelt appearing in the wash and imme-
diately throw their nets at schooling fish. Cast nets are 
also readily available, relatively inexpensive, and with 
practice can be effective.

A-frame dip nets are still used for targeting night 
smelt throughout their range. The webbing, approxi-
mately 3/8 inch measured stretched, is sized to mini-
mize gilling the catch. The net frame is placed seaward 
into the substrate then the net is tilted up and the catch 
is tumbled down the throat of the net into the bag. 
A-frame nets that are handmade have become increas-
ingly difficult to source with ageing of fishery partici-
pants but are still widely used.

 
 
Figure 16. Surf smelt fisherman with throw net (Photo credit Ken Oda, CDFW).  

 

 
 
Figure 17.  Night smelt fisherman setting net (Photo credit Kristine Lesyna, CDFW). 
 
 
  

Figure 16. Surf smelt fisherman with throw net (Photo credit Ken Oda, CDFW).

Figure 17. Night smelt fisherman setting net (Photo credit Kristine Lesyna, 
CDFW).

 
 
Figure 18.  A-frame dip net (Photo credit Kristine Lesyna, CDFW).   

Figure 18. A-frame dip net (Photo credit Kristine Lesyna, CDFW). 
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Figure 19.  Annual commercial statewide smelt landings, 1916-2014. 
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Figure 19. Annual commercial statewide smelt landings, 1916–2014.
 

 
 
Figure 20.  Commercial night smelt (Sprinchus starksi) and surf smelt (Hypomesus pretiosus) 
landings by month, 2014.   
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Figure 20. Commercial night smelt (Sprinchus starksi) and surf smelt (Hypomesus pretiosus) landings by month, 2014. 
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composed less than 0.07% of the total Osmerid land-
ings and whitebait landings dropped to zero. Currently, 
receipt books have preprinted categories for night smelt 
and surf smelt as well as jacksmelt. 

From 1977 to 2014, the combined commercial catch 
of the Osmerid market categories, primarily night smelt 
and surf smelt, ranged from 102.5 t in 2005 to 941.4 t 
in 1996 (fig. 19). Ex-vessel value of the landings ranged 
from $43,500 in 1971 to $608,000 in 1995. In 2014, 
night smelt landings totaled 138.5 t with an ex-vessel 
value of $169,000; surf smelt landings totaled 102.2 t 
with an ex-vessel value of $157,000. Fish processors paid 
an average of $1.37/kg ($0.62/lb) and $1.28/kg ($0.58/
lb) for night smelt and surf smelt respectively, in 2014. 
The last commercial eulachon landing was recorded 
in 1974. 

Commercial landings of night smelt and surf smelt 
indicate peaks in April–May and June–July, respectively 
(fig. 20). Night smelt begin spawning in late winter 
while surf smelt begin appearing in the spring. Both 
species are found on the same beaches but are fished at 
different times of the day—surf smelt are also called “day 
fish” or “day smelt” and are caught typically during day-
light hours while night smelt are fished at dusk. Landings 
of both species are often caught on the same fishing trip. 

Over 97% of the 2014 statewide commercial Osm-
erid harvest was landed in Eureka with the remain-
der landed in the ports of Crescent City, San Francisco, 
and Half Moon Bay (fig. 21). Landings reported from 

Commercial landing records for all Osmerid and 
Atherinopsid species from 1916 through 1969 were 
recorded as “smelt” and “whitebait smelt.” “Smelt” was 
comprised of surf smelt, but may have also included sil-
versides—jacksmelt, topsmelt, and grunion, depend-
ing on the individual fish buyer and region. “Whitebait 
smelt” was primarily night smelt and similarly sized but 
less abundant Osmerids including whitebait, longfin 
smelt, and delta smelt. 

After 1969, the “smelt” category was replaced by the 
“true smelt” and “silversides” market categories to cap-
ture Osmerids and Atherinopsids, respectively. True smelt 
included all Osmerids except whitebait and night smelt; 
however it is important to note that whitebait was the 
only Osmerid market category preprinted on receipt 
books provided to fish buyers to record catch. Therefore, 
it appears likely that whitebait included other Osmerid 
species including surf smelt and night smelt. Market cat-
egories were created for silversides (unspecified Atheri-
nopsids) including jacksmelt, topsmelt, grunion, night 
smelt, and surf smelt.  

Over time, true smelt and whitebait landings steadily 
declined as the use of night smelt and surf smelt mar-
ket categories on fish receipts increased. The decline in 
true smelt and whitebait landings is attributed to phas-
ing out these market categories as receipt books were 
replaced rather than changes in species abundances. Use 
of night smelt and surf smelt market categories was ini-
tiated in 1970. In 2014, the true smelt market category 

 
 
Figure 21.  Statewide Osmerid landings by port, 2014. 
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Figure 21. Statewide Osmerid landings by port, 2014.
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this slime may act as a defense mechanism. Pacific hag-
fish (hagfish) prefer muddy substrate in depths from 
9–732 m. Considered scavengers, hagfish feed upon dead 
fish and marine mammals, or any other animal matter 
they can find. Knowledge of maturation and fecundity 
is limited although studies indicate that females attain 
sexual maturity between 325 and 340 mm TL, and are 
between 7 and 12 years. Hagfish fecundity is low with 
a female hagfish producing 20–30 eggs per reproduc-
tive cycle. Reproductive cycle length is unknown, since 
viable female hagfish may contain eggs that are of vari-
ous stages of maturity. 

Prior to 1988, hagfish landings in California were 
nonexistent. However, hagfish imports were in great 
demand by South Korea due to a localized depletion 
of two related species, brown hagfish (Paramyxine atami) 
and inshore hagfish (Eptatretus burgeri). In 1988, a Korean 
hagfish importer recruited San Francisco and Monterey 
fishermen to target hagfish for export to South Korea. 
Statewide landings and fishing effort expanded in 1989 
leading to 1,199 t of landed hagfish (fig. 22). By 1990, 
hagfish landings from Eureka to San Diego resulted in a 
record high of 2,223.5 t. Hagfish were euthanized with 
the fish anesthetic MS222 to prevent captured fish from 
sliming and biting each other. Landed in fresh-dead con-
dition, hagfish were then frozen, and shipped for use in 
the Korean leather goods market. Due to Korean pro-
cessing laws and the use of MS222, imported hagfish 
were used for their skin only and the flesh was dis-
carded. In the latter part of 1990, Korean demand for 

Santa Barbara and Newport Beach as Osmerids may be 
Atherinopsids. 

Historical recreational landings data on Osmerids 
is extremely limited. An estimated 181 t of unspeci-
fied smelt were taken in 1958 based on the results of a 
Department of Fish and Game recreational fishing sur-
vey. Subsequent MRFSS and CRFS estimates ranged 
from 5 t in 2000 to 199 t in 1984 for surf smelt. Night 
smelt recreational landing estimates have been sporadic. 
Recent estimates are unavailable due to safety concerns 
and logistical issues related to night time data collection 
and assignment of the Osmerids as a low priority species. 
Results of the MRFSS ranged from 0.01 t in 1982 to 
16 t in 1980. Recreational estimates of annual surf smelt 
take have varied widely, most likely because this species 
is rarely encountered in the Department’s recreational 
fishery surveys. Eulachon was listed as a threatened and 
endangered species by NOAA in March 2010 resulting 
in the closure of California’s sport fishery in 2012 to 
conform with federal regulations. 

Hagfish
Pacific hagfish (Eptatretus stoutii) are a member of the 

Myxinidae (hagfishes) family. Members of this family are 
cartilaginous, lack eyes and jaws, and have a single nos-
tril with several barbels. The most notable characteristic 
of hagfishes are the series of mucus-producing “slime” 
glands along each side of the fish’s body. This thick, 
sticky, protein-based mucus, in the presence of water, 
converts into a jelly like slime. Produced when agitated, 

 
 
 
 
 
 

 
Figure 22.  California commercial landings of Pacific hagfish (Eptatretus stoutii), 1982-2014.   
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Figure 22. California commercial landings of Pacific hagfish (Eptatretus stoutii), 1982–2014
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be possessed or sold when Korean or bucket traps, or 
hagfish, are on board the vessel. All traps must have a 
destruct device, and time-released buoys (pop-ups) are 
prohibited. Only a general trap permit is required to par-
ticipate in this open access fishery. Traps are baited with 
fish, squid, or fish carcasses. 

Prior to January 2015, there was no restriction in 
California on minimum trap hole diameter. In 2013, 
as part of a collaborative project between the Depart-
ment and industry to determine the influence of hole 
diameter in bucket traps on average size of retained hag-
fish, fishery participants were interviewed to determine 
what hole diameters were being used. The two com-
mon hole diameters were 12.7 mm (1/2 in) and 14.3 
mm (9/16 in). Based on this knowledge, the Department 
conducted a fishery-independent hagfish study in Mon-
terey Bay in 2013, using bucket traps with four differ-
ent hole diameters, including the two above. Traps with 
14.3 mm holes saw a resource benefit of a 10% reduc-
tion in retained immature hagfish compared to traps 
with 12.7 mm holes. Because of this work, a new regu-
lation was developed by the Department and adopted by 
the Fish and Game Commission (Commission). Effec-
tive in January 2015, it is required that all holes in hag-
fish traps, except for the entrance, be no less than 14.3 
mm in diameter.

In 2013, two commercial fishermen requested Exper-
imental Gear Permits from the Commission to use 
individually floated, 151.4 L (40 gal) barrel traps. The 
fishermen suggested that the proposed gear might reduce 
negative gear interactions with other benthic fisheries 
and reduce dead loss of hagfish from crowding. Pending 
favorable evaluation, this gear could offer hagfish fisher-
men a third alternative for the take of hagfish. In addi-
tion to onboard observations, Department staff evaluated 
this gear through logbooks and laboratory dissection of 
hagfish retained from observed trips. Evaluation of this 
experimental gear concluded in April 2015 with a regu-
lation proposal expected for August 2015.

Since late 2007, the Department’s Northern/Central 
Finfish Research and Management Project (Project), for-
merly the State Finfish Management Project, has moni-
tored hagfish fishing activity through dock sampling and 
laboratory dissection. Due to the difficulty in measuring 
live hagfish, Project staff use average count per kg from 
sampled landings to document changes in average size 
of hagfish. Specimens are collected and examined for 
length, weight, sex, and maturity. 

Deep Water Visual ROV Surveys of MPAs and 
Surrounding Nearshore Habitat

In December 2012, California implemented the larg-
est scientifically designed network of Marine Protected 
Areas (MPAs) in the United States, following an MPA 

California-caught hagfish decreased due to unexplained 
blemishes, holes, and marks on the skins. Due to these 
imperfections, hagfish from California became less desir-
able and South Korean importers took an interest in 
hagfish exported from British Columbia. Ex- vessel 
price declined in 1990, but fleet efficiency allowed for 
the continuation of the California fishery. Ex-vessel 
price continued to drop in subsequent years, leading to 
reduced effort and participation. 

From 1993 to 2004, annual landings exceeded 20 t in 
only one year (1996) and averaged 8.9 t. Fishing effort 
and catch began to increase in 2005 as hagfish were 
exported in live condition for human food at a greater 
ex-vessel price, with 54 t landed and a rise again in 2006 
with 77 t landed. In addition to resurgence in Korean 
demand, displaced commercial fishermen were looking 
for other sources of income, which by 2008 resulted in 
the highest landings since 1990 of 818 t, valued at $1.43 
million. Landings remained high in 2009 with 803 t, 
valued at $1.38 million. In 2010, while some displaced 
fishermen returned to their respective fisheries, new fish-
ermen began entering the fishery. From 2010 to 2014, 
landings were more consistent, averaging 541 t per year 
(range from 361 to 675 t). 

As of 2015, California fishermen face heavy competi-
tion in the Korean import market. South Korean hagfish 
importers also purchase hagfish from Washington, Ore-
gon, and from Korean-sponsored fishermen in Mexico. 
Hagfish from Washington and Oregon are on average 
larger than California hagfish and Mexican fishermen 
are selling hagfish at low market prices. Despite the 
adversity faced by California fishermen, South Korean 
import demand of hagfish remains consistent, resulting 
in regular landings by California fishermen. In 2014, five 
port complexes and 33 vessels contributed to a landings 
total of 675 t at an ex-vessel value of $1.17 million. The 
top three port complexes were Eureka, Morro Bay, and 
Bodega Bay.

Hagfish may be taken commercially using bucket 
traps or Korean traps primarily in the depth range of 
55–185 m, although fishing occurs out to 370 m. A 
bucket trap consists of a 5-gallon bucket with a self-
closing plastic cone fixed to the bucket lid. The plastic 
cone acts as a one-way entrance into the trap. Buckets 
have many drilled holes to allow water flow and possible 
escapement of small hagfish. Bucket traps are fished on a 
central ground line with a single vertical line and marker 
float. Korean traps (currently not used in California) are 
small, elongated plastic cylinders no greater than 15.24 
cm (6 in) in diameter and no more than 60.96 cm (24 
in) long. Korean traps employ the same type of plastic 
cone for an entrance; however, trap holes are smaller and 
prefabricated. Vessels are limited to 500 Korean traps or 
200 bucket traps. No species other than hagfish may 
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MPA in California using an ROV at Punta Gorda Eco-
logical Reserve on the remote rugged coast near Cape 
Mendocino. Since then, the Department has success-
fully completed substantial surveys in all four of Cali-
fornia’s MPA regions. Data gathered from these surveys, 
on the abundance and distribution of fish and inver-
tebrates, have provided much needed characterization 
of the baseline ecological condition of California’s vast 
deep water habitats. 

In January 2014, the Department initiated new ROV 
expeditions to explore deep water habitats in each of 
the four MPA regions. These quantitative surveys occur 
both inside and outside California’s MPAs, at locations 
previously identified using bathymetric data collected 
by the California Seafloor Mapping project (CSMP). 
The CSMP created high resolution maps of predicted 
rocky habitat which has provided the information nec-
essary to identify index sites for continued monitor-
ing. Within these index sites the project characterizes 
ecological conditions by quantifying and describing the 
abundance and distribution of fish and invertebrate spe-
cies. For these expeditions the Department is contract-
ing with its longtime partner Marine Applied Research 
and Exploration (MARE) who is providing the ROV 
Beagle (fig. 23) as well as extensive operational and data 
processing expertise. 

Three deployments were successfully completed in 
2014 beginning a three year statewide survey. In Janu-
ary 2014, surveys were completed between Point Con-
ception and Santa Barbara with additional survey sites at 
Anacapa and Santa Cruz Islands. In June 2014, the sec-

design and siting process led by the California Depart-
ment of Fish and Wildlife (Department). This design 
process spanned eight years across four coastal regions, 
including the central coast region (2004–07), north cen-
tral coast region (2007–10), south coast region (2008–
12), and the north coast region (2009–12). Regional 
MPA baseline monitoring programs began in each of 
the four coastal regions shortly after each implementa-
tion. These programs are administered through a partner-
ship among the Ocean Science Trust, Ocean Protection 
Council, California Sea Grant, and the Department. The 
research is conducted by scientists from various research 
institutions, agencies, and nongovernment organiza-
tions. Deep water visual surveys have been an impor-
tant component of each of these regional programs. The 
purpose of this report is to highlight the Department’s 
work conducting deep water (20–300 m) visual surveys 
along California’s coast inside and outside MPAs using a 
remotely operated vehicle (ROV). These Department led 
surveys are separate but complimentary to the regional 
baseline monitoring programs (including other ROV 
surveys) and substantially increase the geographic cov-
erage of deep water monitoring throughout the state-
wide network.

Even before the Marine Life Protection Act and 
the implementation of California’s redesigned MPA 
network, the Department has been at the forefront of 
efforts to use ROVs for subtidal ecosystem monitor-
ing. In 1999, Department scientists began developing 
techniques for using ROVs for MPA monitoring and in 
2001 completed the first extensive baseline survey of an 

 
 
 
 
 
 

 
Figure 23.  The ROV Beagle being launched off Campus Point State Marine Conservation Area. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 23. The ROV Beagle being launched off Campus Point State Marine Conservation Area.
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while also providing reference sites to allow comparisons 
to MPA sites over time (fig. 24).

Surveys completed in 2014 collected video and still 
imagery from 81 distinct sites. Twenty MPAs were visited 
including eleven state marine reserves (SMRs) and nine 
state marine conservation areas (SMCAs), two of which 
are designated as no-take. Over 200 km of video strip 
transects were performed resulting in 108 hours of video. 
Along these transects over 15,000 high resolution still 

ond deployment surveyed the remainder of the south 
coast region from Point Dume to San Diego, including 
sites at Santa Barbara and Catalina Islands. In September 
and October 2014, a third deployment surveyed deep 
habitat within the north coast MPA region from Cres-
cent City to Albion. Throughout all 2014 ROV surveys, 
additional sites outside MPAs were also visited. These 
sites allow the Department to further expand on ROV 
data for habitat characterization and species distributions, 

 
Figure 24.  Map of ROV survey areas visited during 2014, historic survey sites (Department, MARE, 
and IfAME), and sites planned for 2015-2016. 
 
 
 
 

Figure 24. Map of ROV survey areas visited during 2014, historic survey sites (Department, MARE, and IfAME), 
and sites planned for 2015–16.
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carinus, and S. rubrivinctus, respectively) were observed 
at several locations inside and outside of Campus Point 
SMCA and Point Conception SMR (fig. 25a). We sus-
pect these aggregations may be spawning related as mul-
tiple fish were observed with bulging abdomens which 
may indicate gravid females.

An undocumented bed of geoduck clams (Panopea 
generosa) was discovered inside Naples SMCA. Using the 
location identified by the ROV, Department divers later 
confirmed this by collecting geoducks from the area and 
other nearby areas. A handful of locations in southern 
California waters were known to have beds of subtidal 
geoduck clams and recent explorations by Department 
divers continue to find more locations. This bed is one of 
the first documented on the mainland coast and appears 
to extend deeper (>40 m) and contains densities higher 
than beds observed in other areas.

A portion of the first southern California deployment 
was focused on exploring areas of sea cucumber trawl 

images were captured. At the date of this writing much 
of this imagery is still being processed for habitat clas-
sification, species identification, and spatial referencing.

The first two deployments of 2014 revealed inter-
esting features of southern California MPAs. In Point 
Conception SMR, areas that were thought to be rocky 
habitat (as characterized by the CSMP) were found to 
be natural tar deposits (fig. 25d). Subsequent examina-
tion of the ROV imagery and bathymetric maps indi-
cate that these tar deposits (also called tar mounds or tar 
volcanoes) may cover over 3 km2 of seafloor within and 
near the SMR. Scattered throughout these tar mounds, 
small areas of less viscous tar were observed oozing from 
the seafloor along with bubbles of methane gas. Fish and 
invertebrates were less abundant in and around these 
deposits and biodiversity appears to be lower compared 
to nearby sites with rocky habitat.

Dense aggregations of rockfish, predominantly ver-
million, copper, and flag rockfish (Sebastes miniatus, S. 

 

  
 

 
 
Figure 25.  Selected photos taken during surveys of the South Coast MPA region: a) vermilion and 
copper rockfish (Sebastes miniatus, S. caurinus) aggregations at Campus Point SMCA, b) warty sea 
cucumbers (Parastichopus parvimensis) at Anacapa Island SMR, c) brittle stars and dying gorgonian 
coral at Anacapa SMR, and d) natural tar deposits at Point Conception SMR. 
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Figure 25. Selected photos taken during surveys of the South Coast MPA region: a) vermilion and copper rockfish (Sebastes miniatus, S. caurinus) aggre-
gations at Campus Point SMCA, b) warty sea cucumbers (Parastichopus parvimensis) at Anacapa Island SMR, c) brittle stars and dying gorgonian coral at 
Anacapa SMR, and d) natural tar deposits at Point Conception SMR.
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of southern California where rocky habitat is less promi-
nent than in central and northern California. 

Rockfish abundance and size was greater in north 
coast areas than southern California. Juvenile and adult 
lingcod (Ophiodon elongates) were abundant in both 
north and south surveys, although increased size and 
abundance was evident in the north (fig. 26b). Patchy 
distributions of fish were observed with some areas sur-
prisingly devoid of common species. This patchiness was 
most common in areas with large, expansive low-relief, 
rocky reef areas. The north coast’s complex and dynamic 
habitats that are swept by strong ocean currents, large 
waves, and receive increased sedimentation from rivers, 
may be influencing these patchy distributions. For exam-
ple, greater fish abundance and more invertebrates were 
observed on the northern side of Reading Rock off-
shore of Orick, (fig. 26b). Inside Reading Rock SMR, 
on the south side of the actual sea stack, very few fish 
and sparse invertebrate growth was observed in rocky 
habitats covered with fine sediment (fig. 26a). River 
mouths adjacent to Reading Rock (Klamath River and 
Redwood Creek) deposit large volumes of sediment 
into the surrounding waters during winter storms. Local 
winds and currents may be washing away this sediment 
from the north side of Reading Rock creating the dif-
ferences observed. Similar areas of sediment impacted 
reefs were observed at sites around Point Saint George 
Reef and Crescent City. 

The Department’s efforts compliment other deep 
water ROV survey efforts in California waters using 
the same or similar equipment and methods. Research-
ers at MARE and Institute for Applied Marine Ecol-
ogy (IfAME) at California State University, Monterey 
Bay collaborated to examine the deep habitats of sev-
eral MPAs as part of the baseline monitoring projects in 
the north central (2010–11) and south coast (2011–12) 
MPA regions. The current Department survey builds off 
these surveys and fills in data gaps by visiting MPAs and 
outside reference areas that have not been surveyed, as 
well as revisiting some MARE/IfAME sites. 

In the south coast, Department surveys coincided with 
a MARE-led project focused on revisiting the Channel 

grounds to examine densities and habitat of the giant red 
sea cucumber (Parastichopus californicus) in areas where 
there is high fishery effort. Giant red sea cucumbers were 
observed in high densities in Campus Point SMCA and 
in deep areas of Anacapa SMR (table 7). Densities in the 
deeper (90–120 m) trawled areas were lower than in the 
mainland sites and deep (40–80 m) portions of Anacapa. 
Rocky habitats in shallower waters of Anacapa Island 
sites were also surveyed for the warty sea cucumber, 
P. parvimensis (fig. 25b), which is the target of a commer-
cial dive fishery. Warty sea cucumbers were found in high 
densities in the shallower (10–40 m) areas of the Anacapa 
Island SMR and SMCA. These surveys documented sea 
cucumber densities during the winter period which is 
generally a period of very low catch rates for the trawl 
and dive fisheries. These surveys are the first to try to 
document seasonal changes of abundance in deep areas 
(40–100 m) of MPAs where abundance is not affected 
by fishing. Distribution and abundance data collected on 
these commercially fished sea cucumbers are providing 
much needed information that will aid the Department’s 
management of these expanding and valuable fisheries.

In and around the Anacapa SMR and SMCA dense 
beds of brittle stars (Ophiouroids) cover vast areas of 
sandy and rocky habitats forming mats up to 10 cm 
thick over the substrate in depths from roughly 15–40 m. 
A noticeable increase in area covered and density was 
observed in the January surveys compared to Depart-
ment surveys in 2004–09. In the same areas many gorgo-
nian corals appear to be dead or dying compared to what 
was seen in previous surveys (fig. 25c). The Department 
is working with MARE to further investigate these find-
ings and quantify the increase of brittle stars and decrease 
of gorgonian corals.

The second deployment in southern California 
looked at mainland areas between San Diego and Point 
Dume as well as sites at Santa Catalina Island and Santa 
Barbara Island. Some of these sites targeted low-relief, 
sparse rocky areas that are surrounded by vast areas of 
sandy habitat along the mainland coast. Although scat-
tered across large areas, these low-relief habitat patches 
may be important to fish populations in nearshore waters 

TABLE 7
Preliminary densitities (number of individuals/100 m2 of overall ROV survey transect area without  

taking into account habitat type) of giant red and warty sea cucumbers (Parastichopus californicus and P. parvimensis)  
observed at Anacapa Island, mainland sites (Campus Point and Santa Barbara), and trawl ground sites.  

No surveys were performed in study area and depth combinations without values.

Study Area—Species Density (Number of Individuals / 100 m2)

Anacapa Is.—Warty 16.4 5.5 4 0.7 0 0 0 0
Anacapa Is.—Giant Red 0 0 0 0 0.3 4.6 9.4 1.7
Mainland—Giant Red 0 0.1 0.4 0.7 0.8 19.3 6 2.3
Trawl Grounds—Giant Red         1.9 0.1 0.3

Depth Range (meters) 42297 20–30 30–40 40–50 50–60 60–70 70–80 80–90 90–100 100–110 110–120
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09, and fill in data gaps while visiting additional MPAs 
and reference sites that were not part of the first sur-
veys. When complete this effort will result in unprece-
dented coverage of nearshore deep water habitats across 
the entire coastline of California (fig. 24).  

After completion of data processing and summary 
analysis, technical reports of each ROV deployment will 
be made available. Each report will summarize the abun-
dance of fish and invertebrates, and will provide a char-
acterization of habitats and stereographic sizing of select 
fish species. An in-depth analysis of the statewide data 
set by Department scientists may include investigations 
on distributions of managed species inside and outside 
MPAs, size structure of select fish species, descriptions 
of unexplored deep water habitats, and other findings 
that emerge from this extensive data set. Particular atten-
tion has been placed on directing survey effort both 
inside and outside MPAs, and in rockfish conservation 
areas where rocky habitats important to the overfished 

Islands sites previously surveyed from 2004-09. These 
surveys are looking for potential ecological changes that 
arose 10 years after MPA implementation. Similarly, in 
2014 the Department combined its statewide survey 
project with MAREs north coast MPA baseline project. 
During this four week long joint research cruise aboard 
the RV Miss Linda, MARE and the Department each 
visited four MPAs completing 52 km and 58 km of tran-
sects, respectively. Additionally, the Department surveyed 
another seven locations within the region, focusing on 
prominent rocky habitat areas. This collaborative part-
nership provided much greater coverage of deep water 
habitats than was possible in any of the previous regional 
baseline monitoring programs. 

In 2015 and 2016, researchers will revisit MPAs in the 
north central coast MPA region where both MARE/
IfAME and the Department surveyed in 2009–11. Sim-
ilarly, researchers will revisit sites in the central coast 
region, originally surveyed by the Department in 2007–

 

  

 
 
Figure 26.  Selected photos taken during surveys of the North Coast MPA region: a) rosy rockfish 
(Sebastes rosaceus) in sediment impacted rocky habitat of Reading Rock SMR, b) lingcod (Ophiodon 
elongates) in rocky habitat less impacted by sediment outside of Reading Rock SMR, c) yelloweye 
rockfish (Sebastes ruberrimus) and giant Pacific octopus (Enteroctopus dofleini) at Sea Lion Gulch 
SMR, and  d) a canary rockfish (Sebastes pinniger) at Sea Lion Gulch SMR. 
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Figure 26.  Selected photos taken during surveys of the North Coast MPA region: a) rosy rockfish (Sebastes rosaceus) in sediment impacted 
rocky habitat of Reading Rock SMR, b) lingcod (Ophiodon elongates) in rocky habitat less impacted by sediment outside of Reading Rock 
SMR, c) yelloweye rockfish (Sebastes ruberrimus) and giant Pacific octopus (Enteroctopus dofleini) at Sea Lion Gulch SMR, and  d) a canary 
rockfish (Sebastes pinniger) at Sea Lion Gulch SMR.
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yelloweye and canary rockfish (Sebastes ruberrimus and 
S. pinniger) are found (figs. 26c–26d). Analysis of survey 
data will examine distribution, habitat preference, and 
size structure of these protected species. Analyses will 
also focus on areas within the north coast region where 
frequent encounters of these protected species by recre-
ational anglers impose restrictive fishing seasons, depth 
restrictions and catch limits. Department scientists are 
also exploring collaborative partnerships to analyze the 
extensive data set that will result from these surveys. The 
data sets will be made available to researchers, and will 
likely provide opportunities to study many species of fish 
and invertebrates in relation to MPA effectiveness and 
fishery management.  
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State of the California Current 2014–15:  
impaCtS of the warm-water “BloB”

ABSTRACT
in 2014, the california current (~28˚–48˚n) saw 

average, or below average, coastal upwelling and rela-
tively low productivity in most locations, except from 
38˚–43˚n during June and July. chlorophyll-a levels 
were low throughout spring and summer at most loca-
tions, except in a small region around 39˚n. catches 
of juvenile rockfish (an indicator of upwelling-related 
fish species) remained high throughout the area sur-
veyed (32˚–43˚n). in the fall of 2014, as upwelling 
ceased, many locations saw an unprecedented increase 
in sea surface temperatures (anomalies as large as 4˚c), 
particularly at 45˚n due to the coastal intrusion of 
an extremely anomalous pool of warm water. this 
warm surface anomaly had been building offshore in 
the gulf of Alaska since the fall of 2013, and has been 
referred to as the “blob.” values of the Pacific decadal 

oscillation index (Pdo) continued to climb during 
2014, indicative of the increase in warm coastal sur-
face waters, whereas the north Pacific gyre oscil-
lation index (nPgo) saw a slight rebound to more 
neutral values (indicative of average productivity lev-
els) during 2014. during spring 2015, the upwelling 
index was slightly higher than average for locations in 
the central and northern region, but remained below 
average at latitudes south of 35˚n. chlorophyll a lev-
els were slightly higher than average in ~0.5˚ latitude 
patches north of 35˚n, whereas productivity and phy-
toplankton biomass were low south of Pt. concep-
tion. catches of rockfish remained high along most of 
the coast, however, market squid remained high only 

1Details on sampling protocols are available in previous reports and at  
http://www.nwfsc.noaa.gov/research/divisions/fe/estuarine/oeip/ 
ka-hydrography-zoo-ichthyoplankton.cfm.
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into simple figures that may not convey the full com-
plexity of the region. As a consequence, we focus on 
the findings of the data and limit our descriptions of 
the methodology to only that which is required for 
interpretation. More complete descriptions of the data 
and methodologies can be found through links to the 
individual survey programs. the survey designs are dis-
similar and each has unique limitations restricting a 
common interpretation within the ccs. therefore, this 
report should be considered a first examination for 
instigating more focused exploration of potential driv-
ers of the ecosystem dynamics. 

this report focuses on data highlighting the con-
ditions during 2014–summer 2015, with a particular 
emphasis on the conditions associated with several off-
shore regions of anomalously warm water, the north-
ernmost commonly referred to as the blob (Bond et al. 
2015). similar to last year’s report, we have moved some 
of the physical supporting data from this document to 
an online supplement (www.calcofi.org/ccpublications/
state-of-the-california-current-live-supplement.html). 
the goal is to create a “live” state of the california 
current (sotcc) web page resource, where informa-
tion can be rapidly obtained for the most recent, up-to-
date state of the ccs. thus, several long-term time series 
of physical and biological data that have traditionally 
been found within this document have been replaced 
by a table stating only their current state, along with a 
link to the appropriate web page. As in past reports, we 
begin with an analysis of large-scale climate modes and 
upwelling conditions in the california current. Follow-
ing, the various observational data sampling programs 
are reviewed to highlight the links between ecosystem 
structure, processes, and climate. Lastly, a short discussion 
of the most recent conditions within the ccs and the 
impacts of the blob are discussed. 

within the central coast (36˚–38˚n), and euphausiid 
abundance decreased everywhere, as compared to the 
previous year. sardine and anchovy were nearly absent 
from the southern portion of the california current 
system (ccs), whereas their larvae were found off the 
coast of oregon and washington during winter for the 
first time in many years. waters warmed dramatically 
in the southern california region due to a change in 
wind patterns similar to that giving rise to the blob in 
the broader northeast Pacific. For most of the coast, 
there were intrusions of species never found before or 
found at much higher abundances than usual, including 
fish, crustaceans, tunicates and other gelatinous zoo-
plankton, along with other species often indicative of 
an el niño. thus species richness was high in many 
areas given the close juxtaposition of coastal upwelling-
related species with the offshore warm-water intrusive 
or el niño-typical taxa. thus the california current 
by 2015 appears to have transitioned to a very differ-
ent state than previous observations.

INTRODUCTION 
this report reviews the oceanographic and ecosys-

tem responses of the california current system (ccs) 
between spring 2014 and summer of 2015. Biological 
and hydrographic data from a number of academic, pri-
vate, and government institutions have been consoli-
dated and described in the context of historical data 
(fig. 1). the various institutions have provided data 
and interpretations of the data in response to an open 
solicitation for contributions; these contributions are 
acknowledged in the author list. these data are sum-
marized and synthesized here, in the spirit of provid-
ing a broader description of the present condition of 
the ccs. All data are distilled from complex sampling 
programs covering multiple spatial and temporal scales 

TABLE 1
List of CCS indices, their current status, and link to live supplement  

(e.g., S1 = Supplement Figure 1; www.calcofi.org/ccpublications/state-of-the-california-current-live-supplement.html).

Index Current State Trend Implication Link

Pdo Positive increasing warming s1
nPgo negative  decreasing Low Productivity s1
enso (Mei) Positive increasing el niño s1
Upwelling Anomaly Positive neutral Moderately Productive in the north Figure 2, s2
cumulative Upwelling neutral neutral Moderately Productive to the north Figure 3, s3
sst Anomaly Positive increasing warm surface waters Figure 4,7, s4, s5, 40
wind Anomaly Anti-cyclonic increasing Anti-cyclonic warm coastal surface waters Figure 4, s4
temperature-salinity, calcoFi warmer and saltier at  
 n coastal, surface nA change in transport s7
Mixed-Layer salinity, calcoFi Positive Anomaly decreasing nA Figure 11
Mixed-Layer no3, calcoFi negative Anomaly neutral decreased Productivity Figure 12
nitricline depth, calcoFi negative Anomaly decreasing decreased Productivity Figure 12
integrated chlorophyll a, calcoFi negative Anomaly increasing decreased Productivity Figure 12
chlorophyll a Profiles, calcoFi Low in surface waters nA decreased Productivity s8
chlorophyll a Patchy increasing Low to Mean Productivity Figure 5
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reached the largest positive value since the strong 1996–
98 el niño. Large positive values of the Mei indicate an 
el niño event and noAA’s climate Prediction center 
(http://www.cpc.ncep.noaa.gov) advises that the current 
el niño will continue into the winter of 2016. 

Upwelling in the California Current 
Monthly means of the daily upwelling index (Bakun 

1973; schwing et al. 1996) indicated strong upwelling for 
the entire year of 2013 especially north of 36˚n (fig. 2). 
Upwelling in 2014 was near the long-term mean for all 
latitudes, except for a pulse of strong upwelling in June 
for latitudes between 36˚ and 42˚n. the normal down-
welling conditions that occur during the winter at the 
northern latitudes were reduced in January 2015 due 
to increased upwelling winds between 33˚ and 39˚n 
(figs. 3, 4, and s5). For the rest of 2015 upwelling was 
slightly above the long-term mean for latitudes north 
of 33˚n.

the cumulative upwelling index (cUi) is the cumu-
lative sum of the daily upwelling index starting Janu-
ary 1 and ending on december 31. the cUi provides 
an estimate of the net influence of upwelling on eco-
system structure and productivity over the course of 
the year (Bograd et al. 2009). the highest values of 

NORTH PACIFIC CLIMATE INDICES
the warm phase in the north Pacific that started in 

the beginning of 2014 continued through the summer of 
2015 (supplemental fig. s1). the Pacific decadal oscil-
lation index (Pdo; Mantua et al. 1997) experienced 
the highest positive value in december 2014 since June 
1997. From January 2014 to June 2015 the Pdo values 
were positive—the longest sustained period of positive 
values since the summer of 2002. the positive values of 
the Pdo can be attributed to the excessively warm sea 
surface temperature (sst) anomalies experienced first 
in the northeast Pacific in winter of 2013, which then 
expanded along the west coast of north America to Baja 
california, Mexico, during 2014 and 2015 (Bond et al. 
2015). the north Pacific gyre oscillation (nPgo; di 
Lorenzo et al. 2008) index was positive from April 2007 
through october 2013, indicating strong circulation in 
the north Pacific subtropical gyre. At the end of 2013 
the nPgo switched from the positive values experi-
enced over the previous seven years to negative values. 
except for small positive nPgo values in May, octo-
ber, and november of 2014, the nPgo has remained 
in a negative state through the summer of 2015. As of 
June 2015 the multivariate el niño southern oscil-
lation (enso) index (Mei; wolter and timlin 1998) 

Figure 1. Left: Station maps for surveys that were conducted multiple times per year during different seasons to 
provide year-round observations in the Califor¬nia Current system. The CalCOFI survey (including CalCOFI Line 
67) was occupied quarterly; the spring CalCOFI survey grid extends just north of San Francisco. The IMECO-
CAL survey is conducted quarterly or semiannually. The Newport Hydrographic Line was occupied biweekly. The 
Trinidad Head Line was occupied at biweekly to monthly intervals. Right: Location of annual or seasonal surveys, 
including locations of studies on higher trophic levels, from which data was included in this report. Different sym-
bols are used to help differentiate the extent of overlapping surveys. A. SWFSC Fisheries Ecology Division (FED) 
midwater trawl survey core region (May–June) B. SWFSC FED midwater trawl survey south region (May–June). 
C. SWFSC FED salmon survey (June and September) (grey squares). D. NWFSC salmon survey (May, June, and 
September). E. NOAA/BPA pelagic rope trawl survey (May through September). F. Southeast Farallon Island. G. 
Castle Rock. H. San Miguel Island. I. Yaquina Head Outstanding Natural Area.
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lution of climate patterns and wind forcing over the 
north Pacific related to trends in the basin-scale and 
upwelling indices (fig. s1 and fig. 4). sst anomaly val-
ues during July and december of 2014 were generally 
positive with the largest positive anomalies occurring in 
the Bering sea, gulf of Alaska, and along the west coast 
of north America down to Baja Mexico. this broad 
region of persistently high sst anomalies has been 
termed the blob (Bond et al. 2015), and has been asso-
ciated with observations of unusual species distributions 
(described in the regional ecosystem indicators sec-
tion). the largest positive sst anomalies (over 4.5˚c) 
were located at the entrance of the gulf of california 
during July 2014. during the summer and fall of 2014 
negative sst anomalies occurred in the region of the 
subarctic Frontal zone, with values lower than –2.5˚c 
during July 2014. A cyclonic wind anomaly was asso-
ciated with this region of negative sst values. Positive 
sst anomalies persisted into 2015 with large positive 
anomalies in the same locations as those in 2014, with 
the exclusion of the Bering sea where the anoma-

the cUi for the entire record (1967–2015) occurred 
in 2013 for latitudes north of 39˚n. Upwelling during 
2014 was near the long-term mean for the first half of 
the year (fig. 3). however, after June the cUi from 39 
to 44˚n was higher than the long-term mean, but south 
of 33˚n the cUi was lower than the long-term mean. 
through June 2015, the cUi has been near the long-
term average for all latitudes except those between 42˚ 
and 48˚n. Upwelling winds for these latitudes increased 
and remained high starting at the beginning of February. 
defining the spring transition as the date of the mini-
mum cUi value in the first 151 days of the year it is 
evident from the strong upwelling in the late winter and 
early spring that the spring transition date occurred ear-
lier in the year for locations in the north. For example, 
the spring transition at 42˚n was 32 days earlier than 
the climatological spring transition date of March 16.

North Pacific Climate Patterns
Basin-scale examinations of sst and surface wind 

vectors allow for the interpretation of the spatial evo-
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Figure 2. Monthly means of daily Bakun Upwelling Index (top) and anomalies (bottom) for January 2012–July 2015. Shaded areas denote positive (upwelling-favor-
able) values in upper panel, and positive anomalies (generally greater than normal upwelling) in lower panel. Anomalies are relative to 1967–2014 monthly means. 
Units are in m3 s–1 per 100 km of coastline. Daily upwelling index data obtained from http://pfeg.noaa.gov/products/PFELData/upwell/daily.
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Fig. 3 
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Figure 3. Cumulative upwelling index (CUI) from January 1 calculated from the daily Bakun Upwelling Index at locations along the 
West Coast of North America for 1967–2013 (grey lines), the mean value for the period 1967–2011 (black line), 2013 (green line), 2014 
(red line), and 2015 (blue line). The red dashed vertical lines mark the end of January, April, July, and October.

Figure 4. Anomalies of surface wind velocity and sea surface temperature (SST) in the North Pacific Ocean, July 2014, December 
2014, February 2015, and May 2015. Arrows denote magnitude and direction of wind anomaly (scale arrow at bottom). Contours 
demote SST anomaly. Shading interval is 0.5˚C and contour intervals of ±1 and 2˚C are shown. Negative (cool) SST anomalies are 
shaded blue. Wind climatology period is 1968–96. SST climatology period is 1950–79. Both SST and wind data are from NCEP/NCAR 
Reanalysis and were obtained from http://www.esrl.noaa.gov.
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ing the spring of 2015 corresponded with an extended 
period of upwelling producing winds (– values).

Sea Surface Chlorophyll a
during spring 2015, sea surface chlorophyll a levels, 

as measured by remote sensing, were higher than average 
for most of the ccs, excluding the southern california 
Bight (fig. 5), likely as a result of the favorable upwell-
ing during this period as compared to the previous year. 
By summer 2015, sea surface chlorophyll a levels were 
anomalously low in most places, except for a few small 
patches along the central coast (centered near 38˚ and 
42˚n; fig. 5), again reflecting the patterns seen in upwell-
ing across the region. 

REGIONAL ECOSYSTEM INDICATORS

Northern California Current:  
Oregon (Newport Hydrographic Line1)

the winter of december 2013–March 2014 was quite 
mild with no large southwesterly storms, resulting in a 
lack of deep mixing. Bottom waters at midshelf (station 
nh-5) were colder than normal (fig. 6; second cold-
est december since the start of the time series in 1997). 
Beginning in spring of 2014, waters over the oregon 
shelf were unusually warm and fresh, with temperatures 
comparable to those observed during the 1998 el niño 
coupled with salinities comparable to those observed in 
2003 (fig. 6).

lies were considerably cooler, but still positive, by May 
2015. while the sst anomalies throughout the ccs 
were extremely warm, the upwelling-favorable along-
shore winds in the winter and spring of 2015 were 
unusually strong (fig. s5). in May 2015 these wind 
anomalies were the strongest in the north around wash-
ington and oregon, but the winds lessened in central 
and southern california. the wind anomalies in the 
western and central equatorial Pacific indicate strong 
winds blowing from the west to the east, which might 
be an indication of westerly wind bursts that could 
strengthen the current el niño conditions (hu et al. 
2014).

Coastal Sea Surface Temperature
daily sst as measured by national data Buoy cen-

ter (ndBc) buoys showed unusually warm sst values 
from August 2014 to June 2015 for locations through-
out the ccs (fig. s5 and fig. 40). the highest deviations 
from the climatological cycle happened in the late sum-
mer and fall of 2014, with some days having tempera-
tures more than 4˚c above the long-term mean. starting 
in the spring of 2015 the sst values “cooled,” but they 
were still greater than the climatological mean with only 
a slight drop below for locations between Bodega Bay 
and stonewall Bank. the meridional winds during the 
warm sst period were not unusually weak in magni-
tude or overly downwelling producing (+ values). the 
decrease in sst values seen in the central ccs dur-

Fig. 5 

Figure 5. Chlorophyll a anomalies from Aqua MODIS for: spring (March–May) of 2014 (left panel), spring (March–May) of 2015 (center), and July 2015 
(right panel). Monthly anomalies were averaged onto a 0.1˚ x 0.1˚ grid and the climatology was based on the time period from 2002-15. The data were 
obtained from http://coastwatch.pfel.noaa.gov/.
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Fig. 6 

 

 
Figure 6. Time-series biophysical plots (Red line = 2015, Black line = 2014, dots = pervious years). Time series plots of local physical and biological anomalies 
from 1997–present at NH-25 (Latitude: 44.6517˚N Longitude: 124.65˚W) NH-5 (Latitude: 44.6517˚N Longitude: 124.1770˚W) along the Newport Hydrographic Line. 
Temperature and salinity from 150 m and 50 at NH-25 and NH-5 respectively, NO2 + NO3 from the surface, and copepod biomass and species richness anomalies 
are integrated over the upper 60 m. All data were smoothed with a 3-month running mean to remove high frequency variability.
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marked by a dramatic increase in sst (peak at 19.4˚c, 
or 4.5˚c above normal on 14 september at ndBc 
Buoy 46050; see fig. 40 for extended history at this loca-
tion). these waters were warm, fresh, and nutrient-poor 
(figs. 6 and 7). deep (50 m) waters on the shelf during 
the fall and into the winter (october through december, 
2014) were the warmest and freshest observed over the 
past 20 years (comparable to the 1997–98 el niño), yet 
deep (150-m) water on the slope during this period was 
only slightly warmer and fresher than average (fig. 7). 
this differs substantially from conditions during the 
1997–98 el niño when deep water on the shelf and 
slope was very warm and fresh (fig. 7).

during spring and summer of 2014, the biomass of 
northern copepods was moderately high and the biomass 
of southern copepods and the copepod species richness 
were relatively low (fig. 6). with the arrival of warm 
blob waters in late september, the copepod community 
immediately changed from a lipid-rich “cold water-/
upwelling” assemblage to a lipid-poor “warm-water” 
assemblage, with concomitant decreases in the biomass 
of northern copepods and increases in the biomass of 
southern copepods and species richness. copepod bio-
mass anomalies are comparable to those observed during 
the 1997–98 el niño, despite the stronger temperature 
and salinity anomalies observed in 2014–15. copepod 
species richness, however, was the highest observed in the 
20-year time series, far exceeding the number of species 
observed during the strong el niño event in 1997–98. 
this increase in species richness reflects the occurrence 
of at least 17 copepod species that have not previously 
been (or only rarely) observed in the northern california 
current, which is consistent with an unusual and distant 
source for the waters that arrived in late 2014.

Trinidad Head Line, Northern California
conditions off northern california in early 2014 

reflected a winter marked by weak but consistent north-
erly winds and relatively mild storm activity, followed by 
a transition to more intense upwelling-favorable winds 
that triggered a substantial (>10 μg chlorophyll a L–1) 
phytoplankton bloom over the shelf in late spring to 
midsummer, peaking in June (fig. 8). throughout much 
of 2014, bottom waters on the shelf were warm rela-
tive to conditions typically observed at a given time of 
year. By late summer and early fall, however, midshelf 
bottom waters were consistently warmer, fresher, and 
more oxygenated than had been previously reported. A 
second phytoplankton bloom was observed during late 
summer and early fall (september), as upwelling winds 
weakened and became more variable, and stratification 
increased over the shelf. the arrival of blob waters in 
the fall followed a transition to increasingly frequent 
southerly wind events and was marked by strong warm-

Upwelling off oregon was delayed in 2014 (spring 
transition per cUi on 10 May, or 26 days later than aver-
age), and ended 3 weeks earlier than average (20 sep-
tember 2014), yet total upwelling during this shortened 
season was near average. As upwelling declined, unusu-
ally warm offshore waters rapidly arrived on the shelf, 

Fig. 7 

 

 
Figure 7. Seasonal mean temperature and salinity at 50 m depth at sta-
tion NH-5 (Latitude: 44.6517˚N Longitude: 124.1770˚W) along the Newport 
Hydrographic Line for October through December 2014 (top panel), January 
through March 2015 (middle panel), and April through June (bottom panel). 
Note changes in scale on both temperature and salinity axes. Numbers next 
to points indicate year of observations.
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Figure 8. Hydrographic and ecosystem indicators at 
mid-shelf along the Trinidad Head Line (station TH02; 
41˚03.5’N, 124˚16’W, 75 m depth). Panels from top to 
bottom show near-bottom (68 m) temperature, near-
bottom (68 m) salinity, mean chlorophyll a concentra-
tion over the upper 30 meters of the water column, 
near-bottom (68 m) dissolved oxygen concentrations, 
biomass anomalies for northern copepod species, 
biomass anomalies for southern copepod species, 
and species richness anomalies. All assemblages are 
defined following Hooff and Peterson (2006), and all 
anomalies are calculated using means from the full time 
series (2006–15). For all plots, grey symbols indicate 
historical observations (2006–13), filled circles indicate 
observations during 2014, and unfilled symbols indicate 
observations in 2015.
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early in 2014, the biomass of copepods with northern 
biogeographical affinities was similar to past observa-
tions, but began to decline in July and dropped dramati-
cally in fall 2014 (fig. 8). Biomass of southern copepods 
increased during the late summer and fall and remained 
consistently high through the end of 2014. this pattern 
of depressed biomass of northern copepods and elevated 
biomass of southern copepods has persisted through 
spring 2015. the decline of northern taxa is especially 
apparent when northern neritic species (including the 
normally abundant Pseudocalanus mimus) are considered 
separately (data not shown), with strong negative biomass 
anomalies for the nearshore neritic assemblage persist-
ing through spring 2015. copepod species richness has 

ing over the shelf in the fall and the decline of the late 
summer bloom (fig. 8). coastal waters responded to mild 
upwelling and storm events during early 2015, and more 
intense upwelling during spring and summer 2015, yet 
surface waters often remained relatively strongly strati-
fied throughout the spring and summer. in spring 2015, 
there was a much stronger phytoplankton bloom (>17 
μg chlorophyll a L–1). Phytoplankton and water samples 
collected during spring 2015 confirmed a strong domoic 
acid event off northern california, and Pseudo-nitzschia 
sp. has remained common into summer 2015.

the copepod community observed off northern cal-
ifornia experienced strong shifts in community com-
position related to changes in hydrographic conditions. 

 

Fig. 9 
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Figure 9. Temperature (top panels), salinity (middle panels) and chlorophyll a concentration (bottom panels) at the surface (left-hand column) and at 100 m (right-
hand column) observed at the M1 mooring in Monterey Bay, CA.
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MBARI, M1 Mooring, Central California
temperatures in Monterey Bay at the surface were 

some of the highest recorded during fall 2014 since 
1990, whereas surface salinities remained near the cli-
matological average during this time period (fig. 9). this 
contrasts with the rapid warming and freshening seen 
off oregon due to the advective intrusion of the blob 
at that location. chlorophyll a was high at the surface 
during spring 2014, but declined during the fall. 2015 
saw a shift to a fairly different state than previously seen. 
chlorophyll a values were as high as ever recorded in the 

been consistently high relative to previous years during 
summer and fall 2014, and again in early 2015 (fig. 8). 
during this period, several species of southern or off-
shore copepods have been observed for the first time 
in the trinidad head Line record. similar patterns are 
observed in the euphausiid community along the trini-
dad head Line, with substantial declines in Thysanoessa 
spinifera, greater prevalence of offshore species, and the 
observation of several life history stages of Euphausia 
recurva, a euphausiid that typically occurs well to the 
south or offshore.

Fig. 10.  

8
12

16
20

Te
m

pe
ra

tu
re

 (°
C)

●
●

●

●
A: Mixed Layer Average, CC South

32
.0

33
.0

34
.0

Sa
lin

ity

● ●
●

●

B: Mixed Layer Average, CC South 

0
20

40
60

80

Ch
l a

 (m
g 

m
−2

)

●

●
● ●

C: Mixed Layer Integrated, CC South 

0
2

4
6

8
10

Time (months)

O
2 (

m
l L

−1
)

●
● ● ●

D: At STheta = 26.5, CC South 

J F M A M J J A S O N D

8
12

16
20

Te
m

pe
ra

tu
re

 (°
C)

●

●

●

E: Mixed Layer Average, Coastal North

32
.0

33
.0

34
.0

Sa
lin

ity ● ● ●

F: Mixed Layer Average, Coastal North

0
20

40
60

80

Ch
l a

 (m
g 

m
−2

)

●

● ●

G: Mixed Layer Integrated, Coastal North 

0
2

4
6

8
10

Time (months)

O
2 (

m
l L

−1
)

●

●
●

H: At STheta = 26.5, Coastal North 

J F M A M J J A S O N D

 

Figure 10. Average mixed layer temperature (A and E), average mixed layer salinity (B and F), integrated mixed layer chlorophyll a (C and G), and average O2 con-
centration at the σθ 26.5 kg m–3 isopycnal, from the southern coastal region of the CalCOFI grid (CC south, left-hand column) and the north coastal region of the 
CalCOFI grid (coastal north, right-hand column). Grey dots show averages for individual cruises from 1984–2013, grey line shows climatological monthly average 
(1984–2013), line with open symbols shows 2015, and line with closed symbols is 2014. Note, the Feb 2014 cruise was cancelled partway through the cruise due 
to engine failure, thus there were no samples from the coastal north region.
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in 2015, within the cc south region, ML tempera-
tures were on average >3˚c warmer than the climato-
logical mean from winter through spring (fig. 10A). ML 
temperatures in the north coastal region were warmer 
than average in the winter, and summer, but not the 
spring cruise, as there was some limited upwelling in that 
region during that time (figs. 10e and 2). chlorophyll a 
was again approximately half that of the climatological 
mean for both the south and north coastal regions dur-
ing the 2015 cruises (figs. 10c and g).

For time series analysis (figs. 11 and 12), observa-
tions were averaged over all 66 stations covered during 
a cruise. Anomalies (fig. 11) were calculated compar-
ing these averages with respect to the 1984–2012 time 
period. the mixed-layer depth is calculated using a 
density criterion and is set either to 10 m or to the 
half-way point between the two sampling depths where 
the sigma-theta gradient first reaches values larger than 
0.001 kg m–3 per meter, whichever is larger. the nitra-
cline depth is defined as the depth where concentra-
tions of nitrate reach values of 1 μM, calculated from 
measurements at discrete depths using linear interpo-
lation. Methods used to collect samples and analyses 
carried out on these samples are described in detail at 
calcofi.org/methods. regressions of time series were 

subsurface during the spring, as were subsurface temper-
atures. however, salinity was also anomalously low, and 
temperatures anomalously high in the subsurface, sug-
gesting at these depths, there was an intrusion of a dif-
ferent water mass. surface properties during 2015 were 
similar to the climatological average.

CalCOFI Surveys, Southern California
the updates to this report are based on four cruises 

in July and november of 2014 and January and April of 
2015. these cruises are part of the calcoFi program 
(ohman and venrick 2003). each cruise covers 66 sta-
tions off southern california (fig. 1) i.e., the calcoFi 
domain, a region that encompasses the southern cali-
fornia current (sccs), the southern california Bight 
(scB) and, partially, the coastal upwelling region at and 
north of Pt. conception and the edge of the north 
Pacific gyre (calcoFi Lines 90 & 93, stations 100 to 
120). At each station a ctd cast and various net tows 
are carried out. this report focuses on the hydrographic, 
chemical, and simple biological data derived from ~20 
depths, between the surface and ~515 m, bottom depth 
permitting. data from net tows are not available at the 
present time. For a by-month comparison among years 
(fig. 10), we divide up the calcoFi domain follow-
ing wells et al. (2013). the first subregion “cc south” 
denotes the area landward of the main core of the cal-
ifornia current, south of Pt. conception; essentially 
the southern california Bight (calcoFi lines 87–93, 
and stations 60–90). the second region “coastal north” 
denotes the nearshore, upwelling-dominated region from 
Pt. conception north to Pt. san Luis (lines 77–80, and 
stations <60). the third region “edge of north Pacific 
gyre” is to the south and offshore, influenced by the 
subtropical gyre (defined by lines 90–93, and stations 
100–120). within each of these regions, we compared 
cruise-averaged mixed-layer temperature, salinity, inte-
grated chlorophyll a, and oxygen at the σθ 26.5 kg m–3 

isopycnal versus their respective climatological monthly 
means (based on 1984–2013). 

in 2014, within cc south, average mixed-layer (ML) 
temperatures and salinity were similar to the climatologi-
cal monthly means (figs. 10A and B, s6), although ML 
temperatures increased in the fall cruise to >2˚c above 
the mean. ML temperatures were also higher (~ 2˚c) in 
the fall in 2014 in the coastal north region (fig. 10e). 
integrated chlorophyll a in the cc south was similar to 
the mean during all cruises, except the early springtime 
(figs. 10c, s9). in contrast, chlorophyll a was anoma-
lously low in the coastal north region during all of 2014, 
with values typically half their climatological value (fig. 
10g). oxygen at the σθ 26.5 kg m–3 isopycnal was also 
similar to the mean in both regions for all of 2014 and 
2015 (fig. 10d). 
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Figure 11. Cruise averages of property anomalies for the mixed layer (ML) 
of the CalCOFI 66 station standard grid for 1984 to 2015. A: ML temperature; 
B: ML salinity. Data from individual CalCOFI cruises are plotted as open circles; 
data from the four most recent cruises, 201407 to 201504, are plotted as solid 
red squares. Thin solid blue lines represent annual averages, grey horizontal 
lines the climatological mean, which is zero in the case of anomalies. Anoma-
lies are based on the 1984 to 2012 time period.
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below) had values of 0.8 units during this cruise, com-
pared to values of 1.7 during the spring cruise. the 
relative anomalies intensified in the summer of 2014 
in the scB and were particularly strong sw off Pt. 
conception (fig. 36c), reaching values of 4 units. it 
is unlikely that these high anomalies are entirely due 
to the in situ warming of the surface layer. Upwelling 
during July and August of 2014 was unusually low at 
33˚n (fig. 2); thus the “absence” of cold water, often 
present off Pt. conception due to upwelling (e.g., fig. 
36c), contributed to the extremely large anomalies 
during the summer of 2014. By the fall of 2014 large 
positive anomalies were observed throughout the study 
domain and these reached highest values during the 
winter of 2015 (fig. 36e), when the average relative 
temperature anomaly was 2.2 with values at individ-
ual stations ranging from 1.2 to 3.7 units. during the 
spring of 2015 relative anomalies were still very strong 
in the california current proper and in the southern 
part of the study domain. the decrease in ML salin-
ity (fig. 11B) over the last 12 months is primarily due 
to decreased salinity in the california current region; 
relative changes of ML salinity in coastal and offshore 
areas were not as large (fig. s7). similar patterns, i.e., 
salinity changes primarily driven by the waters of the 
ccs, were observed during the 2012 salinity minimum 
(wells et al. 2013). spatial distributions of these prop-
erties for the individual cruises can be found at calcofi.
org/publications.

Plots of ML chlorophyll a and ML nitrate (no3) vs. 
time are difficult to interpret because distributions of 
the data are skewed. this can be avoided using a log- 
transform for the chlorophyll a data and a cube-root 
transform for the no3 data (the latter to effectively 
deal with zero values of nitrate). such transformations 
will place heavy emphasis on the variability of these 
parameters when their values are low. values of ML 
log chlorophyll a during the scwA were the low-
est observed during the 1984 to 2015 time period 
(fig. 12A). cruise averages of cube-root no3 during 
the scwA were almost as low (fig. 12B). Annual ML 
chlorophyll a and nitrate averages show great coher-
ence over time, and significant correlations (Autore-
gressive exogenous, Arx [1 2 0] model) at lags of 
zero (p < 0.01) and one (p < 0.01) year. this correla-
tion suggests that, during the scwA, phytoplankton 
biomass was controlled by the availability of no3 or 
a nutrient co-varying with no3. similar conclusions 
have been reached for low phytoplankton biomass dur-
ing strong el niño events in the southern california 
current system (hayward 2000). Low ML concentra-
tions of no3 are likely controlled by stratification, as 
a comparison of cube-root no3 and nitracline depth 
(nc depth, fig. 12B, c) shows. 

carried out in MAtLAB’s system identification tool-
box, which follows Ljung (1999).

over the last 12 months ML temperatures off south-
ern california were as high as those observed dur-
ing the 1998 el niño (fig. 11A), a clear expression 
of the southern california warm Anomaly (scwA; 
geographically distinct from the ne Pacific blob). 
significant near-surface (10 m) warm relative anoma-
lies (which are standardized anomalies and therefore 
dimensionless) were first observed during the spring 
of 2014 along the continental shelf break (figs. 36A 
and B), on the order of 1.5 standard deviations larger 
than the long-term mean. the winter 2014 cruise did 
not cover the whole  calcoFi grid, only Lines 93 and 
90. relative temperature anomalies along Line 90 (see 

Fig. 12. 

 

 

Figure 12. Cruise averages of properties for a depth of 10 m for the Cal-
COFI standard grid. A: The log10 of chlorophyll a, B: the cube root of nitrate, 
and C: nitracline depth. Data are derived and plotted as described for Fig. 11.
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height anomaly calculations indicated poleward along-
shore flows in the southern region, typical for the sum-
mer season (durazo 2015). As is commonly observed 
during warm events (durazo and Baumgartner 2002), 
these flows were not evident north of Punta eugenia. 
water-column integrated phytoplankton  chlorophyll a 
(0–100 m) continued with near normal conditions 
observed in previous years, with negligible anomalies in 
2014 (fig. 13c). 

REGIONAL PATTERNS IN FISH SPECIES

Northern California Current, Newport Line
ichthyoplankton samples were collected from 3–4 sta-

tions representing coastal (<100 m in depth), shelf (100–
1000 m), and offshore (>1000 m) regions along both 
the newport hydrographic (nh; 44.65˚n, 124.35–
125.12˚w) and columbia river (cr; 46.16˚n, 124.22–
125.18˚w) lines off the coast of oregon between 
June 15 and July 20 in 2007–14 (for complete sampling 
methods, see Auth 2011). in addition, post-larval (i.e., 
juvenile and adult) fish were collected using a modified-
cobb midwater trawl (Mwt). Mwt collections were 
made at 4–6 evenly-spaced, cross-shelf stations represent-
ing coastal, shelf, and offshore regions along nine half-
degree latitudinal transects between 42.0˚ and 46.0˚n 
latitude in the northern california current region dur-
ing June–July in 2011–15 (although no sampling was 
conducted in 2012). 

the ichthyoplankton community in the central-
northern coast of oregon in June–July 2014 was simi-

IMECOCAL Surveys, Baja California
during 2014, a single summer cruise occupying a 

total of 85 hydrographic stations was conducted off the 
Baja california Peninsula by the iMecocAL program 
(fig. 1). contrasting to near normal mixed-layer tem-
peratures in the previous year, summer 2014 depicted 
the presence of water up to 4˚c warmer relative to the 
long-term mean (fig. 13A). Following the same regional 
trend, mixed-layer salinities also showed larger than nor-
mal values, with anomalies of ~0.4 g kg–1 (fig. 13B). As 
suggested by the temperature-salinity diagram (fig. 14), 
the influence of warmer and saltier waters during sum-
mer 2014 was apparently restricted to the upper 50 m. 
Below this depth, the ts curve follows closely the 1998–
2013 climatological mean and the near-normal condi-
tions observed during 2012 and 2013. the warming 
of the mixed-layer depicted in figures 13 and 14 was 
most conspicuous for latitudes south of Punta euge-
nia, where near-surface warmer waters were evident 
since early 2014, and where the largest temperature and 
salinity anomalies (>5˚c and ~0.7 g kg–1, respectively) 
were observed near shore (data not shown). dynamic 

Figure 13. A) Mixed layer temperature (˚C), and B) salinity (g kg–1) anoma-
lies off the Baja California Peninsula (IMECOCAL grid). Each symbol repre-
sents the average anomaly for each cruise conducted. Data from the 2013 
and 2014 surveys are plotted as solid symbols. The thick solid line indicates 
annual average. C) Time series of 0–100 m integrated chlorophyll-a anomalies 
for the IMECOCAL region. Each bar represents the anomaly of a single cruise.
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Figure 14. Annual mean T-S curves for the period 2011−13 of the IMECO-
CAL region. The curve labeled 2014 refers to the cruise mean values of sum-
mer 2014. The long-term mean (1998–2013), is indicated by the thick line. 
Each data point indicates one standard depth, from the surface to 1000 m.
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four-year time series, while that of rockfish was the low-
est. the abundances of smelt and clupeiformes in 2015 
were about average for the time series. 

Northern California Current, Oregon  
and Washington Coast

Biomass of available fish prey for out-migrating juve-
nile salmon in 2015 is predicted to be above average 
based on the winter ichthyoplankton biomass index 
(daly et al. 2013) primarily due to an anomalously high 
biomass of northern anchovy and rockfish larvae. this 
winter (January to March) biomass of fish larvae that 
salmon prey upon was the fourth highest in the last 18 
years (fig. 16). the biomass of fish larvae in late win-
ter provides an index of juvenile fish that are the com-
mon prey of juvenile salmon when they enter the ocean 
in spring and summer. due to the anomalously warm 
ocean conditions during the winter of 2014–15, which 
typically predict lower salmon survival of early ocean 
migrants, we are uncertain about the accuracy of the 
current prediction for salmon returning in 2016 and 
2017. the overall composition of winter ichthyoplank-
ton that are important prey for salmon in 2015 was most 
closely aligned with 2004 and 2005, both poor outmi-
gration survival years. while the biomass in 2015 pre-
dicts returns of spring chinook salmon to Bonneville 
dam at slightly over 200,000 adult fish, the ichthyo-
plankton composition based on axis ordination scores 
predicts 93,000 adult fish returning in 2017, which is 
the largest discrepancy in these two predictors over the 
18 years of the survey. warm winter ocean conditions 
observed in both 2014, and especially early 2015, indi-
cate poor returns of adult salmon in the next few years. 
Also noteworthy in the winter ichthyoplankton collec-
tions for 2015 were that: 1) three new offshore taxa were 
collected, 2) there were larvae present at all sampling 
 stations, 3) and there were high concentrations and bio-
mass of Pacific sardine larvae in February and March 
from nh–01 (most inshore station) to nh–25 (most 
offshore station), all of which had not occurred prior 
to 2015 (fig. 15A). while northern anchovy larvae have 
previously been collected in January–March along the 
nh line (in March 1998 and 2003), their 2015 biomass 
was over 100 times greater than in any previous year, and 
as with the Pacific sardine larvae, northern anchovy lar-
vae were present all across the shelf from inshore to off-
shore stations (nh–01 to nh–25; Auth et al. in prep).

catch per unit effort (cPUe, number per km 
trawled) of most juvenile salmonids during this survey 
was lower than average compared to the 16 previous 
June surveys 1998–2013 (fig. 17). catches of yearling 
chinook salmon (Oncorhynchus tshawytscha) in June 2014 
were ninth of the 17 years of sampling, and catches of 
yearling coho salmon (O. kisutch) were ranked 10 out of 

lar to the average community structure found in the 
same area and season during the previous seven years 
in terms of composition and relative concentrations of 
the dominant taxa, with the exception of the unusually 
high concentration of northern anchovy, which domi-
nated the ichthyoplankton at a mean concentration that 
was >16x higher than that of the next highest taxon, 
myctophids (fig. 15A). Larval northern anchovy and flat-
fish in 2014 were found in concentrations >8x and >2x 
higher, respectively, than those of the next highest year 
in the time series, 2011, while larval rockfish were found 
in concentrations >2x lower than the next lowest year 
in the eight-year time series, 2012.

the post-larval fish community in the northern cali-
fornia current in June–July 2015 differed from the com-
munity structure found in the same area and season in 
2011–14 primarily due to the low numbers of mycto-
phids found in 2015, which normally are the dominant 
taxon in the fish community, and the increased abun-
dance of “other” taxa relative to previous years, which 
is an indicator of increased diversity in 2015 (fig. 15B). 
the abundance of flatfish in 2015 was the highest of the 

Fig. 15 

 

 

 

 

Figure 15. A) Mean concentrations (no. 10–3 m–3) of the dominant larval fish 
taxa collected during June–July in 2007–14 along the Newport Hydrographic 
(NH; 44.65˚N, 124.35–125.12˚W) and Columbia River (CR; 46.16˚N, 124.22–
125.18˚W) lines off the coast of Oregon. B) Mean catches (no. haul–1) of the 
dominant post-larval fish taxa collected during June-July in 2011–15 along 
nine half-degree latitudinal transects between 42.0 and 46.0˚N latitude in the 
northern California Current region. * = no samples were collected in 2012.
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indicator of first year ocean survival of yearling chinook 
and coho salmon.

Pelagic fish and invertebrate catch data were col-
lected by the nwFsc-noAA Bonneville Power 
Administration survey surface trawls on standard sta-
tions along transects between La Push, wA, and new-
port, or, in June from 1999 to 2015. All tows were 

17 years. the abundance of yearling chinook salmon 
during June surveys has a significant and positive rela-
tionship to spring chinook jack counts at Bonneville 
the following spring. the abundance of yearling coho 
salmon during these surveys also has a significant and 
positive relationship to coho smolt to adult survival. 
thus, catches of yearling salmon in June may be a good 

Figure 16. Annual mean biomass (mg C 10–3 m–3) of the five important salmon prey taxa (below solid line) and five other dominant larval fish taxa 
(above solid line) collected during winter (January–March) in 1998–2015 along the Newport Hydrographic (NH) line off the coast of Oregon (44.65˚N, 
124.18–124.65˚W). Figure expanded from one presented in Daly et al. (2013). 

Figure 17. June salmon catch (catch per unit effort, CPUE, number per km trawled). Catches of juvenile coho (black bars) and Chinook (white bars) 
salmon off the coast of Oregon and Washington in June from 1998–2014.
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nMs axes 1 and 2 explaining 64.1% and 23.3% of the 
variability, respectively. Although the community for 
2014 had lower axis 1 scores than most of the previ-
ous years of sampling, it was not extreme, particularly 
compared to 2015 (fig. 18). the community of fish and 
invertebrates in June 2015 had the lowest value for axis 2 
and the second lowest (slightly less than 1999) for axis 1. 
Although the main taxa most indicative of the relation-
ship was Pacific sanddabs (Citharichthys sordidus), other 
taxa were more abundant than normally found in previ-
ous June cruises including jack mackerel (Trachurus sym-
metricus), california market squid (Doryteuthis opalescens), 
and several jellyfish taxa (water jellyfish, Aequorea sp.; 
egg yolk jellyfish, Phacellophora camtschatica). several of 
the forage fish species typically found in these surveys, 
such as Pacific herring (Clupea pallasi), northern anchovy 
(Engraulis mordax), and smelts (family osmeridae) and 
most salmonids were found in much lower abundances 
in 2015 than previous years. Large gelatinous zooplank-
ton taxa have been quantified in large pelagic surface 
trawls off oregon and washington every June since 1999 
(see suchman et al. 2012 for collection methods). the 
normally dominant scyphozoan species, Chrysaora fusce-
scens, has shown a decrease in abundance since the el 

made during the day at predetermined locations along 
transects extending off the coast to the shelf break 
(Brodeur et al. 2005). we restricted the data set to sta-
tions that were sampled more than 9 years over the 
sampling time period. numbers of individuals were 
recorded for each species caught in each haul and were 
standardized by the horizontal distance sampled by the 
towed net as cPUe (#/km2 towed; units are calculated 
as the width of the trawl opening, 0.03 km, multiplied 
by the distance towed, in km. height of the trawl gear 
was not measured during every cruise, and was thus not 
used in these calculations, but is estimated at 0.02 km). 
yearly abundance data were obtained by averaging the 
standardized cPUe data across stations for each spe-
cies sampled during the June surveys. we restricted the 
species data to the 36 most abundant species captured 
in this data set over the 17 years sampled. we applied a 
log(x+1) transformation to the species x year data set 
(36 species x 17 years), on which we ran a nonmetric 
multidimensional scaling (nMs; kruskal 1964) ordina-
tion to describe the similarity of each year’s commu-
nity in species space. 

the resulting nMs ordination explained 87.4% of 
the total variability in the first two dimensions, with 

Fig. 18 

 Figure 18. Nonmetric multidimensional scaling plot of the 36 most commonly-occurring taxa from the NWFSC-NOAA June pelagic fish surveys from the North-
ern California Current. Shown are the individual years as symbols, which are connected by a progressive vector and an overlay of the taxa that contribute to the 
variation seen in the plot. Final stress of the ordination was 13.898.
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spp.) and other groundfish off of central california 
(approximately 36˚ to 38˚n) since 1983, and has enu-
merated most other pelagic micronekton encountered in 
this survey since 1990 (ralston et al. 2013; ralston et al. 
2015). the survey, conducted in late spring (May–June), 
expanded the spatial coverage to include waters from 
the Us/Mexico border north to cape Mendocino in 
2004. the primary objectives are to estimate the abun-
dance of yoy rockfish and other groundfish for stock 
assessments and fisheries oceanography studies, but the 
survey also quantifies trends in the abundance and com-
position of other components of the micronekton forage 
assemblage (including other juvenile fishes, krill, coastal 
pelagic species, and mesopelagic species), as well as the 
collection of oceanographic information (ctd casts, 
continuous data on surface conditions and productiv-
ity, and acoustic data) and seabird and marine mammal 
abundance data. the results here include time series of 
anomalies of some of the key species or groups of inter-
est in this region since 1990 (core area; fig. 1, right-hand 
panel, letter A) or 2004 (expanded survey area), and an 
update of a principal component analysis (PcA) of the 
pelagic micronekton community in the core area devel-
oped by ralston et al. (2015), all of which have also been 
reported in earlier socc reports. the data for the 2015 
survey are preliminary, and corrections have been made 
in catch data for previous years, which have resulted in 
very slight changes to overall abundance trends. 

the standardized anomalies from the mean of the 
log (x+1) catch rates are shown by year for six key yoy 
groundfish and forage groups (fig. 20), including all 
yoy rockfish, market squid (Doryteuthis opalescens), krill 
(primarily Euphausia pacifica and Thysanoessa spinifera), 
yoy Pacific sanddab (Citharichthys sordidus), Pacific sar-
dine (Sardinops sagax) and northern anchovy (Engraulis 
mordax). the 2015 data generally show a continuation 
of the very high catches of juvenile rockfish and Pacific 
sanddab (fig. 20; top left and middle right) in the core, 
southern and northern california areas (fig. 1, right-
hand panel, letters A, B, and c, respectively); in fact in 
both the core and southern areas mean catches were the 
highest observed in the entirety of the time series. how-
ever, the abundance of krill (fig. 20; middle left) was at or 
below average levels for all regions, and the abundance of 
adult Pacific sardine and northern anchovy (fig. 20; bot-
tom panels) remained very low as well (although larval 
catches for both species were at high or record levels in 
most areas). the abundance of market squid continued 
to remain very high in the core area, although catches 
were lower in the southern region where the bulk of 
the market squid fishery takes place (fig. 20; top right). 
catches of octopus, lingcod (Ophiodon elongates), Pacific 
hake (Merluccius productus), and several other groundfish 
were also high. north of cape Mendocino, catches of 

niño of 2010 and, in fact, was found in the lowest abun-
dance of the time series in June 2015 (fig. 19), occur-
ring in less than 25% of the stations sampled, mostly at 
the nearshore stations (<15 km from shore). the smaller 
hydromedusae, Aequorea sp., is generally found in much 
lower densities at the offshore stations (suchman et al. 
2012) but was by far the numerically dominant taxa in 
2015. other offshore and/or southern species such as the 
large scyphozoan, Phacellophora camchatica, the pleustonic 
Velella velella, and colonial salps (Salpa and Thetys) were 
found during the warm ocean conditions that occurred 
in 2015 leading to a gelatinous faunal composition that 
resembled that of an el niño year. 

Ecosystem indicators for the Central California 
Coast, May–June 2014

the Fisheries ecology division of the swFsc has 
conducted an annual midwater trawl survey for pelagic 
juvenile (young-of-the-year, yoy) rockfish (Sebastes 

Figure 19 

 

Figure 19. Catches of the dominant jellyfish taxa in pelagic surveys off the 
coast of Washington and Oregon in June from 1999 to 2015. Data are the 
means and standard deviations of the catch per km2 of (a) Chrysaora fusces-
cens and (b) Aequorea spp. in the entire survey area.

Figure 19 
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marily Aurelia spp. and Chrysaora spp.) were unusually 
low in 2015 (fig. 21), catches of pelagic tunicates (pri-
marily Salpa spp., Thetys vagina and Pyrosoma spp.) were 
at extreme to record high levels. Finally, despite the high 
abundance (inferring high productivity and transport of 
subarctic water) of both yoy groundfish and of pelagic 
tunicates, the 2015 survey also encountered unusually 
high numbers of warm water species (many of which 
had never previously been encountered), which are typ-
ically considered to be harbingers of strong el niño 

yoy rockfish and other groundfish were at very low 
levels in both 2014 and 2015 (r. Brodeur, unpublished 
data), consistent with occasionally dramatic differences 
in catch rates of yoy rockfish over broader spatial scales 
(ralston and stewart 2013).

in addition to the high catches of yoy rockfish and 
other groundfish, catches tended to be very high for a 
suite of both less commonly encountered and less con-
sistently reported (over the course of the time series) 
species. Although catches of scyphozoan jellyfish (pri-

 

 

 

Fig 20 

-2.5

-1.5

-0.5

0.5

1.5

2.5

19
90

19
92

19
94

19
96

19
98

20
00

20
02

20
04

20
06

20
08

20
10

20
12

20
14

an
om

al
y

Market squid

-2.5

-1.5

-0.5

0.5

1.5

2.5

19
90

19
92

19
94

19
96

19
98

20
00

20
02

20
04

20
06

20
08

20
10

20
12

20
14

an
om

al
y

Juvenile rockfish

core
north
south

-2.5

-1.5

-0.5

0.5

1.5

2.5

19
90

19
92

19
94

19
96

19
98

20
00

20
02

20
04

20
06

20
08

20
10

20
12

20
14

an
om

al
y

Juvenile Pacific sanddab

-2.5

-1.5

-0.5

0.5

1.5

2.5

19
90

19
92

19
94

19
96

19
98

20
00

20
02

20
04

20
06

20
08

20
10

20
12

20
14

an
om

al
y

Euphausiids

-2.5

-1.5

-0.5

0.5

1.5

2.5

19
90

19
92

19
94

19
96

19
98

20
00

20
02

20
04

20
06

20
08

20
10

20
12

20
14

an
om

al
y

Pacific sardine

-2.5

-1.5

-0.5

0.5

1.5

2.5

19
90

19
92

19
94

19
96

19
98

20
00

20
02

20
04

20
06

20
08

20
10

20
12

20
14

an
om

al
y

Northern anchovy

 
Figure 20. Long-term standardized anomalies of several of the most frequently encountered pelagic forage species from rockfish recruitment survey in the core 
(central California) region (1990–2015) and the southern and northern California survey areas (2004–15, excluding 2012 for the northern area).
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in addition to the six species shown in fig. 20, an addi-
tional 14 species and groups were included in the analy-
sis of the forage assemblage within the core (1990–2015) 
area (fig. 1; right panel, letter A) developed by ralston 
et al. (2015), and are subsequently represented in the 
PcA of this assemblage. the additional yoy groundfish 
groups include Pacific hake, speckled sanddab (C. stig-
maeus), rex sole (Glyptocephalus zachirus), and lingcod. the 
remaining species and groups in the assemblage include 
adult Pacific hake, octopus, sergestid shrimp, gobies, 
plainfin midshipman (Porichthys notatus), and a variety 
of mesopelagic species. of those that are included, yoy 
groundfish, market squid, krill and several other taxa had 
strong positive loadings on Pc1 (which explained 32% 
of the total variance, the first three Pcs explained a total 
of 60% of the variance), with northern anchovy, Pacific 
sardine and most mesopelagic species loading negatively. 
this Pc was not significantly related to basin-scale envi-
ronmental indicators such as the Pdo, Mei, and the 
nPgo, but rather was strongly related to both local-
ized physical conditions (temperature, salinity, density 
and depth of the 26.0 sigma theta isopycnal; see also san-
tora et al. 2014) and indicators of large-scale transport 
(Aviso sea surface height anomalies), such that the yoy 
rockfish, market squid, and krill groups were more abun-
dant during cool, high transport conditions. the second 
Pc tended to load more strongly on the mesopelagic 
community, but related poorly to environmental indi-
cators, while Pc3 had strong loadings on a suite of taxa 
and was highly correlated to basin-scale climate indica-
tors (see ralston et al. 2015 for details). Unfortunately, 
the pelagic tunicates have not been consistently quanti-
fied over the time period of the survey, while the sub-
tropical species are typically rare and therefore did not 
meet the minimum percentage of frequency of occur-
rence (10%) from the analysis. thus, those groups are not 
represented in the PcA results.

the two leading Pcs for the assemblage are shown in 
a phase plot as Figure 22, and the dramatic (and appar-
ently ongoing) separation of the 2013 through 2015 
period is noted as being on the opposite end of the Pc1 
scale compared to the low productivity years of 1998, 
2005, and 2006. such shifts have important implications 
for higher trophic level species, such as seabirds, marine 
mammals, salmon, and adult groundfish that forage pri-
marily or exclusively on one or another component 
of this assemblage. the observed dynamics of the yoy 
groundfish and high turnover invertebrates is thought 
to largely represent shifts in productivity associated with 
higher survival (recruitment) of early life history stages 
for these species, while the trends observed for coastal 
pelagic and mesopelagic species (which load negatively 
on Pc1 and positively on Pc2) are thought to be related 
to both variability in abundance as well as shifts in their 

events, northward transport of subtropical waters, and 
unusually low productivity. these included record-high 
numbers of pelagic red crabs (Pleuroncodes planipes), cal-
ifornia spiny lobster (Panulirus interruptus) phyllosoma 
(pelagic larvae), and the largely subtropical krill Nycti-
phanes simplex. Additionally, these included the first time 
catches (in this survey) of the greater argonaut (Argonauta 
arga), the slender snipefish (Macroramphosus gracilis), and 
the subtropical krill Euphausia eximia. the 2015 survey 
was highly unusual in that species characteristic of all 
three of what might very generally be considered nom-
inal states (yoy groundfish dominated catches, pelagic 
tunicate dominated catches, and subtropical species dom-
inated catches) were encountered in high abundance 
throughout this region. 

  SOTCC 2015 figures 

 

 

Fig. 21 

  

 

Figure 21. Standardized catches of jellyfish (Aurelia spp. and Chrysaora spp.) 
in the core area and pelagic tunicates in the expanded survey area.
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the distribution of jack mackerel eggs in 2015 was 
also more restricted than in previous years, particu-
larly when compared to 2000–06 (fig. 24). the offshore 
spawning of mackerel, which is commonly regarded as 
being typical, occurred at very low densities in spring 
2015 (figs. 23 and 24).

conditions off central and southern california were 
unusually warm in spring 2015 (see elsewhere in this 
report). Mackerel eggs were found in water with sur-
face temperatures of 14˚–18˚c. sardine eggs are rarely 
found north of san Francisco in the spring, but in 
2015 sardine spawned 445–556 km further north than 
usual (fig. 24). sardine spawning centered near the 
 california–oregon border (41˚–43˚n) in a band about 
90–110 km from shore in surface water temperatures of 
12˚–13˚c (fig. 24). egg densities off oregon in spring 
2015 were <1.5 eggs m–3, which was extremely low 
compared to spring 2000–13 (fig. 24). there were also 
reports of sardine and anchovy spawning very close 
to shore off newport, oregon (r. Brodeur, nwFsc, 
personal communication), but inshore spawning was 
not detected by the swFsc spring coastal pelagic fish 
survey. 

during the summer 2014 calcoFi cruise, dorado 
(Coryphaena hippurus) eggs were found in the contin-
uous underway fish egg sampler (cUFes) samples in 
the southern part of the core area. dorado apparently 
rarely spawn as far north as southern california—there 

distribution and consequent availability to the midwater 
trawl. yet overall the results of the PcA clearly indicate 
that in the core area, and presumably in the northern and 
southern regions as well, the micronekton community 
composition is highly unusual relative to those observed 
throughout the history of this survey. 

Ecosystem Indicators for the  
Southern California, CalCOFI Region

coastal pelagic fish egg abundance has declined off 
central and southern california in the last 15 years 
(2000–15) (fig. 23). sardine, anchovy, and jack mack-
erel eggs were found at very low concentrations in the 
spring of 2015. Although peak anchovy spawning occurs 
in december–February, which is earlier than the March–
April spring survey, the anchovy spawning that extends 
into spring shows the same trend to lower egg densities 
as do sardine and jack mackerel. Anchovy and jack mack-
erel are lightly fished, and although commercial catches 
of sardine are higher, the observed decline in egg densi-
ties of all three species suggests that environmental fac-
tors are likely to be the major cause of the decline in 
spawning of these forage fishes.

Jack mackerel eggs were an order of magnitude more 
abundant than sardine or anchovy eggs in spring 2015 
(fig. 24). despite their relatively higher abundance, jack 
mackerel eggs were less abundant than during every 
spring in the last 15 years, except for 2010–12 (fig. 23). 

Figure 22. Principal component scores plotted in a phase graph for the twenty most frequently encountered species groups sampled in the central  
California core area in the 1990–2014 period. 
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Fig 23 

 

 

 

 

 

 

Figure 23. Density of eggs of sardine (blue), anchovy (green), and jack mackerel (red) collected with the continuous underway fish egg 
sampler (CUFES) overlaid on satellite sea surface temperatures (˚C) derived from a monthly composite of April Pathfinder 5.5-km resolution 
(2000–08) or AVHRR 1.4 km resolution (2009–15) imagery. Ship track is shown by the black line.
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are only two records north of the Mexican border since 
1951 in the calcoFi ichthyoplankton database—and 
spawning in the north during 2014 likely reflects the 
warm conditions at that time.

REGIONAL PATTERNS IN BIRDS AND  
MARINE MAMMALS

Common Murres at Yaquina Head, Oregon
Median hatch date for common murres at yaquina 

head in 2014 was 3 July, continuing the trend of later 
hatch dates beginning in 2010 (with a minor exception 
of 2012; fig. 25). only 23% (+0.13 se, 0.00–0.86 range) 
of the eggs laid hatched a chick (hatching success) and 
17% (+0.11 se, 0.00–0.81 range) of the eggs laid pro-
duced chicks that fledged (reproductive success; chicks > 
15 days were considered fledged; fig. 25). reproductive 
success in 2014 continued the trend of negative anoma-
lies starting in 2011. reproductive success in 2014 was 
the lowest recorded for this colony during 13 years of 
data collection, maintaining a 4 year run (2011–14) of 
low reproductive success that is less than half the success 
for the first four years of our study (2007–10, fig. 25). 
only the reproductive success during the 1998 el niño 
was slightly lower (gladics et al. 2015). 

Like the previous two seasons, much of the repro-
ductive loss in 2014 was due to egg and chick preda-

Fig. 24 

 Figure 24. Density of eggs of sardine, anchovy, and jack mackerel collected with the continuous underway fish egg sampler (CUFES) during the spring 2015  
CalCOFI and coastal pelagic fish cruises overlaid on satellite sea surface temperatures (˚C).

 

Fig. 25 

 

 
Figure 25. A) Median hatch date anomaly, and B) Reproductive success for 
common murres nesting at Yaquina Head, Oregon, 2007–14.
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2015), as highlighted by their prevalence in 2008 (fig. 
26). clupeids (primarily Pacific herring, Clupea pallasii), 
are generally associated with warmer water and positive 
Pdo (gladics et al. 2015). 

Summary of Common Murre Reproductive 
Success, Phenology, and Diet at Castle Rock 
National Wildlife Refuge: 2007–14

castle rock national wildlife refuge (hereafter 
castle rock) is the most populous single-island seabird 
breeding colony in california. Located in the northern 
california current system, this island is off the coast of 
crescent city, just south of Point st. george. to facili-
tate long-term monitoring of seabirds nesting at this 
colony, a remotely-controlled video monitoring system 
was installed at this island in 2006. For purposes of assess-
ing the state of the california current, the reproductive 
performance of common murre and Brandt’s cormo-
rants is provided. For common murre, the composition 
of prey delivered to chicks between 2007 and 2014 is 
also provided.

common murre are the most abundant surface-nest-
ing seabird at castle rock and their reproductive suc-
cess, nesting phenology, and chick diet have been studied 
since 2007. the percent of nesting pairs that successfully 
fledged young in 2014 was based on 81 nest-sites that 
were monitored every other day for the entire breeding 
season. during 2014, 83% of nests fledged young, which 
was 10% greater than the long-term average for this col-
ony (fig. 27). Although murres do not reflect upwelling 
directly, the increased availability of food associated with 
upwelling improves the body condition of egg-laying 

tors. the total number of disturbances and the rate of 
murre egg and adult loss in 2014 was again high, simi-
lar to the previous four years. disturbances and losses in 
2010–14 were all 3–10 times higher than 2007–09. dis-
turbance rates first began to increase in 2010, and then 
greatly escalated during 2011–14 (horton 2014). Bald 
eagles (Haliaeetus leucocephalus) were again the dominant 
disturbance source (49%, 36 of 75 disturbances). the 
frequent disturbances to a subcolony (flat top) resulted 
in total reproductive failure for those plots (reproduc-
tive success = 0.00 + 0.00 se for 6 plots)—this was the 
first year that we observed complete failure of either 
subcolony. Unlike in 2012 when juvenile brown peli-
cans (Pelecanus occidentalis) resorted to eating fish regur-
gitated by murre chicks or eating murre chicks directly 
(horton and suryan 2012), there were no dramatic dis-
turbances caused by pelicans in 2014, and pelicans were 
not observed landing on the colonies until the majority 
of murres had fledged. 

Murre diets at yaquina head have varied annually. 
Forage fish species consumed in 2014 included primar-
ily smelt (osmeridae) and secondarily Pacific herring 
or sardine (clupeidae; fig. 26). A notable difference in 
diets in recent years has been the dominance of smelt 
since 2010 (with minor exception of 2011). Prior to this 
period, annual diet composition varied annually between 
dominance of smelt, Pacific sand lance (Ammodytes hexa-
pterus), and clupeids, or occasionally relatively equal pro-
portions of each in a given year (fig. 26). the lack of 
sand lance and clupeids since 2010 continued and was 
especially prominent in 2014. sand lance are generally 
more prominent in cold water years (gladics et al. 2014, 

 

Figure 26.  

 

 

 

 

 

 

Figure 26. Prey fed to common murres chicks (% occurrence) at Yaquina Head Oregon, 2007–14. 
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vious years. Prey composition was generally similar to 
other years, with smelt (Osmeridae) being the predomi-
nant prey fed to chicks and rockfish being the second 
most common prey fed to chicks (fig. 29). Unlike other 
years, california Market squid (Loligo opalescence) obser-
vations were 2.2 times more frequent and was the third 
most common prey type fed to chicks in 2014.

Brandt’s cormorant are the second-most abundant 
surface-nesting seabird at castle rock and their repro-

females and thereby influences the timing of nesting 
(Perrins 1970; reed et al. 2006; schroeder et al. 2009). in 
2014, the average nest initiation date was 6 May, which is 
2 days earlier than the long-term average observed at this 
colony (fig. 28). to determine prey composition, 2-hour 
diet surveys were conducted 6 days per week during 
the murre chick-rearing period (approximately 70 hours 
surveyed in 2014). in 2013, a total of 12 prey types were 
identified and all prey types had been observed in pre-

Fig. 27 

 

Fig. 28 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 27. Percent of common murre (Uria aalge) nesting pairs that successfully fledged young between 2007 and 2014 at Castle Rock National Wildlife Refuge, 
Del Norte County, CA. The sample size (n) represents the total number of nesting pairs observed per year, and this figure does not include the success of replace-
ment clutches. Reproductive success could not be determined in 2012 due to early failure of the video monitoring system. 

Figure 28. First, average, and last dates for nests initiated by common murres between 2007 and 2014 at Castle Rock National Wildlife Refuge, Del Norte County, 
CA. The date of nest initiation was the defined as the day that an egg was laid at a nest site. The sample size (n) represents the total number of nests observed 
each year where nest initiation dates were accurate to ±3.5 days. The average and last date of nest initiation could not be determined in 2012 due to early failure 
of the video monitoring system.
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higher breeding populations and increased productivity 
for some species while declines were observed for oth-
ers (fig. 31). reproductive success of the planktivorous 
cassin’s auklets (Ptychoramphus aleuticus), though lower 
than the previous four years, continued to be excep-
tionally high relative to the long-term mean for this 
colony. the fledging success for first broods was the 
highest observed in the time series, as cassin’s were 
again able to take advantage of high zooplankton pro-
duction during the early part of the breeding season. 
however, cassin’s auklets were unable to successfully 
fledge any second broods for the first time since 2008, 
leading to the overall productivity decline observed this 
year. in contrast, piscivorous species including pigeon 

ductive success has been studied since 2011. the repro-
ductive success of Brandt’s cormorants, measured as 
the number of fledglings produced per pair, was deter-
mined by monitoring 24 nests every four days for the 
entire breeding season. in 2014, breeding pairs pro-
duced 1.21 chicks on average, which was 43% greater 
than the year with the poorest reproduction (2011) and 
27% less than the year with the most successful repro-
duction (2013; fig. 30).

Breeding Success of Seabirds at  
Southeast Farallon Island 

the 2014 seabird breeding season at southeast Far-
allon island (seFi), california was a mixed year with 

Fig. 29 

 

Figure 29. Composition of prey delivered to chicks by common murre between 2007 and 2014 at Castle Rock National 
Wildlife Refuge, Del Norte County, CA. Numbers above each bar indicate the total number of prey identified each year. 
Prey composition could not be determined in 2012 due to early failure of the video monitoring system. 

 

Figure 30.  

 

 

  

Figure 30. Chicks fledged per nesting pair of Brandt’s cormorant (Phalacrocorax penicillatus) between 2007 and 2014 
at Castle Rock National Wildlife Refuge, Del Norte County, CA. The sample size (n) represents the total number of nest-
ing pairs observed per year, and this figure does not include the success of replacement clutches. Reproductive suc-
cess could not be determined in 2012 due to early failure of the video monitoring system. 
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Figure 31 
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Figure 31. Standardized productivity anomalies (annual productivity—long term mean) for 8 species of seabirds on SEFI, 1971–2014.  
The dashed lines represent the 80% confidence interval for the long-term mean.
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Figure 32 

 

 

 

Figure 32. Patterns of change in the abundance (expressed as anomaly of log density; long-term mean subtracted) of (a) seabird species richness,  
(b) sooty shearwater (Puffinus griesus), (c) Cassin’s auklet (Ptychoramphus aleuticus), and (d) Cook’s petrel (Pterodroma cookii). 
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sphere migrants and are most abundant in coastal waters 
of the california current during the spring and sum-
mer. shearwater density during spring has declined 
since surveys began in 1987, with each successive peak 
in abundance (i.e., 1990, 2001, and 2010) lower than 
the preceding one. however, shearwaters have shown 
strong consecutive positive anomalies since spring 2013, 
with spring 2015 being the highest anomaly since 1990; 
this is surprising given the warm-water conditions that 
have persisted off southern california since 2014. Fur-
ther research is needed to examine why shearwaters have 
increased in number and what the mechanism(s) may 
be for their recent influx to the calcoFi region (i.e., 
poor breeding leading to abandonment of colonies dur-
ing 2013–14). cassin’s auklets (fig. 32c) are resident in 
the california current year-round, but are most abun-
dant in the calcoFi region in winter. After exhibiting 
a positive anomaly in winter 2013, the anomaly of auklet 
abundance has been close to zero, suggesting that auklets 
have not undergone any major redistribution patterns 
during winter. cook’s petrels (fig. 32d) are southern 
hemisphere migrants and generally occur in hotspots 
associated with subtropical waters within the western 
edge of the calcoFi grid (santora and sydeman 2015). 
strong peaks in cook’s petrel anomalies, usually during 
summer surveys, are generally associated with el niño 
years. recent spring surveys indicate moderate positive 
anomalies of cook’s petrel and it’s anticipated that given 
the recent warm ocean conditions off southern califor-
nia, that this species should show a strong positive anom-
aly in summer 2015.

California Sea Lions at  
San Miguel Island, California

california sea lions (Zalophus californianus) are per-
manent residents of the ccs, breeding in the califor-
nia channel islands and feeding throughout the ccs 
in coastal and offshore habitats. they are also sensi-
tive to changes in the ccs on different temporal and 
spatial scales and so provide a good indicator species 
for the status of the ccs at the upper trophic level 
(Melin et al. 2012). two indices are particularly sensi-
tive measures of prey availability to california sea lions, 
pup production, and pup growth during the period of 
nutritional dependence. Pup production is a result of 
successful pregnancies and is an indicator of prey avail-
ability to and nutritional status of adult females from 
october to the following June. Pup growth from birth 
to 7 months of age is an index of the transfer of energy 
from the mother to the pup through lactation between 
June and the following February, which is related to 
prey availability to adult females during that time. 

At san Miguel island, successful pup births, as mea-
sured by counts of live pups, in 2014 were 11% higher 

guillemots (Cepphus columba), rhinoceros auklets (Cero-
rhinca monocerata), Brandt’s cormorants (Phalacrocorax 
penicillatus) and Pelagic cormorants (Phalacrocorax peliga-
cus) exhibited higher reproductive success relative to 
last season and well above the long-term mean (fig. 31). 
success for these species was likely driven by a high 
abundance of juvenile rockfish available throughout the 
early and middle parts of the season. common murres 
(Uria aalge), though also benefiting from high rockfish 
abundance to achieve exceptionally high fledging suc-
cess, exhibited lower than average reproductive success 
due to an unusually high rate of egg failure. during 
mid-July, ocean conditions deteriorated, with a rapid 
increase in sea surface temperature and a correspond-
ing reduction in prey availability leading to poor suc-
cess for later breeding individuals of all species and the 
failure of second broods for cassin’s auklets. Anchovies 
and other larger forage fishes continued to be largely 
absent from seabird diet, but it would appear that the 
birds were able to compensate this season with other 
prey items.

Seabirds in the CalCOFI Region
As part of calcoFi, now supplemented by the cce-

Lter and sccoos programs, data on seasonal sea-
bird distribution and abundance has been collected 
since spring 1987. seabird distribution and abundance 
derived from calcoFi surveys have indicated several 
important aspects regarding the biological conditions 
of the southern california current, including: long-
term declines in seabird abundance and species richness 
related to ocean climate and forage fish availability (veit 
et al. 1996; hyrenbach and veit 2003; sydeman et al. 
2009, 2015; santora and sydeman 2015), as well as the 
presence and persistence of biological “hotspots” (yen 
et al. 2006; santora and sydeman 2015). As examples of 
long-term variability of seabird abundance (ln anomaly 
density, expressed as numbers km–2), we present data up 
to spring 2015 on seabird species richness (number of 
species observed per survey) as well as sooty shearwa-
ter (Puffinus griseus), cassin’s auklet (Ptychoramphus aleu-
ticus) and cook’s petrel (Pterodroma cookii) abundance as 
“cold-water” (shearwater and auklet) and “warm-water” 
(petrel) indicators. 

seabird species richness (fig. 32A) has exhibited 
a long-term decline in the calcoFi region, and has 
been negative since 2013. the decline in species rich-
ness possibly indicates that biophysical changes occur-
ring in the southern california current is impacting the 
overall at-sea avifauna. hyrenbach and veit (2003) sug-
gested that species with warm-water affinities increased 
during warm ocean conditions, while those with cold-
water affinities decreased. sooty shearwaters (fig. 32B), 
a species with cold-water affinities, are southern hemi-
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have produced good foraging conditions for nursing 
females. in contrast, ocean conditions during the winter 
2014 were unusually warm due to the continuation of a 
positive signal in the Pacific decadal oscillation and the 
presence of anomalously large warm water pools along 
the west coast. Fisheries surveys during the springs in 
both years indicated that several of the primary fish prey 
of california sea lions including Pacific sardine (Sardinops 
sagax), northern anchovy (Engraulis mordax), and Pacific 
hake (Merluccius productus) were not abundant along the 
central california coast in the foraging range of nursing 
females (Bjorkstedt et al. 2012; wells et al. 2013; Leis-
ing et al. 2014: this volume). Analysis of scat contents of 
california sea lion females during these periods indi-
cated increased consumption of rockfish (Sebastes spp.) 
and market squid (Doryteuthis opalescens) (Melin et al. 
in review). thus, the composition of the prey com-
munity available to nursing females was similar in 2012 
and 2014 but quite different from previous years when 
pups were in better condition (Melin et al. 2012). con-
sequently, the current hypothesis for the poor condi-
tion of dependent pups and ultimately, large numbers of 
weaned pups stranding on the coasts is that alterations in 

than the long-term average between 1997 and 2014 
(fig. 33). however, similar to previous years, pup condi-
tion and pup growth was poor for the 2014 cohort. the 
average weight of three-month-old pups were 17% and 
20% lower than the long-term average for female and 
male pups, respectively (fig. 34). growth rates from three 
to seven months old were 78% below normal for both 
sexes and similar to the 2012 cohort (fig. 35).

For the past five of six years, the california sea lion 
population has experienced low pup survival, low pup 
births or both (Melin et al. 2010; Melin et al. 2012;  
Leising et al. 2014). An unusual mortality event (UMe) 
was declared for california sea lions in southern cali-
fornia (http://www.nmfs.noaa.gov/pr/health/mmume/ 
californiasealions2013.htm) in response to unprec-
edented numbers of young pups from the 2012 and 
2014 cohorts stranding along the coast between Janu-
ary and April and poor condition of pups at san Miguel 
island and other rookeries during the winter (wells et al. 
2013; Leising et al. 2014). the two cohorts experienced 
dramatically different ocean conditions. during winter 
2013, ocean conditions were unusually cold and had 
high primary productivity (wells et al. 2013) and should 

 

 

Figure 33. 

 
Figure 33. The percent anomaly of live California sea lion pup counts at San Miguel Island, California, based on a long-term average of live pup counts between 
1997–2014 in late July when surviving pups were about 6 weeks old. 
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the prey community due to oceanographic changes on 
local and regional scales have resulted in nursing females 
being unable to fully support lactation and the needs of 
their dependent pups. we anticipate this trend to con-
tinue until the diversity and abundance of the prey com-
munity increases and provides greater nutritional value 
to nursing females.

DISCUSSION
the winter of 2013–14 saw a drastic change in the 

conditions throughout the california current as com-
pared to the previous years (2013 being a record-break-
ing year of high cumulative upwelling; wells et al. 2013; 
Leising et al. 2014). Between fall of 2013 and spring 
of 2014, the Pdo switched sign to positive, indicating 
warming coastal waters, the nPgo switched sign to 
negative, typically indicating lower productivity in the 
southern ccs, and the Mei switched sign to positive, 
indicating the possible development of an el niño. dur-
ing 2014, these trends continued, along with increas-
ingly warm waters throughout the ccs. during spring 
2015, there was some moderate cooling along the central 
and northern coast within the ccs, due to upwelling. 
Meanwhile, surface waters along the eastern equatorial 
Pacific continued to warm during mid-2015, leading 
to high values of the Mei, suggesting potentially the 
strongest el niño since 1997–98, with impacts likely 
reaching the ccs during winter 2015–16. Preceding 
the development of the el niño, the fall of 2013 in the 
ne Pacific saw a rise of sea surface temperatures, likely 
due to a shift in wind patterns, a lack of winter storms, 
and an increase in sea level pressure (Bond et al. 2015); 
this large area of high sst anomaly was labeled the blob 
by Bond. there was also a rise in sea surface tempera-
tures both coastally and offshore of southern california 
(distinct from the main portion of the blob in the ne 
Pacific) in mid-2014, also most likely related to changes 
in wind patterns (detailed below). typical atmospheric 
patterns over the ne Pacific were replaced by a resilient 
ridge of high pressure, which greatly altered the ocean 
surface structure, and continues to do so as of the writing 
of this report. the result has been a continued warming 
of surface waters in the ne Pacific, at times in excess of 
4˚c above the climatological mean.

Warming in the Southern CCS
the southern california warm Anomaly (scwA; as 

distinct geographically from the blob in the ne Pacific) 
was first evident in the spring of 2014 as a band of warm 
surface water along the shelf break (fig. 36). it is unlikely 
that this feature advected into the region from the north 
since the cc was located at this time in the offshore 
areas of the domain (west of station 80). during the 
summer this feature intensified, but its spatial footprint 

Fig. 34 

 

 
Fig. 35 

 

 

Figure 34. Predicted average weights of 3-month-old female (open circle) and 
male (open triangle) California sea lion pups at San Miguel Island, California, 
1997–2014 and long-term average between 1975 and 2014 for females (solid 
line) and males (dashed line). Error bars are ± 1 standard error.

Figure 35. Predicted average daily growth rate of female (open circle) and 
male (open triangle) California sea lion pups between 4 and 7 months old at 
San Miguel Island, California, 1997–2014. Error bars are ±1 standard error.
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one way to place these events in context is to exam-
ine long-term data in the region to look for compari-
sons. subsurface temperature data have been collected 
along line 90 of the calcoFi grid since 1950. Annual 
temperature anomalies at a depth of 10 m along this 
line for the time period 1984 to 2015 (fig. 37A) are 
highly correlated with the temperature anomalies of the 

did not. warm surface layer anomalies off Pt. concep-
tion during the summer of 2014 were partly driven by 
extremely low rates of coastal upwelling (fig. 2); i.e., no 
cold water was brought into the surface layer as usually 
happens during this time of the year. during the fall of 
2014 and winter of 2015 these 10 m anomalies intensi-
fied, covering the complete calcoFi domain (fig. 36). 

Figure 36. 
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Figure 36. Temperature anomalies at a depth of 10 m standardized by the standard deviation of temperature for the CalCOFI 66 station standard grid for the last 
six CalCOFI cruises that covered the 2014–15 warm anomaly, i.e., the winter (A), spring (B), summer (C), and fall (D) of 2014 and the winter (E) and spring (F) of 
2015. The 2014 winter cruise was not completed due to ship failure.   
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 calcoFi domain during the winters of 1998 and 2015 
(e.g., Line 80, fig. 38). the strongly positive relative tem-
perature anomalies of 2015 extended to the far offshore 
but were confined to the surface layer (upper ~50 m). 
in contrast, the relative anomalies of 1998 were stron-
gest at depth of 50 to 150 m and did not extend off-
shore (fig. 38). these patterns suggest that the coastal 
subsurface advective component that drives water col-
umn properties during el niños was not active dur-
ing the scwA. increasing transport, temperature, and 
salinity of the california Undercurrent (cU) are impor-
tant drivers of changing water mass characteristics dur-
ing el niños (Lynn and Bograd 2002). such changes in 
water mass characteristics are clearly evident in the core 
of the cU (calcoFi station 90.30, depth 200 to 300 m) 
during the strong el niños of 1982–83 and 97–98; (e.g., 
spiciness, fig. 39). interestingly, strongly positive spici-
ness anomalies were only observed during the summer 
of 2014 and not during any other time period corre-
sponding to the scwA. 

Properties at the σt 26.4 isopycnal (fig. s6), which 
is found at a depth of about 200 m in the calcoFi 

entire calcoFi domain (rho = 0.92, p < 0.001). these 
data show that the recent anomalies at a depth of 10 
m were as large as those observed during the strong el 
niños of 1957–58, 1982–83, and 1997–98 (fig. 37A). 
temperature anomalies at a depth of 100 m observed 
during the el niños and the scwA differ dramatically: 
whereas relative anomalies during the el niños were 
stronger at 100 m compared to the surface layer, anoma-
lies at a depth of 100 m during the scwA were slightly 
elevated only during the fall of 2014 and the winter 
of 2015. consistent with these differences, dramati-
cally different distributions of temperature with depth 
and distance from shore were observed throughout the 

Fig. 37 

Figure 37. Cruise averages of property anomalies for CalCOFI Line 90, stations 
30 to 90 for the time period 1950 to 2015. A) temperature anomaly at 10 m, 
B) temperature anomaly at 100 m, and C) density anomaly at 100 m. Data are 
derived and plotted as described for Figure 11. 

Figure 38 

 
Figure 38. Standardized temperature anomalies, these have no units (n.u.), 
along CalCOFI line 80 plotted against depth and distance from shore for peri-
ods corresponding to the height of the 2014–15 warm anomaly (A: CC201501) 
and the 1998 El Niño (B: CC199802). Plotted data are deviations from expected 
values in terms of standard deviations in order to illustrate the strength of the 
relative changes at different depths.
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events such as el niño (durazo 2015). the strongly posi-
tive surface layer anomalies observed during the summer 
of 2014 within the calcoFi region were in part driven 
by weak coastal winds, i.e., weak coastal upwelling not 
injecting cold subsurface water into the mixed layer and 
weak wind-induced mixing, resulting in shallow and 
extremely warm mixed layers. exact identification of 
the drivers of the scwA off southern california is lim-
ited by the low temporal resolution of the  calcoFi 
time series. An analysis of high-resolution sampling via 
gliders may offer a way to more explicitly address this, 
but is beyond the scope of this report.

Warming Throughout the CCS
examining the timing of warming along the entire 

current, and comparing with the evolution of the strong 
el niño of 1997–98 may help with interpreting which 
forces dominated within the different segments of the 
ccs. As noted in Bond et al. (2015), the anomalous 
warm blob began offshore in the gulf of Alaska in late 
2013, but began to be seen in the coastal region as early 
as May of 2014 off of British columbia. the exact tim-
ing of the onset of warming throughout the ccs can 
be seen by examining the anomaly of remotely sensed 
sst data (fig. 40, left-hand panels) in the offshore region, 
and buoy sst temperatures from the nearshore region 
(fig. 40, right-hand panels). For the more-offshore loca-
tions (by approximately 1˚–2˚ compared to the nearby 
buoys) examined using remotely sensed data, warming 
during mid-2014 to mid-2015 was very similar in mag-
nitude to that seen during 1997–98 (between 2˚–4˚c 
positive anomaly depending on location). however, the 
warming that occurred during this period was not due 
directly to el niño, which had only begun to warm 

domain, also did not change in synchrony with the 
scwA. the depth of this isopycnal increased by about 
20 m during this time (fig. s6A), with values slightly 
less than those observed during the 1997–98 el niño. 
Properties on this isopycnal have been used in the past as 
indicators of long-term changes of southern california 
current deep waters (e.g., Bjorkstedt et al. 2011, 2012; 
Bograd et al. 2014). the decline of oxygen concentra-
tions between the years 2000 and 2012, and the con-
comitant increase of no3 (fig. s6), was assumed to be 
driven by basin-wide drivers (Bjorkstedt et al. 2012). the 
dramatic reversal of the oxygen and nitrate trends over 
the last 3 years forces us to rethink this assumption. the 
drivers of these recent changes are unclear at the present. 

the potential drivers of the scwA are local warming 
of the surface layer due to atmospheric anomalies, the 
advection of anomalously warm surface waters into the 
region from the north Pacific blob, and  kelvin waves 
travelling up the coast driven by equatorial anoma-
lies. the above analysis of the waters of the california 
Undercurrent suggests that waters of equatorial origin 
may have been present in the region during the sum-
mer of 2014 but not during other periods of time. the 
absence of positive temperature anomalies close to the 
coast at depths of 50 to 150 m during the scwA sup-
ports the conclusion that equatorial forcing of the region 
was weak or negligible during this time. Further sup-
porting this conclusion are the observations from the 
iMecocAL, Baja, california region. As noted above, 
although surface waters when averaged across the iMe-
cocAL survey were warm and salty as compared to 
the long-term mean, these anomalies were confined to 
the surface, and there was no northward flow north of 
Punta eugenia, as has occurred in the past during warm 

Figure 39. 

 Figure 39. Cruise averages of spiciness at a depth of 200 to 300 m at Station 90.30 for the time period 
1981 to 2015. The core of the California Undercurrent is usually found in this location. Data are derived 
and plotted as described for Figure 11.
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followed by cooling as summertime upwelling occurred, 
followed by very rapid warming between August and 
september. this rapid warming in the fall was due to 
an advection of the blob waters into the coastal region, 
which is particularly apparent in the buoy data for loca-
tions between 34˚n and 45˚n (fig. 40, right-hand pan-
els). For those stations, the increase in temperatures from 
slightly above the climatological mean to greater than 
2 standard deviations above the mean occurred in as 
little as a week, or even within 1 day, as was observed 
off stonewall Bank. Although this is a typical process 
whereby upwelling shuts down and warm waters advect 
onshore, the difference in 2014 was that the waters 

the equatorial niño 3.4 region during mid-2014, leav-
ing insufficient time for propagating kelvin waves to 
reach even the southern portions of the ccs. off Brit-
ish columbia, anomalous warming occurred as early as 
May 2014, but then the water cooled, most likely due to 
increased upwelling, as suggested by the upwelling index 
for this time and location (fig. 40, top left, and fig. 2). 
warmer conditions then returned very rapidly after the 
cessation of upwelling in september. except for the most 
southerly southern california Bight location (fig. 40, 
lower left panel, 33˚n), the other more-offshore loca-
tions examined followed a similar pattern during 2014 
as that described above; gradual warming during spring, 

Figure 40. Daily sea surface temperature (SST) anomalies (left-hand panels) for selected locations along the US West Coast (locations same as those calculated 
for upwelling indices in Figure 3; data from the Daily Optimum Interpolation AVHRR data set, see http://coastwatch.pfeg.noaa.gov/erddap/griddap/ncdcOisst2Agg.
html) with black line indicating 2014–15, and red line indicating 1996–98, and (right-hand panels) SST from selected buoys along the US West Coast, with grey 
region indicating the range of climatological values, white line the climatological mean, and black line the current (2013–15) values. 
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thought to consist mainly of warm-water offshore spe-
cies (B. Peterson, pers com), along with both “northern” 
and high abundances of “southern” affiliated copepods, 
leading to high species richness. the appearance of these 
rare, presumably warm-water offshore species is critical, 
as it further supports the hypothesis that source waters 
were from far offshore, likely due to advection of blob 
waters. high abundances of jellies were also found off 
coastal oregon (particularly Aequorea spp.), whereas high 
abundances of tunicates were found off the more central 
region of the coastal ccs. Although juvenile rockfish 
abundances remained high along the central coast, the 
abundance of euphausiids, squid, and sanddab decreased 
throughout much of the central ccs. very few, if any 
sardine or anchovy were found off southern califor-
nia, although significant numbers of dorado eggs were 
found (something that has rarely occurred, except dur-
ing extreme warm water events). the two community 
analyses that were conducted both showed 2015 as an 
extreme outlier compared to all other years, includ-
ing the 1997–98 el niño, although in the central ccs 
trawls, species were found which are typically associated 
with strong el niños. these same samples also contained 
relatively high abundances of coastal upwelling-related 
species, along with warm-water offshore affiliated spe-
cies. the presence of these three different groups that 
come from different water masses within the same sam-
ples suggests 2015 may have had one of the sharpest gra-
dients in onshore to offshore temperatures (and thus also 
water masses) as possibly any other recorded time, given 
the offshore temperatures reaching up to 4˚c above the 
climatological mean, while at the same time, significant 
coastal upwelling occurred along the central and north-
ern coast.

Unlike fish and invertebrates, seabirds and marine 
mammals had mixed responses during 2014 (2015 
data for some of these species is yet to be processed), 
presumably depending on their abilities to compen-
sate for changes in their normal prey, and depending 
on their location relative to the patchiness in upwell-
ing and productivity. Murres off yaquina head, ore-
gon had decreased success during 2014 as compared 
to 2013, whereas the murres and Brandt’s cormorants 
at castle rock, cA, showed average or increased pro-
ductivity. similarly, the seabirds on southeast Farallon 
island showed both species with higher and lower breed-
ing success during 2014. seabirds within the calcoFi 
domain had average species richness during 2014–15, 
and an increase in the presence of sooty shearwaters and 
cook’s petrel during the spring-time cruises in both 
2014 and 2015. For sea lions, 2014 saw decreased weights 
and growth rates for the pups, and 2015 is expected to 
be an extremely poor year for them due to changes in 
their feeding environment.

moving onshore were several degrees above the typical 
temperatures seen within the coastal ccs upon the ces-
sation of upwelling. Although the blob was located more 
towards the northern ccs and centered near the gulf of 
Alaska, warming in the nearshore regions sampled by the 
buoys actually began progressively earlier in the south-
ern stations, particularly as compared to stonewall Bank. 
the most likely reason for this is that upwelling was still 
active in the northern areas through mid- september, 
whereas upwelling in the south had decreased dramati-
cally (negative anomaly) as early as July (fig. 2).

summarizing, warming in the surface waters pro-
ceeded as follows: 1) waters within the gulf of Alaska 
warmed during the fall of 2013 due to changes in atmo-
spheric forcing, 2) waters offshore of oregon, california, 
and within the southern california Bight warmed grad-
ually during spring 2014, also likely due to changes in 
atmospheric forcing, 3) coastal warming decreased dur-
ing summer 2014, due to low, but still effective, coastal 
upwelling, 4) with the cessation of upwelling in the fall 
of 2014 (Aug–sept) waters in the nearshore saw dra-
matic advective-related warming as the offshore anom-
alies moved into the coast, starting in the south first, 
and 5) waters in both offshore and nearshore remained 
anomalously warm through the winter of 2014–early 
spring 2015, until upwelling began in April–May of 
2015. After the cessation of upwelling in summer/fall 
2015, most stations then show a pattern of warming very 
similar to that seen during the fall of 1997 (fig. 40), sug-
gesting that the ccs may finally be responding to the 
impacts of el niño.

Ecosystem Response Overview
the productivity of the system during 2014, as 

observed by the standing stock of chlorophyll a (a proxy 
for system productivity), was reduced compared to 2013. 
the low productivity was a result of weak upwelling 
during the summer of 2014 and extremely low mixed 
layer concentrations of nitrate, or a nutrient co-varying 
with it, as seen throughout the calcoFi domain. Low 
nutrient concentrations within the mixed layer, in turn, 
were a consequence of deep nitraclines (fig. 12). 2015 
saw an increase in upwelling within the northern regions 
of the ccs relative to 2014, resulting in more phyto-
plankton standing stock than the previous year, however, 
it was spatially and temporally patchy. 

every contribution to this report that included sam-
ples for species abundance and composition during 
2015 saw drastic changes from previous sampling. off 
washington and oregon, high abundances of anchovy 
and sardine larvae were found, along with fish that had 
very rarely if ever been identified within those trawls. 
similarly, off oregon, the copepod assemblage was 
augmented by rare or previously unrecorded species, 
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Predicting the california current SyStem:  
SymPoSium of the 2014 calcofi conference

the California Current system (CCS) extends from 
British Columbia to Baja California. the southern end 
of the CCS has been observed by CalCoFi1 for more 
than 66 years. What will the CCS be like in the com-
ing decades and beyond? how well can the CCS, or 
parts of it, be forecast on the scale of days to seasons 
and predicted on the scale of climate change? how will 
warming, stratification, acidification, and deoxygenation 
affect the CCS? our ability to inform management and 
policy decisions depends on answers to such questions. 
the Symposium of the 2014 CalCoFi Conference was 
planned to address these issues. presentations included 
hindcasting and prediction of the California Current 
using statistical and dynamical models, ranging from 
physics to fishers, and including the atmosphere and 
ocean. Model types included general circulation mod-
els, regional models, atlantis-type models, and hybrid 
models including fish and humans. 

Dunne et al. used the GFDl’s earth System Model2 
(eSM). a key question was how to bridge scales, from 
global, which is coarse in resolution but inclusive in 
processes, to regional, which has the desired resolution 
but excludes interactions with other regions and the 
earth. Both have inherent biases with regard to eastern 
Boundary Currents. Dunne et al. presented results for a 
0.1˚ (~10 km) ocean and 50 km atmosphere eSM that 
includes lower trophic levels. this spatial resolution is 
necessary to resolve currents in the eBCs, whose lateral 
dimensions scale with the rossby radius. Comparsion 
of eBC temperature and chlorophyll with observations 
improved markedly from the 1˚ to 0.1˚ models, though 
challenges remain. the value of eSMs in predicting eBC 
dynamics was demonstrated by the unexpected result of 
the predicted influence of distant processes in the NW 
pacific on the nitrate concentration of water upwelled in 
the California Current under a future climate (rykac-
zewski and Dunne 2010).

Curchitser et al. addressed this scale issue by combin-
ing model types. a multi-scale ocean was incorporated 

as part of the NCar CeSM3. Scales ranged from a 
7 km ocean model in the 1˚ CeSM (ocean, atmosphere) 
and from months to 150 years. Not only was the fidel-
ity of the model to observations enhanced in the multi-
scale model but feedbacks between regional and global 
models, particularly large-scale perturbations by regional 
upwelling, were discovered. 

rose et al. focused on end-to-end modeling—from 
physics to fishers in the California Current and with 
anchovy and sardine. the regional ocean Modeling 
System (roMS) was used with ~10 km and daily reso-
lution and ~1000 km and 50 y domain. a distinguishing 
feature of this effort is the inclusion of an “individual-
based, full life cycle anchovy and sardine submodel” and 
characterizations of predators, including fishing fleets 
(rose et al. in press). this model recreates the decadal-
scale variation in anchovy and sardine dynamics, giving 
hope to our ability to predict such dynamics under a 
future, changed climate.

edwards et al. hindcast and nowcast the state of the 
California Current system using the UCSC roMS 
4D-var model4. a key element of this work is the use 
of data assimilation, i.e., the continuous incorporation of 
observational data into the model. resolution is ~10 km 
and 8d/cycle and domain being waters off California, 
oregon, and Washington and 31 years. this model has 
enabled the evaluation of fundamental physical processes, 
such as wind-induced upwelling and stratification, to 
characterize the habitat of rockfish.

Seo et al. focused on the effects of mesoscale SSt 
and surface currents on eddy kinetic energy (eke) 
and ekman pumping. a 7 km regional coupled model 
showed a 25%–30% dissipation of eke due to primarily 
to eddy-wind interactions, showing the need to include 
high-resolution air-sea coupling in both directions.

Siedlecki et al. focused on seasonal forecasts of ocean 
conditions that are “testable and relevant to annual 
management decisions” in the CCS using J-SCope5. 

1CalCOFI (California Cooperative Oceanic Fisheries Investigations)  
http://www.calcofi.org/ 

2GFDL ESM (Geophysical Fluid Dynamics Laboratory’s Earth System Model) 
http://www.gfdl.noaa.gov/earth-system-model 

3UCAR CESM (University Corporation for Atmospheric Research Community 
Earth System Model) http://www.cesm.ucar.edu/models/ccsm4.0/

4UCSC Ocean Modeling and Data Assimilation http://oceanmodeling.ucsc.edu/

5J-SCOPE (JISAO Seasonal Coastal Ocean Prediction of the Ecosystem)  
http://www.nanoos.org/products/j-scope/
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•	 Communication	and	collaboration	are	 important,	
within both the modeling community writ large and 
between it, those who observe and those who rely on

 models, particularly to make decisions in management
 and policy.

highest priority should be given to enhancing col-
laboration among governmental agencies and academic 
institutions. CalCoFi’s success is due in large part to 
the federal (National oceanic and atmospheric admin-
istration7), state (California Department of Fish and 
Wildlife8) and university (University of California, San 
Diego’s Scripps institution of oceanography9) partner-
ship of 66 years. the Symposium papers demonstrate 
the strengths of individual Noaa and academic enti-
ties in state-of-the-art prediction of the California Cur-
rent system. an investment in an enhanced partnership 
among Noaa line offices, centers and labs and coopera-
tive institutes working on the California Current system 
would have a high return in regard to informing deci-
sions on management and policy. Such entities include 
Geophysical Fluid Dynamics laboratory10, the North-
west and Southwest Fisheries Science Centers11,12, the 
pacific Marine environmental laboratory13, the Joint 
institute for the Study of the atmosphere and ocean14, 
the Cooperative institute for Marine resources Stud-
ies15, and the Cooperative institute for Marine ecosys-
tems and Climate16.

LitEraturE CitEd
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7NOAA http://www.noaa.gov/ 
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Seasonal forecasts are needed for management deci-
sions yet have been largely neglected due to their being 
between short-term forecasts and long-term predic-
tions. J-SCope combines a roMS model with the 
Noaa Climate Forecast System (3-dimensional with 
data assimilation) and a detailed model of dissolved oxy-
gen to hindcast and forecast SSt, o2, and ph locally and 
regionally. Forecast skill is good to several months. this 
model is of particular value to inform management deci-
sions in a region with significant climate-related changes 
in biogeochemistry and ecology, including fisheries and 
aquaculture.

kaplan describes the use of the atlantis6 end-to-end 
model in the California Current system. atlantis is a 
roMS-based model with differential equations defining 
interactions between physical, chemical, and biological, 
including human, components of a system. it is a highly 
parameterized model that can be tuned with observa-
tions. resolution is 12-h time steps and domain is the 
coastal waters of California, oregon, and Washington. 

ye et al. describe how nonlinear systems do not lend 
themselves to analysis and prediction using linear models. 
they show that nonlinear properties of systems, derived 
from the analysis of time series of system variables, can 
be used for short-term forecasting, hence management, 
using equation-free models.

themes derived from the combined presentations in 
the Symposium include:
•	 Scale	is	important.	As	Levin	(1992)	wrote,	we	per-

ceive “only a low-dimensional slice through a high-
dimensional cake” (p. 1945). in general, populations 
(e.g., of fish) affected by management decisions are at 
a scale currently resolved poorly in global-scale mod-
els. yet the latter are useful, if not necessary, to inform 
higher-resolution models, e.g., with boundary condi-
tions. increasing computing power and new modeling 
schemes give promise here.

•	 Two-way	coupling	is	often	important.
•	 Trade-offs	and	limits	exist.	Resolution	and	domain	

vary inversely. Forecasting and prediction of nonlin-
ear systems may be inherently limited by their chaotic 
behavior.

•	 Long-term,	continuous	observing	programs,	 such	
as CalCoFi, are necessary to support all modeling 
efforts to understand and forecast the CCS. observa-
tions are needed to create models and evaluate their 
predictive skill. environmental intelligence requires 
environmental knowledge.

6Atlantis Ecosystem Model http://www.nwfsc.noaa.gov/research/divisions/cb/
documents/atlantis_ecosystem_model.pdf
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aBstRaCt
the world’s major eastern Boundary Currents (eBC) 

are critically important areas for global fisheries. Com-
putational limitations have divided past eBC model-
ing into two types: high-resolution regional approaches 
that resolve the strong mesoscale structures involved; 
and coarse global approaches that represent the large-
scale context for eBCs but crudely resolve only the 
largest scales of their local manifestation. these latter 
global studies have illustrated the complex mechanisms 
involved in the climate change and acidification response 
in these regions, with the eBC response dominated not 
by local adjustments but large-scale reorganization of 
ocean circulation through remote forcing of water mass 
supply pathways. While qualitatively illustrating the limi-
tations of regional high-resolution studies in long-term 
projections, these studies lack the ability to robustly 
quantify change because of the inability of these models 
to represent the baseline mesoscale structures of eBCs. 
in the present work, we compare current generation 
coarse resolution (1˚) and a prototype next generation 
high-resolution (1/10˚) earth system models (esms) 
from noaa’s Geophysical Fluid Dynamics laboratory 
in representing the four major eBCs. We review the 
long-known temperature biases that the coarse models 
suffer in being unable to represent the timing and inten-
sity of upwelling-favorable winds. in promising contrast, 
we show that the high-resolution prototype is capable 
of representing not only the overall mesoscale struc-
ture in physical and biogeochemical fields, but also the 
appropriate offshore extent of temperature anomalies 
and other eBC characteristics. in terms of representation 
of large-scale circulation, results were mixed, with the 
high-resolution prototype addressing some, but not all, 
of the biases in the coarse-resolution esm. the ability 
to simulate eBCs in the global context at high resolu-
tion in global esms represents a fundamental milestone 
towards both seasonal to interannual ecological forecast-
ing and long-term projection of climate, ecosystem, and 
acidification baselines and sensitivity.

intRoDuCtion
Past work on the sensitivity of the California Cur-

rent system has shown the potential for large changes 

in ecosystem state under climate variability and change 
(rykaczewski and Dunne 2010) that agree qualitatively 
with long-term observations from CalCoFi (Bograd et 
al. 2008). specifically, GFDl’s coarse resolution esms 
projected increased nitrate (no3) in the California 
Current. While temperature and no3 are negatively 
correlated seasonally and interannually, they are posi-
tively correlated under climate change. the mechanisms 
underlying these changes were found to be a combina-
tion of poleward migration of the source-water forma-
tion region leading to increase in light limitation and 
preformed nutrient supply combined with an increase 
in residence time of source waters before upwelling 
that led to additional accumulation of nutrients before 
upwelling. this dominance of remote forcing of local 
California Current changes demonstrated the poten-
tially complex interplay of changes in atmospheric 
winds and heat fluxes, stratification, ventilation, and 
water mass pathways modulating the biogeochemical 
response. even excluding global climate change driven 
components of variation, eBCs are exposed to a suite 
of forcing modes, including: the seasonal cycle driving 
pressure gradients and winds; remote interannual forc-
ing like el niño southern oscillation, Pacific Decadal 
oscillation, and north Pacific Gyre oscillation;  
mesoscale eddies (100–150 days, 30–50 km); squirts, 
fronts, and jets (e.g., topographic forcing); weather  
(days to weeks); and the diurnal sea breeze (diurnal,  
few km scale). Perhaps most challenging, the observed 
pattern of natural upwelling and intensification of 
coastal chlorophyll, remineralized nutrients, hypoxia, 
and associated acidification is coherent all along the 
eBC, but restricted to 10–100 km from the coast (e.g., 
Feely et al. 2008). this broad combination of chal-
lenges has motivated further work in global-scale  
earth system modeling to retain the inclusion of  
basin-scale climate change mechanisms while address-
ing limited resolution of coastal dynamics within 
coarse-resolution global esms.

the nature of this challenge is daunting. While 
ocean observations indicate a strong role for mesoscale 
(10–100 km scale) variability, earth system modelers 
do not have access to computers powerful enough to 
develop models to resolve these scales in global imple-
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chemical and ecological models at high global resolution, 
we considered a suite of models assessing sensitivity across 
three dimensions of potential efficiency: biogeochemi-
cal comprehensiveness, spatial resolution, and simulation 
time. We compared a hierarchy of biogeochemical com-
prehensiveness including: CmiP5 GFDl earth system 
models which used tracers of ocean Phytoplankton 
with allometric Zooplankton version 2 (toPaZv2); 
the next generation Carbon ocean Biogeochemistry and 
lower trophics (CoBalt); the simplified Biogeochem-
istry with light, nutrients and Gas (BlinG; Galbraith 
et al. 2012); and even further reduced mini-BlinG with 
only dissolved inorganic carbon, phosphate, and oxy-
gen. in the spatial resolution dimension, we compare 
mini-BlinG and CoBalt at 1˚ (esm2m; Dunne et 
al. 2013) and 1/10˚ (Delworth et al. 2013; Griffies et 
al. 2015) ocean resolution for baseline simulation char-
acteristics and fidelity. in the simulation time dimen-
sion, we compared esm2m toPaZ long spin-up with 
short spin-up to assess the role of equilibration, and 
compared historical/future simulation (240 years) with 
the shorter, idealized 1%Co2/yr to doubling perturba-
tion (80 years) to assess the role of perturbation times-
cale to biogeochemical response. the analysis described 

mentations; the current generation ~1˚ esms have con-
siderable regional process-level and fidelity biases. this 
implies that they commonly misrepresent phenomena 
such as the position and variability of the major current 
structures, the scales of either coastal and curl-driven 
upwelling, topographic and land-sea atmospheric inter-
actions, and mechanistic ecological interactions. at least 
1/10˚ resolution is necessary to resolve the rossby 
radius of mesoscale eddies in the mid to high latitudes 
where these phenomena modulate the connection 
between the ocean surface and interior. Finally, adding 
biogeochemical tracers is computationally expensive, 
about 10%–20% per tracer over that of temperature and 
salinity alone. overall, while the 1˚ esm takes about 
1.6 hours to run a year on 432 cores, the full 1/10˚ 
takes about 60 hours to run a year on 15,744 cores—
an increase of over a thousand-fold in cost. such sim-
ulations are extremely difficult to configure and run 
and their results more indicative of prototypes than of 
exhaustively developed and vetted products.

methoDs
to address the challenge of our computational inabil-

ity to run long simulations of comprehensive biogeo-

Figure 1. Comparison of surface chlorophyll from SeaWiFS satellite observations (top; http://oceandata.sci.gsfc.nasa.gov/
SeaWiFS/Mapped/Monthly/9km/) with coarse, 1˚ resolution COBALT in ESM2M (bottom left; Stock et al. 2014) and 1/10˚ 
resolution COBALT in ESM2.6 (bottom right; present study).
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terms of chlorophyll, esm2.6 exhibits both similarly vast 
improvement in the qualitative structure nearshore and 
marked improvement offshore, but the highest values of 
chlorophyll in esm2.6 (about 1.2 μg/l; <0.1 after the 
log transform in fig. 2) remain an order of magnitude 
lower than satellite observations, which exceed 10 μg/l 
(>1 after the log transform in fig. 2).

overall, we consider these extremely exciting results 
and are highly confident that future high-resolution 
models will be vastly more applicable to living marine 
resource applications when computational capacities 
allow full implementation. While these models are rev-
olutionary in representing various aspects of mesoscale 
dynamics as they may impact ecosystems on the global 
scale, many challenges remain. one of these challenges is 
that the high-resolution model retains much of the large-
scale biases seen in the coarse-resolution model. a sec-

herein focuses on the baseline simulation characteristics 
of the short simulation combining the comprehensive 
CoBalt ecosystem model with the highest spatial res-
olution climate simulation (~1/10 degree ocean, 50 km 
atmosphere). We refer to this model as esm2.6.

GFDl’s current esm2m and esm2G are publicly 
available as part of CmiP5. they use tracers of ocean 
Phytoplankton with allometric Zooplankton version 
2 (toPaZv2) to simulate a coupled suite of multi-
elemental mechanisms controlling the ocean carbon 
cycle. this, in turn, is done through their interacting 
cycles that incorporate allometric, optimal allocation, 
and ballast theory through global process-level calibra-
tion and distributional biogeochemical validation. tak-
ing toPaZ as it’s starting point, GFDl’s next generation 
biogeochemistry enhances representation of ecosystem 
structure towards improvement of resolution of energy 
flows through the planktonic food web and more robust 
applications, meeting noaa’s stewardship mandate for 
living marine resources. this model, Carbon ocean 
Biogeochemistry and lower trophics (CoBalt; stock 
and Dunne 2010; stock et al. 2013), increases the num-
ber of zooplankton types from 1 to 3 and adds explicit 
bacteria with a considerable augmentation of theoretical 
and observational justification for structural and param-
eter decision making.

Results
the sensitivity to resolution at higher comprehen-

siveness is illustrated for the California Current eBC 
in Figure 1. Comparison of 1˚ and 1/10˚ resolutions in 
the most comprehensive CoBalt model demonstrates 
vast improvement in the ability to represent the ecologi-
cal response to mesoscale dynamics. most striking is the 
improved ability to represent high chlorophyll associ-
ated with mesoscale upwelling and transport along the 
northern portion of the California Current upwelling 
region. in addition, there are improvements in the rep-
resentation of the transition between mesotrophy in the 
offshore subpolar gyre and oligotrophy in the offshore 
subtropical gyre (blue to purple in fig. 1). Furthermore, 
the high-resolution model captures modes of mesoscale 
variance within the subpolar gyre that the coarse model 
is incapable of generating.

the relative ability of these models to represent the 
patterns of depressed temperature and elevated chlo-
rophyll associated with eBC upwelling is shown more 
quantitatively in Figure 2. While the 1˚ resolution model 
(red) struggles to capture the signature of upwelling at all 
latitudes, esm2.6 captures both the quantitative depres-
sion of temperature at the coast and the spatial scale 
of return to open ocean conditions offshore (top panel 
of fig. 2). however, those offshore temperatures tend 
to be too warm in both models to a similar extent. in 

Figure 2. Comparison of Satellite Observations (Black), with coarse, 1˚ resolu-
tion COBALT in ESM2M (red; Stock et al. 2014) and 1/10˚ resolution COBALT 
in ESM2.6 (red; present study) for sea surfaces temperature (C; top; http://
www.nodc.noaa.gov/SatelliteData/pathfinder4km/) and log(chlorophyll μg/l) 
(bottom; http://oceandata.sci.gsfc.nasa.gov/SeaWiFS/Mapped/Monthly/9km/). 
The number of points in each case reflects the pixel resolution in each case—
similar for ESM2.6 and the satellite observations, but considerably lower in 
the 1˚ resolution model.
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ond challenge is that while higher resolution improved 
representation of areas with peak chlorophyll values 
about 1.2 μg/l, satellite and field observations commonly 
exceed 10 μg/l chlorophyll in blooms. Whether this lack 
of ecological dynamism captured in esm2.6 is related to 
a lack of physical dynamics of fronts and other subme-
soscale phenomena, to lack of pelagic ecological bio-
diversity—particularly with respect to coastal diatoms, 
or related to a lack of representation of coastal and ben-
thic interactions—is a focus of current and future work.
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BaCkground
though global climate models can represent many 

identifiable features of the climate system, they also suf-
fer from significant localized biases. Climate model biases 
are not uniform over the globe. for example, in the 
ocean, modeled sea surface temperature (sst) errors are 
often largest along the continental margins. many cou-
pled climate models generate very large sst biases in 
the coastal upwelling regions of the California Current 
system (CCs), the humboldt Current system (hCs), 
and the Benguela Current system (BCs), where simu-
lated mean ssts are much warmer than observed. the 
nCar-CCsm3 (spectral atmosphere) used in iPCC-
ar4 was no exception, with biases in excess of 3˚C in 
all three regions. furthermore, these sst biases have sig-
nificant remote effects on surface and subsurface tem-
perature and salinity, and on precipitation and hence 
atmospheric heating and circulation (Collins et al. 2006). 
large and Danabasoglu (2006) showed, in particular, 
with observed ssts imposed along the BCs coast in an 
otherwise freely-evolving CCsm3 simulation there are 
significant improvements in precipitation in the west-
ern indian ocean, over the african continent, and across 
the Equatorial atlantic. imposed ssts along the hCs 
coast reduce precipitation in the so-called double inter-
tropical Convergence Zone (itCZ) region of the south 
tropical Pacific. 

these errors often coincide with regions of impor-
tance to oceanic ecosystems and nearby human pop-
ulations. in the intergovernmental Panel on Climate 
Change fourth (iPCC-ar4) Working group 1 assess-
ment report, where the reliability of the models used 
to make projections of future climate change is assessed, 
randall et al. (2007) discuss the many improvements 
and the strengths of the current generation of cou-
pled models of the physical climate system, but they 
also highlight a number of remaining significant model 
errors. furthermore, they state, “the ultimate source 
of most such errors is that many important small-scale 
processes cannot be represented explicitly in models, 
and so must be included in approximate form as they 
interact with larger-scale features.” some of the rea-
sons given for the deficiencies are limited computer 

power, data availability, and scientific understanding. 
Conversely, regional models have shown significant skill 
in modeling coastal processes (e.g., Curchitser et al. 
2005; Powell et al. 2007; Combes et al. 2009; Veneziani 
et al. 2009a,b). this creates the opportunity to develop 
multi-scale numerical solution schemes that adapt 
the resolution in specific areas of interest, such as the  
California Current system.

Coastal winds in the latest CCsm4 with a 2˚ reso-
lution (finite volume) atmosphere produce even larger 
sst biases than were apparent in CCsm3, despite 
many improvements to the physical model components. 
improving the coastal winds by increasing the atmo-
spheric resolution to 1˚ however, significantly reduces 
the coastal sst biases. the implication is that the further 
reductions in the ssts required to eliminate the coastal 
biases under present day conditions will likely also need 
to come from improvements to the ocean physics and 
the upwelling of cold water in particular. these improve-
ments must be realized before the regional biogeochem-
istry and ecosystem models can be expected to behave 
accurately because of the sensitivity to temperature and 
the critical importance of upwelled nutrients for bio-
logical processes.

in order to address the above issues we developed a 
new multi-scale ocean as part of the u.s. national Cen-
ter for atmospheric research Community Earth sys-
tem model (nCar-CEsm). the new composite ocean 
consists of the global Parallel ocean Program (PoP) and 
the regional ocean modeling system (roms). the 
new composite ocean is connected to the rest of the 
CEsm climate model through a modified flux coupler.

results from the multi-sCale  
Coupled model

in order to test and demonstrate the capabilities of 
the multi-scale climate model, we have been carrying 
out a series of simulations where the northeast Pacific 
upwelling region is solved using a high-resolution (7 
km) ocean within a global (1˚) model and a 1˚ atmo-
sphere. sea ice is solved on the ocean grid and the land 
surface model on the atmospheric grid. the CEsm is 
initialized from a spun-up climatology and time-stepped 
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of the biases exhibited by low-resolution global mod-
els in regions with implications for marine ecosystems. 
long integrations show that this configuration is able 
to address some of these regional biases. furthermore, 
by preserving the feedbacks between the regional and 
global climate models we are able to study upscaling 
effects that arise from the regionally introduced pertur-
bations. in the case presented here we see effect as far 
afield as the north atlantic ocean. further studies are 
proceeding by studying the effects of resolving other 
major upwelling regions as well a new study in a west-
ern boundary current region where global models also 
show sea surface temperature biases. future plans include 
adding a biogeochemistry model to this configuration 
in order to study the role of upwelling regions in the 
global Co2 cycles.
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for 150 years. this simulation is then compared to a con-
trol run without the high-resolution ocean. the new 
multi-scale ocean is able to resolve the upwelling that is 
mostly missing from the global simulations, and this has 
a significant effect on the regional wind patterns.

figure 1 shows the surface sea temperature and stan-
dard deviation for summer months (June–august) of 
the control simulation and the corresponding anom-
alies with the composite model for the last 140 years 
of simulation. the thick black lines outline regions of 
95% confidence based on t- and f-tests for the mean 
and standard deviations, respectively. the temperature 
anomaly plot shows the local cooling effect that results 
from resolving the upwelling in the northeast Pacific 
and also remote effects in the atlantic ocean. significant, 
and robust, effects are also seen in other variables such as 
tropical precipitation and sea level pressure. 

summary
a new multi-scale capability was developed by merg-

ing a global ocean and a regional ocean model within 
a global climate model. the goal was to address some 

 

 

 
 
 

 
 

 

 

 

 
 
 
 

Figure 4:  Mean and standard 
deviation for the summer months of 
both the control and composite 
simulations.  Thick black lines 
indicate 95% confidence level using 
the T- and F-test for the mean and 
deviation, respectively.  Note both 
the local and remote effects caused 
by the perturbation that results from 
resolving the upwelling signal in the 
northeast Pacific region.   

Figure 1. Mean and standard deviation for the summer months of both the 
control and composite simulations. Thick black lines indicate 95% confidence 
level using the T- and F-test for the mean and deviation, respectively. Note 
both the local and remote effects caused by the perturbation that results from 
resolving the upwelling signal in the northeast Pacific region. 
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End-to-End modEling of sardinE and anchovy  
in thE california currEnt systEm

end-to-end models are receiving increasing attention 
as a quantitative tool for investigating marine ecosys-
tem responses to climate variation and fisheries manage-
ment. end-to-end models typically combine submodels 
of physics (hydrodynamics), lower trophic levels (nutri-
ent-phytoplankton-zooplankton, nPZ), and upper tro-
phic levels (fish, birds, fishers) into a single modeling 
framework (Plagányi 2007). such models are attrac-
tive because they can simulate a wide variety of effects, 
including ecosystem responses to interannual environ-
mental variation, changes in fishing, and episodic and 
long-term trends in climate conditions. our focus in 
this paper is on the development of an end-to-end 
model (climate to fish to fishers), using the sardine-
anchovy system of the California Current (CC). the 
sardine-anchovy low- frequency population cycles have 
been studied for decades (Lluch-Belda et al. 1989). We 
focus here on how interannual variation in environmen-
tal conditions affected the decadal cycles in sardine and 
anchovy populations.  

our end-to-end model is 3-dimensional, time-
varying, and multispecies, and consists of four coupled 
submodels: hydrodynamics, eulerian nitrogen-phyto-

plankton-zooplankton (nemURo nP2Z3), an individ-
ual-based full life cycle anchovy and sardine submodel, 
and an agent-based fishing fleet submodel (Rose et al. 
2015). All submodels were coded within the Roms 
community software package, and used the same reso-
lution spatial grid and were all solved simultaneously 
to allow for possible feedbacks among the submodels. 
A historical simulation of 1959-2008 was performed 
(fig. 1) that showed a switch from anchovy dominance to 
sardine dominance in the mid-1990s. A more in-depth 
analysis of the causes for the population cycles in the 
historical simulation is reported in Fiechter et al. (2015). 
Results illustrate how slightly different temperature and 
diet preferences between sardine and anchovy can lead 
to their different responses to environmental variability. 
simulated adult population fluctuations were associated 
with age-1 growth (via age-2 egg production) and prey 
availability for anchovy, while they depended primarily 
on age-0 survival and temperature for sardine. 

our analysis demonstrates that the technology is 
available for developing and using 3-dimensional fully- 
coupled multispecies end-to-end models.  We conclude 
with a discussion about the prospects for using such end-
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to-end models for strategic and tactical predictions.  the 
time is now for development and testing of these end-
to-end models so we are ready with models of suffi-
cient and documented confidence for wide-spread usage 
within the next decade.

Figure 1. Annual values on January 1 of age-1 and older simulated biomasses 
of anchovy and sardine in the historical simulation.
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Hindcasting and nowcasting tHe pHysical and biological state  
of tHe california current system

Assessing the past or present state of the ocean and 
predicting its future state are challenging enterprises.  
observing activities are expensive, and as a result the 
ocean is woefully undersampled relative to important 
scales of variability spanning several orders of magni-
tude (from meters to hundreds of kilometers) in space 
and hours to decades in time. numerical ocean models 
offer a relatively inexpensive alternative to observational 
sampling, and provide fully 4-dimensional representa-
tion of ocean fields and governing processes to better 
understand field distributions and changes. Yet numerical 
ocean models offer imperfect representations of nature 
for many unavoidable reasons, including errors in model 
initial conditions, forcing fields, model parameterizations, 
and discretization of the model on a finite grid. in ocean 
state estimation modelers use methods of data assimila-
tion to rigorously adjust control variables (e.g., model 
initial conditions or forcing fields) to reduce discrepan-
cies between model fields and observations (edwards 
et al. 2015).

the widely-used regional ocean Modeling system 
(roMs; shchepetkin and Mcwilliams 2005) includes 
an advanced 4-dimensional variational data assimilation 
capability (Moore et al. 2011a) that has been applied in 
various California Current system configurations. the 
uC santa Cruz ocean Modeling group implementa-
tion consists of a domain extending from 30˚n to 48˚n 
(Baja California, Mexico, to near puget sound, wash-
ington) and offshore to 134˚w, resolved at 1/10 degree, 
with 42 terrain-following levels spanning the water col-
umn (Broquet et al. 2010, Moore et al. 2011b, 2013). 
experience assimilating a variety of physical data types 
has shown that the system produces ocean state estimates 
with reduced root-mean-square error of both assimilated 
and unassimilated observations relative to unconstrained 
model output (Broquet et al. 2009). Forecast-like calcu-
lations in which the final state of one assimilation cycle 
is used as an initial state for an unconstrained forecast 
indicate that model skill is sustained beyond the period 
of assimilation alone.

Figure 1. (a) Reanalysis sea surface temperature (SST) on July 17, 2004. (b) Corrections to the prior estimate of SST that were calculated through data assimila-
tion and resulted in the field shown in (a).
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perature, salinity, and sea surface height are constrained 
by observations. exciting developments are underway 
to extend this capability to biogeochemical variables. 
the uC santa Cruz ocean Modeling group has imple-
mented a form of 4d-Var that accounts for the differing 
statistics of ecosystem variables relative to physical vari-
ables. Chlorophyll in the ocean has been shown to be 
better represented by lognormal statistics than by gauss-
ian distributions (Campbell 1995). the coupled physical-
biogeochemical assimilation system incorporates surface 
chlorophyll, and offers considerable promise for hind-
casting and nowcasting the combined physical and lower 
trophic level biological ocean state (song et al. in prep.).

litEraturE citEd
Atlas, r., r. n. hoffman, J. Ardizzone, s. M. leidner, J. C. Jusem, d. K. smith, 

and d. gombos. 2011. A cross-calibrated, multiplatform ocean surface 
wind velocity product for meteorological and oceanographic applications. 
Bull. Amer. Meteor. soc., 92, 157–174. doi: 10.1175/2010BAMs2946.1.

Bakun, A. 1973. Coastal upwelling indices, west coast of north America, 
1946–71, noAA tech. rep., nMFs ssrF-671, 103 pp., u.s. dep. of 
Commer.

Broquet, g., A. M. Moore, h. g. Arango, and C. A. edwards. 2010. Cor-
rections to ocean surface forcing in the California Current system 
 using 4d variational data assimilation, ocean Mod. 36, doi:10.1016/j. 
ocemod.2010.10.005.

Broquet g., A. M. Moore, h. g. Arango, C. A. edwards, and B. s. powell. 2009. 
ocean state and surface forcing correction using the roMs-is4dVAr 
data assimilation system, Mercator ocean Quarterly newsletter, Mercator 
ocean Quarterly newsletter, 34, pp. 5–13.

A set of data assimilative reanalyses using the uCsC 
roMs 4d-Var configuration has been calculated for 
the CCs (neveu et al. 2015; Crawford et al. 2015). this 
product assimilated sea surface temperature (sst) from 
multiple satellite platforms, satellite-derived sea surface 
height, and in situ hydrography from various sources in a 
series of 8-day cycles extending from 1980 to 2010. lat-
eral boundary conditions were derived from the sodA 
global ocean state estimate (Carton and giese 2008). 
surface forcing was provided by a combination of 
CCMp winds (Atlas et al. 2011) and other atmospheric 
fields from the erA40 (Källberg et al. 2004) and erA-
interim (dee et al. 2011) products. this model output 
represents a best estimate 31-year, hindcast of the phys-
ical state of the California Current, and is served by 
the uC ocean Modeling group for analysis (http:// 
oceanmodeling.ucsc.edu).

 example output from a reanalysis assimilation cycle 
is shown in Figure 1. sst on this date exhibits cold 
upwelled water along the central California coast, with 
warm water bathing the southern California Bight. 
largely mesoscale corrections to a prior estimate, 
ranging up to about 2 degrees, result in this posterior 
state estimate.

this set of reanalyses has several applications that may 
be of interest to the CalCoFi community. it can be 
used for evaluation of fundamental physical processes. 
For example, upwelling within the CCs is challenging 
to observe directly, and in the absence of other informa-
tion, a coastal upwelling index based on ekman theory 
is often used as a proxy (Bakun 1973). the reanalyses 
reveal that modeled upwelling transport is reasonably 
approximated by the upwelling index north of about 
39˚n, but is poorly represented south of this latitude 
(fig. 2; Jacox et al. 2014). Actual upwelling transport dif-
fers from ekman transport in regions where cross-shore 
geostrophic transport encounters the coastal bound-
ary (Marchesiello and estrade 2010). reduction of the 
reanalyses into empirical orthogonal functions reveals 
anomalous nearshore upwelling transport whose princi-
pal component relates to large-scale climate indices such 
as the npgo and pdo (Jacox et al. 2014).

ocean state estimates can also be used to provide con-
text for fisheries studies. schroeder et al. (2014) evalu-
ated the reanalyses against data collected from the nMFs 
rockfish recruitment and ecosystem Assessment sur-
veys. that study identified correlations between bio-
logical stocks (juvenile rockfish and krill) and physical 
variables from the reanalyses such as the depth of the 
26.0 kg/m3 isopycnal surface.

ocean data assimilation is increasingly becoming a 
routine activity in global and many regional ocean envi-
ronments. to date, however, most research has focused on 
physical data assimilation in which ocean currents, tem-
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Figure 2. 12-month running means of upwelling estimates from the NOAA 
Coastal Upwelling Index (CUI, black) and the ROMS-CCS model (blue) of 
Moore et al. (2013). Model transports are integrated from the coast to 200 km 
offshore, averaged over 3˚ of latitude for consistency with the CUI, and cal-
culated as transport across a depth level of 40 m. Adapted from Jacox et al. 
(2014).
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EffEct of Eddy-Wind intEraction on Ekman PumPing and Eddy kinEtic EnErgy:
a rEgional couPlEd modEling Study for thE california currEnt SyStEm

the California Current system (CCS) is characterized 
by the energetic summertime mesoscale and filamentary 
eddies with typical anomalies in sea surface temperature 
(SSt) and surface current exceeding 2˚C and 0.5 cms–1, 
respectively. recent satellite observations show that both 
SSt and surface current at oceanic mesoscales signifi-
cantly influence the ekman pumping velocity, suggestive 
of a subsequent dynamical feedback effect on the eddy 
energetics. the extent to which this mesoscale coupling is 
important for the ekman pumping and the eddy kinetic 
energy (eKe) budget in the CCS is the focus of this study. 

a series of the 7 km SCoar regional coupled model 
simulations is carried out, in which the effects of meso-
scale SSt and mesoscale surface current are selectively 
removed in the formulation of surface wind stress. this 
is achieved by invoking an interactive spatial smoother, 
which removes oceanic structures with scales smaller 
than 300 km from the wind stress calculation. the total 
summertime ekman pumping velocity is explained 
largely by two terms having comparable magnitudes: 
the linear ekman pumping resulting from the curl of 
wind stress and the nonlinear ekman pumping due to 
the gradient of surface vorticity by mesoscale current. 

the ekman pumping due to the mesoscale SSt through 
the linear relationship between the wind stress curl and 
the crosswind SSt gradient is comparatively small. the 
simulated summertime eKe level in the CCS is reduced 
by ~30% (fig. 1) when the mesoscale eddies are allowed 
to influence the wind stress, and this reduction is almost 
entirely due to the effect of mesoscale current. 

examination of the upper ocean eKe budget terms 
shows that the dissipation of the eKe results mainly 
from the increased surface drags associated with a stron-
ger correlation between the eddy-induced current and 
the wind stress. the change in SSt climatology in the 
CCS is a resulting response from the offshore temper-
ature advection by the mean and eddy currents of the 
upwelled water over the shelf. the magnitude of the 
mean SSt change is greater with the mesoscale cur-
rent than the mesoscale SSt. overall, the demonstrated 
importance of the eddy-wind interactions via mesoscale 
surface current suggests that the high-resolution ocean 
and coupled modeling studies over the energetic (sub)
mesoscale variability and transient mixed layer fronts 
need to evaluate the dynamics and impact of small-scale 
air-sea coupling via surface current. 
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Figure 1. Eddy kinetic energy (EKE) for simulated surface currents in the five model cases averaged over each month of the year from 2005–10. Red is for full 
coupling. Purple is for no mesoscale SST coupling in wind stress. Green is for no mesoscale current coupling in wind stress. Dark blue is for no mesoscale SST 
or current coupling in wind stress. Light blue is for no ocean (mesoscale and large-scale) current coupling in wind stress. Allowing mesoscale eddies to affect the 
wind stress coupling reduces EKE by 25%–30%, while mesoscale SST coupling has very small effects on EKE.



Siedlecki et al.: Predicting HyPoxia and ocean acidification of tHe coaStal WaterS of tHe ccS
calcofi rep., Vol. 56, 2015

84

S. A. Siedlecki, A. HermAnn, n. Bond
University of Washington, JiSAo 

3737 Brooklyn Ave ne
Box 355672

Seattle, WA 98195

A. HermAnn, n. Bond, S. Alin, r. Feely
noAA, Pmel

7600 Sand Point Way ne 
Seattle, WA 98115

iSAAc c. kAPlAn, J. neWton
University of Washington, APl

2725 montlake Blvd e
Seattle, WA 98112

JAn neWton
University of Washington, APl

1013 ne 40th Street
Box 355640

Seattle, WA 98105-6698

Predicting HyPoxia and ocean acidification of tHe coastal Waters of tHe ccs: 
WHat do We KnoW and WHat can We exPect?

Predictions of ocean acidification and hypoxia were 
incorporated into the iPcc report (2013) for the first 
time last year, and forecasts on shorter time scales have 
now been developed in the california current system. 
High-resolution, regional, hindcast models capable of 
simulating hypoxia and ocean acidification events exist 
and provide the foundation for forecasting efforts. to 
build a forecast system, the necessary ingredients include 
a real-time observational network, a validated down-
scaled hindcast simulation for the region complete with 
biogeochemistry, a region with predictive skill in both 
winds and SSt, and an identified group of stakehold-
ers with products designed in mind for them. Here, we 
use romS as the link from short-term, large-scale, cli-
mate forecasts to ecological processes relevant to the 
california current integrated ecosystem Assessment. 
our overarching goal is to provide short-term (six to 

nine month) forecasts of ocean conditions that are test-
able and relevant to annual management decisions for 
biological components in the california current inte-
grated ecosystem Assessment (ccieA) (levin and 
Schwing 2011). regional hindcast models have been 
developed to understand the dynamics on the shelf 
with success, such that biogeochemical models can be 
designed and linked to them as well (liu et al. 2009; 
maccready et al. 2009; Banas et al. 2009; Sutherland et 
al. 2011; Giddings et al. 2014; davis et al. 2014; Siedlecki 
et al. 2015). ocean models have advanced in their abil-
ity to simulate, or hindcast, spatial structures, seasonal 
variability, and interannual variability when the forcing 
is known.  JiSAo’s Seasonal coastal ocean Prediction 
of the ecosystem (J-ScoPe) is a combination of the 
regional ocean modeling System (romS; Haidvo-
gel et al. 2008) with a detailed oxygen model (Siedlecki 

Figure 1. Study region for the J-SCOPE forecast system model. Maps of bottom oxygen (left), chlorophyll (middle, μg/l), and SST from the April 2013 forecasts 
of August, 2013.
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et al. 2015) and large-scale predictions from noAA’s 
climate Forecast System (cFS) (Saha et al. 2006, 2010; 
Wen et al. 2012). cFS provides skillful predictions for 
the region in terms of winds and SSt. the cFS is cur-
rently being run operationally by noAA/nceP/cPc 
for seasonal weather prediction. in the case of J-ScoPe, 
nAnooS, the Pacific northwest regional component 
of US iooS, provides the access point to the J-ScoPe 
seasonal forecasts (http://www.nanoos.org/products/ 
 j-scope/), as well as a portal for real-time regional obser-
vations. Additionally nAnooS brings linkage to and 
feedback from resource managers and other stakehold-
ers with interest in the J-ScoPe forecast information. 
Finally, the ccieA has partnered with us to advise on 
the developing product. through comparisons of model 
hindcasts and re-forecasts for 2009 and 2013 with local 
observations, predictive capabilities have been examined 
for SSt, oxygen, and pH. challenges in forecasting sea-
sonally in the coastal environment include prediction of 
the fall transition, radiation biases, and the ability of the 
large-scale model to predict the frequency of relaxations 
events. results for the years tested suggest J-ScoPe 
forecasts had skill on the timescales of a few months. 
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END-TO-END MODELING TO PREDICT GLOBAL CHANGE EFFECTS  
IN THE CALIFORNIA CURRENT ECOSYSTEM

End-to-end models of marine ecosystems couple 
climate, oceanography, food webs, and fisheries (Trav-
ers et al. 2007). These kinds of large-scale approaches 
are necessary to understand the cumulative and syner-
gistic impacts of global change and the implications of 
marine management. End-to-end models of the cal-
ifornia current, such as atlantis (Kaplan et al. 2013) 
and the nEMURO plankton-sardine model (Fiechter 
et al. 2014) simulate mechanisms of ecological interac-
tions and are mainly of use for decadal time scales, and 
in these ways differ from some other marine forecast-
ing techniques presented in this calcOFI symposium 
and elsewhere. The oceanographic features of end-to-
end models are often directly driven by simulations of 
ocean physics (curchitser et al. 2005) and increasingly 
by projections of the ocean and atmosphere under cli-
mate change (Dunne et al. 2012). 

End-to-end models can play a predictive role, rank-
ing management options and investigating scenarios and 
hypotheses regarding how global change will unfold. 
approximately five years ago, Rose and colleagues 
(2010) urged “restraint in using end-to-end models in 
a true forecasting mode.” Five years later, end-to-end 
models have advanced substantially, as evidenced by 
both basic research and fisheries management applica-
tions. End-to-end models can now meet higher stan-
dards for model review, fitting, and consideration of 
uncertainty. One example was a recent multiday review 
of the california current atlantis model, conducted by 
external reviewers and members of the pacific Fishery 
Management council’s scientific and statistical com-
mittee1. The review included consideration of model 
calibration, fits to history, uncertainty, and parameter 
sensitivity. 

End-to-end models have already provided some sim-
ple predictions of climate change impacts in the califor-
nia current (Kaplan et al. 2010; ainsworth et al. 2011). 
additionally, they have been used to predict food web 
impacts of fisheries, fishery management actions, and 
harvest of forage stocks (Kaplan et al. 2012, 2013). These 
efforts using the california current atlantis model are 

now being refined to provide improved spatial and taxo-
nomic resolution of the biology, and more detailed pro-
jections of oceanography under climate change. Finally, 
california current atlantis model results have been 
applied to strategic management questions in the con-
text of an Environmental Impact statement for ground-
fish fisheries (pacific Fishery Management council and 
national Marine Fisheries service 2014). 

In conclusion, end-to-end models such as the califor-
nia current atlantis model can be used to predict food 
web impacts of fisheries; these efforts depend on col-
laboration with field-based programs such as calcOFI. 
predictions of global change are possible and are improv-
ing and depend on collaboration with oceanographic 
research groups. End-to-end models are not tactical 
tools, and are not intended for short-term predictions 
(e.g., annual decision cycles). However, strategic man-
agement advice from end-to-end models is appropriate 
for a variety of ecosystem-based management needs, for 
instance within fishery management plans, fishery eco-
system plans, and cumulative impacts assessments. 
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Predicting the Future in a nonlinear World

Complex nonlinear dynamics are a general character-
istic of ecosystems and a challenge for scientists who seek 
to understand, model, and manage them. these com-
plex dynamics can result from the interaction between 
endogenous feedbacks, external forcing, and noise (i.e., 
stochasticity) and can lead to gradual shifts, switching 
between alternative stable states, deterministic chaos, 
mirage correlations, and critical transitions. although the 
presence of nonlinear, state-dependent behavior means 
that it may not be possible able to predict the exact state 
of ecosystems 10–50 years from now, there remains a 
need for analytical tools that can address the nonlinear 
behaviors of real ecosystems. Such tools are important to 
produce accurate forecasts in the short-term, to under-
stand key ecological mechanisms, and to enable adaptive 
management strategies that remain robust in response to 
such phenomena as climate change and invasive species.

a fundamental problem with traditional modeling 
approaches is that they are based on parametric equa-
tions, which represent very specific hypotheses about 
system behavior that can be difficult to justify (Wood 
and thomas 1999). Moreover, these models often make 
simplifying assumptions (e.g., that systems are at equi-
librium, different interactions are linearly separable) that 

do not line up with the known nonlinear reality. Con-
sequently, these models can lack the flexibility to pre-
dict future behavior even when they are able to fit the 
observed data. For example, in nonlinear systems, cor-
relations between variables may not be detectable even 
if they are dynamically coupled (fig. 1). thus, variables 
can appear correlated for the duration of a research study, 
but this correlation may vanish even though the dynam-
ics have not changed.

one alternative to conventional parametric mod-
els is the framework of empirical Dynamic Modeling 
(eDM), which does not assume any particular set of 
equations for the relationships between variables, but 
instead reconstructs behavior directly from time series 
data. eDM is based on takens’ theorem (takens 1981) 
and the method of time delay embedding (Packard et 
al. 1980), which enables it to describe dynamical rela-
tionships that are too complex or subtle to capture in a 
simple set of equations. a brief description of the meth-
ods can be found in this short animation: http://simplex.
ucsd.edu/eDM_101_rMM.mov.

in addition to the basic methodology of eDM, dif-
ferent techniques have been developed that extend the 
approach for specific applications: testing for the influ-
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Figure 1. (From Sugihara et al. 2012). Correlations between variables (red and blue) can be ephemeral in nonlinear systems. In panel A, the two variables appear 
correlated, but in panel b, the variables appear anti-correlated. In panel c, and over longer time periods, there is no correlation, even though the system is dynami-
cally coupled. See Sugihara et al. 2012 for model details and parameters.
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the latest revision to management, by the Pacific Fish-
ery Management Council, establishes harvest control 
guidelines that respond to a temperature index derived 
from CalCoFi data, thought to be a better indicator 
of whether conditions are beneficial or detrimental for 
recruitment.

Environmental Influences on Fraser River  
Sockeye Salmon

a similar question of environmental drivers involves 
sockeye salmon from the Fraser river system in British 
Columbia, Canada. early work on this system found that 
the productivity of these salmon was related to ocean 
regimes (Beamish et al. 1997) and recent studies sug-
gested that anomalous oceanic conditions experienced 
by juvenile salmon were responsible for extreme recruit-
ment in 2009 and 2010 (thomson et al. 2012). How-
ever, explicit incorporation of environmental factors into 
extensions of the standard ricker model have, to date, 
produced no significant improvement in actual forecasts 
(MacDonald and Grant 2012).

using time series of salmon abundance and the same 
environmental variables tested in official forecast mod-
els, we applied the equation-free framework of eDM, 
and found that forecasts were significantly improved by 
the inclusion of environmental factors for the 9 his-
torically most abundant stocks (Ye et al. 2015). in con-
junction with the lack of improvement in conventional 
fisheries models, these results suggest that the interaction 
between environment and Fraser river sockeye salmon 
is state-dependent, and therefore not readily encapsu-
lated in simple mechanistic equations (i.e., the extended 
ricker stock-recruitment model).

More generally, we note that, although simple para-
metric models may work over short time periods, such 
models need to be constantly refit (e.g., an analysis by 
Beamish et al. 2004 showing better fits of the simple 
ricker model when data are partitioned by climate and 
ocean regimes, a Kalman-filter based approach from 
Peterman et al. 2000 wherein the ricker model param-
eters undergo random drift). Consequently, when the 
system enters a new state where relationships change, 
the models will lack predictive power. Moreover, such 
models are unsatisfactory from a scientific perspective, 
because they do not explain actual ecological mecha-
nisms—instead the models track the nonlinear behavior 
of the system phenomenologically as if it were random 
and therefore do not predict.

concLusions
these examples demonstrate the utility of eDM as a 

data-driven approach for understanding and predicting 
the future in a nonlinear world. as a general framework, 
current methods (e.g., CCM, simplex projection) only 

ence of exogenous factors (Dixon et al. 1999; Deyle et 
al. 2013), identifying causal interactions (Sugihara et al. 
2012; Clark et al. 2015), and even leveraging data from 
ecological or spatial replicates (Hsieh et al. 2008; Clark 
et al. 2015). Here, we describe the usage of eDM in two 
real-world examples of ecological forecasting: (1) identi-
fication of a causal linkage between sea surface temper-
ature and Pacific sardine populations in the California 
Current system and (2) an investigation into the influ-
ence of environmental variability on Fraser river sock-
eye salmon recruitment.

Sea Surface Temperature and Pacific Sardine in 
the California Current Ecosystem

there has been a long-standing question about 
whether fluctuations in forage fish abundance are envi-
ronmentally driven. a well-known example is found in 
the case of Pacific sardine (Sardinops sagax) in the Cali-
fornia Current ecosystem. in California, the Pacific sar-
dine fishery was a rare example of management that 
explicitly considers environmental conditions. the ratio-
nale for this policy was based on work by Jacobson and 
MacCall (1995), which reported a significant relationship 
between sea surface temperatures (SSt) and recruitment. 
However, several more recent studies that reanalyze the 
relationship using newer data have brought the cor-
relation between SSt and recruitment into question. 
the conclusions depend on both the temperature mea-
sures examined and the fitting methodology employed 
(McClatchie et al. 2010; lindegren and Checkley 2013; 
Jacobson and McClatchie 2013).

this conundrum can be resolved by using eDM. 
From a nonlinear perspective, the lack of a significant 
correlation does not necessarily indicate a lack of causal-
ity. indeed, an analysis of this system using the method of 
convergent cross mapping (CCM) revealed that informa-
tion about sea surface temperature (SSt) was encoded 
in sardine time series, suggesting an effect of SSt on 
sardine populations (Sugihara et al. 2012). However, 
a bottom-line test of whether temperature should be 
considered for management purposes is if temperature 
measurements can actually improve forecasts of sardine 
abundance.

using eDM models with different environmental 
measures included as additional coordinates, we found 
that several temperature variables (Sio pier tempera-
ture and the Pacific Decadal oscillation) did significantly 
improve forecasts (Deyle et al. 2013). these results pro-
vide confirmation that environmental factors do contain 
information (beyond that of the biological time series) 
useful for prediction, but to different degrees depend-
ing on the variable. thus, for management purposes, it 
makes sense to include as robust a measure as possible of 
the relevant ecosystem affecting Pacific sardines. indeed, 
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address certain basic applications, but further develop-
ments will continue to bridge the gap between theory 
and practical usage. as a result, there is a huge poten-
tial for increasing use of the eDM framework in situa-
tions where parametric models are currently the norm. 
in addition to the situations described above, where 
the advantages of eDM for understanding nonlinear 
behavior are clear, we also note that the ability of eDM 
models to evolve with new data means that it is inher-
ently more flexible than fixed model structures. Con-
sequently, it is an ideal tool for adaptive prediction in 
systems changing due to climate change, human impacts, 
or other unknown factors.
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AmericAn ShAd SouthwArd movement to BAjA cAliforniA, méxico:  
evidence of lA niñA 2012

ABStRACt
The American shad (Clupeidae) is an anadromous fish 

native to the Atlantic coast of North America, and intro-
duced to the West Coast in 1871. The catch of an indi-
vidual of American shad (Alosa sapidissima) at Bahía de 
Todos Santos, Baja California, México, possibly is indic-
ative of fish movements from northern areas to south 
temperate waters during particular oceanographic con-
ditions. Their presence could be influenced by the La 
Niña event during 2012 that prevailed in the region. 
These conditions in the bay and south sites also led to 
the record of individuals of the white and green stur-
geons (Acipenser transmontanus and A. medirostris). In this 
study, the southern limit distribution for the American 
shad at Bahía de Todos Santos is confirmed; this bay is 
located at 100 km south from the border of California 
(USA) and Baja California (México).

INtROduCtION
The American shad, Alosa sapidissima (Wilson 1811), 

is the largest member of the Clupeidae and are native 
to the Atlantic Ocean, but introduced to the Pacific 
in the Sacramento River between 1871 to 1873, and 
later to the Columbia, Snake, and Willamette Riv-
ers (Love 2011; Schroeter and Moyle 2006). On the 
Pacific Coast, the American shad is distributed as far 
north as Cook Inlet, Gulf of Alaska, with a population 
that has established itself in Kamchatka Peninsula (Rus-
sia), and south to Bahía de Todos Santos, Baja Califor-
nia, México (Miller and Lea 1972; Moyle 2002), most 
commonly from Washington State to San Francisco Bay 
(Love 2011). On the Atlantic coast, their distribution 
is from Labrador ( Canada) to St. Johns River, Florida, 
USA (Moyle 2002).

This species is a migratory and anadromous fish that 
as an adult lives primarily in seawater but passes through 
estuaries on spawning migrations to freshwater (Allen 
and Pondella 2006). During summer and fall, Ameri-
can shad can be found in coastal waters; in the winter 
months they generally inhabit deeper ocean waters away 
from the coast at depths up to 375 m, and toward the 
end of winter they travel into rivers to spawn (Eddy 
1957). In the next fall or early winter, juveniles make 

their way from rivers into the ocean, and in 2 to 5 
years, adult shad return to their natal rivers to spawn 
(Glebe 1981).

The first documented occurrence of the American 
shad in the area of Bahía de Todos Santos, Ensenada, 
Baja California, México, was reported on July 16, 1958 
(Claussen 1959); the specimen, an adult female (386 mm 
standard length, weight 757 g) was given by officials of 
the cannery Pesquera del Pacífico, in El Sauzal, a town 
located 8 km north of Ensenada, B.C., within the bay; 
according to information, a number of shad were landed 
with the regular sardine catch on July, 1958 (Claussen 
1959). However, the collection site of this individual is 
unknown, because the reported geographical position 
(32˚50'N, 116˚50'W) is located on land in the continen-
tal United States. Also in those years, the sardine fish-
ery area was located from the California border to San 
Quintín, B.C. (100 km north and 200 km south from 
Bahía de Todos Santos, respectively), and canneries were 
the reception facilities for sardines, only. Now, El Sauzal 
is a fishing port (lat. 31˚53'40"N, long. 116˚42'15"W) 
and home to a fleet of coastal fishing pangas and a 
medium size fishing fleet.

Based on the record by Claussen (1959), many refer-
ences cite Bahía de Todos Santos as the southern limit 
for the American shad distribution (Allen and Pondella 
2006; Hammann and Rosales-Casián 1990; Hendricks 
and Tryninewski 2011; Love 2011; Miller and Lea 1972; 
Moyle 2002). Another American shad individual was 
mentioned in Hammann and Rosales-Casián (1990) but 
without date or specific collection site, after that, no new 
shad records were reported. The aim of this work is to 
document this southward movement during La Niña 
conditions, and the presence of the American shad in 
the temperate environment of Bahía de Todos Santos, 
Baja California, México.

The Bahía de Todos Santos is located 100 km south of 
the California (USA)–Baja California (México) border 
(fig. 1). This bay is home to the city of Ensenada, Baja 
California, México, and the Punta Banda estuary. Fish 
studies of the bay and estuary began in 1982 (Beltrán-
Felix et al. 1986; Diaz-Diaz and Hammann 1987), and 
after these studies, many other studies in both places and 
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31˚53'42.24"N, 116˚42'41.31"W (fig. 1). Together with 
shad, also captured were the shortfin corbina (Cynoscion 
parvipinnis), California halibut (Paralichtys californicus), 
spotfin croaker (Roncador stearnsii), barred sand bass (Para-
labrax nebulifer), white croaker (Genyonemus lineatus), and 
the queenfish (Seriphus politus). In June 28, 2012, the 
surface seawater temperature at Bahia de Todos Santos 
was 15.7˚C, and the temperatures at 10 and 15 m depth 
were 12.2 y 11.3˚C, respectively.

The individual of American shad measured 363 mm 
TL, 294 mm SL, and weighed 550 g (fig. 2). This species 
was identified by the combination of the following char-
acteristics: body coloration was bluish on back and white 
on belly; compressed body; midlateral scales: 59; dorsal fin: 
16 rays; anal fin: 21 rays; sharp sawlike scales or “scutes” 
along its belly: 21 anterior to and 16 posterior to pelvic 
base. This specimen of American shad had striations on 
gill cover, and one black spot on the back and close to 
gill cover (Miller and Lea 1972; Whitehead 1985).

From July 2010 to April 2012, La Niña conditions 
were present across most of the equatorial Pacific Ocean 
(NOAA 2013). In July 2010, the temperature anomaly 
dropped to –1.0˚C, with the lowest value of –1.5˚C 
from September 2010 to January 2011, and finished 
in May 2011; another La Niña event began in August 

further south were conducted (Rosales-Casián 2013). 
In the city of Ensenada is located the Ensenada Seafood 
Market that has 42 stalls, as well as docks and boat ramp 
to download fish captured from the bay and around. 
This place of sale receives fish caught from the Pacific 
of Baja California and from the Gulf of California, and 
is a major source for biological data.

From 2000 to 2004 and from 2008 to 2014, I have 
made monthly fish identifications and counts in the 
Ensenada Seafood Market; the fish species of the tem-
perate zone were identified using the keys of Miller 
and Lea (1972). The measurements of total and standard 
lengths (TL, SL; mm), and also the weights (g) of some 
fish species, were recorded.

On June 28, 2012, and during the monthly sam-
pling of the fish stands at the Ensenada Seafood Mar-
ket, a fisherman arrived with his catch, and within the 
fishes, an uncommon individual was present that later 
was identified as the American shad (Alosa sapidissima). 
The shad was captured by the fisherman with a gill net 
on a commercial panga, and in the nearshore area of El 
Sauzal port, within the Bahía de Todos Santos (fig. 1); 
the fishing depth was 10–15 m, and according to infor-
mation the catch site was localized close to the side 
west jetty, with an approximate localization of latitude 

Figure 1. Catch site of American shad, Alosa sapidissima, at nearshore waters of Bahía de Todos Santos, Baja California, México.
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The American shad in the Pacific Ocean migrates 
long distances within their preferred SST range of 
13–18˚C, and between 7-13˚C on bottom (Pearcy and 
Fisher 2011); this range is similar to those temperatures 
(11.3–15.7˚C) found at Bahía de Todos Santos on June 
2012. The migration of American shad is from south 
of Point Conception into southern California and Baja 
California, México during January–June, followed by 
migrations far to the north during July–October (Leggett 
and Whitney 1972; Moyle 2002). American shad along 
the Pacific Coast have adapted to the prevailing environ-
mental conditions, and they rapidly were dispersed, and 
expanded their range over 5,000 km of coastline from 
México to Russia. American shad increased dramatically 
in abundance and now comprise the largest spawning 
run of anadromous fish in the Columbia River (>4 mil-
lion fish annually), constituting a remarkable biological 
invasion (Hasselman et al. 2012).

American shad is a planktivorous species, and is con-
sidered an alien fish in marine habitats of California 
together with the striped bass (Morone saxatilis), because 
both were introduced from Atlantic coastal waters to 
Sacramento River and San Francisco Bay, respectively 
(Allen et al. 2006). The American shad is classified as a 

2011 (< –0.5˚C), with the lowest temperature anomaly 
at December (–1.5˚C), and weakened in April 2012 to 
–0.5˚C (NOAA 2013).

dISCuSSION
The American shad may have one or more black spots 

in a row on their shoulder, and though rare, some shad 
have two rows of black spots (Ford 2006); this specimen 
had only one spot. During summer and fall, American 
shad can be found in coastal waters before entering riv-
ers to spawn (Eddy 1957; Ford 2006). The presence of 
this fish species during June 2012 at Bahía de Todos San-
tos coincides with their coastal movements during sum-
mer, and according to tagging studies, their migrations 
in schools is sometimes thousands of kilometers during 
one season, closely correlated with sea surface or bottom 
isotherms (Leggett and Whitney 1972). However, data 
from commercial and sport landings of American shad 
along the Pacific Coast indicate no evidence for large-
scale seasonal migrations as reported along the Atlantic 
coast (Pearcy and Fisher 2011); this probably is the rea-
son for the record of only one individual of American 
shad by a fishing boat, at the south end of their distri-
bution that is Bahía de Todos Santos.

Figure 2. Individual of American shad, Alosa sapidissima, captured on June 28, 2012, at Bahía de Todos Santos, Baja California, México.
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movements of tropical fish species northward during 
El Niño conditions (Rosales-Casián 2004b; Rosales-
Casián 2013).

The record of American shad is important because it is 
an evidence of northern fish species movements to Bahía 
de Todos Santos during La Niña conditions, similar to 
southward migration movements of other anadromous 
fish species like the white sturgeon (Acipenser trasmon-
tanus) registered in the bay (Rosales-Casián and Ruz 
Cruz 2005; Ruiz-Campos et al. 2011), and the green 
sturgeons (Acipenser medirostris) that have been registered 
in the bay and the southern site of the El Socorro, B.C., 
200 km south (Rosales-Casián and  Almeda- Jauregui 
2009). Also, it reconfirms the southern limit distribution 
for the American shad species at Bahía de Todos Santos, 
Baja California (México), and increases the fish species 
list from the bay.
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abstract
We examined the contemporary genetic structure of 

the barred sand bass, Paralabrax nebulifer, a commonly 
fished species in southern California and baja California, 
Mexico. Populations of barred sand bass in southern Cal-
ifornia have experienced severe declines in numbers over 
the last decade subsequently leading to severely depressed 
status of the recreational fishery. such large population 
declines can lead to an overall decrease in genetic diver-
sity. the present study examined the genetic diversity 
in this species (n = 365) using both the control region 
of the mitochondrial Dna and microsatellite markers 
for locations throughout California and baja California. 
both markers showed a high degree of genetic diversity 
and genetic mixing however there is some evidence of 
structuring between locations north and south of the 
san Quintin upwelling zone. Despite the weak struc-
turing observed around the upwelling zone, barred sand 
bass throughout the northeastern Pacific likely comprise 
a single large population. 

introduction
Molecular genetic techniques have become more 

widespread in oceanic systems and in fishery manage-
ment (ryman 1991; ensing et al. 2013) due to the ability 
to identify distinct genetic stocks, the genetic health, and 
connectivity between stocks (Palsbøll et al. 2007; Dud-
geon et al. 2012; ovenden et al. 2015). Fishery stocks are 
identified using various life history parameters that do 
not necessarily reflect the genetic population or stock 
(shaklee et al. 1999; hutchinson et al. 2003; hutchin-
son 2008; reiss et al. 2009). additionally, boundaries 
established by state or international borders can divide a 
biological stock into multiple fishery stocks ( shaklee et 
al. 1999). therefore, it is important to understand what 
constitutes a biological stock to better manage fisher-
ies. a high degree of genetic variation facilitates the 
adaptation of a species to a variety of environmental or 
anthropogenic conditions and thus, species (or popula-
tion) survival (Carvalho and hauser 1994; Kenchington 

et al. 2003). Connectivity between populations or stocks 
is also important for fishery management because it can 
identify source and sink populations and the potential for 
replenishment of depleted stocks (Palsbøll et al. 2007). 
therefore, it is essential to quantify genetic variation and 
connectivity within a species to inform management 
decisions that maintain that variation (ryman 1991; 
airame et al. 2003; Pérez-ruzafa et al. 2006;  Palsbøll 
et al. 2007).

the barred sand bass, Paralabrax nebulifer, ranges from 
santa Cruz, Ca to the southern tip of the baja Cali-
fornia peninsula in Mexico (Love et al. 1996) and is 
fished in both countries. barred sand bass form large 
spawning aggregations along the coast from late spring 
to early fall with a peak in July (Love et al. 1996; baca-
hovey et al. 2002; Mason and Lowe 2010). individu-
als exhibit site fidelity during non-spawning months 
and some exhibit site fidelity year round, not participat-
ing in spawning aggregations (Jarvis et al. 2010; Mason 
and Lowe 2010). the majority of barred sand bass also 
exhibit a preference for spawning locations from year to 
year (Jarvis et al. 2010). barred sand bass migrate mod-
erate distances (average of 15 km ranging from 1 km to 
40 km) ( Jarvis et al. 2010) to reach spawning locations; 
however, individuals with overlapping home ranges do 
not necessarily migrate to the same spawning grounds 
(Jarvis et al. 2010).

because of these characteristics of its mating system, 
barred sand bass comprise one of the most important 
recreational fisheries in southern California. the species 
was commercially fished until the 1950s, and since then, 
it has been recreationally fished off the coast of south-
ern California (young 1963). the recreational fishery for 
barred sand bass experienced a collapse in 2003 due to 
the targeting of spawning aggregations and a decline in 
landings and biomass estimates (erisman et al. 2011). in 
addition to the recreational fishery in California, there 
is a small scale commercial fishery in baja California, 
Mexico. this small scale fishery has the highest catch 
in tons of any fished species along the Pacific Coast of 
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fornia and baja California, Mexico. the mitochondrial 
Dna control region is a common marker for popula-
tion structure analysis due to the high variability of the 
region (Magoulas 2005), while microsatellite markers are 
ideal for population studies due to their high variability 
( Wirgin and Waldman 2005). 

Materials and Methods

Collection and Extractions
tissue samples from either the fin, gill rakers, muscle, 

or liver tissues of individual barred sand bass were col-
lected using sterile techniques and stored in 95% ethanol 
and subsequently frozen in a –4˚C freezer at Califor-
nia state University, northridge. samples from southern 
California were collected using hook and line from five 
locations (Ventura, Marina Del rey, Los angeles/Long 
beach harbor, san Clemente, and san Diego) and from 
commercial fishers from eight sites in baja California, 
Mexico (Popolta, san Quintin/Camalu, santa rosalita, 
Laguna Manuela, isla Cedros, Punta abreojos, and bahia 
Magdalena) (fig. 1). samples from Ventura, Marina Del 
rey, Los angeles/Long beach harbor, san Diego, santa 
rosalita, san Quintin, Popolta, Laguna Manuela, and 
Camalu were collected during the non-spawning sea-
son while samples from san Clemente, isla Cedros, Punta 
abreojos, and bahia Magdalena were sampled during the 
spawning season. For each site, 7–30 individuals were 
sampled (Ventura, n = 21; san Quintin, n = 9; Laguna 
Manuela, n = 9; Popotla, n = 7; all other sites n = 30). 

additional barred sand bass samples that were col-
lected from 1997 to 1999 from santa barbara, Califor-
nia to isla Cedros, Mexico (san Diego, n = 9; Platform 
Gina, n = 1; Los angeles/Long beach harbor, n = 37; 
san Quintin, n = 13; isla san Martin, n = 6; isla Cedros, 
n = 2). the samples from isla san Martin and isla Cedros 
were collected during the non-spawning season while 
the sample from Platform Gina in santa barbara was 
collected during spawning season. samples from Long 
beach were collected in both non-spawning and spawn-
ing season. extractions were carried out using a Dneasy 
blood and tissue Kit (Qiagen) following the manufac-
turer’s protocol.

Mitochondrial DNA Amplification  
and Sequencing

the mitochondrial Dna control region was ampli-
fied in 25 μl polymerase chain reactions (PCr) con-
taining ~100 ng Dna, 1 uM of primer (FWD 
5'-ttCCaCCtCtaaCtCCCaaaGCtaG-3') and 
reverse (reV 5'-aCGCtGGaaaGaaCG CCCG-
GCatGG-3'; Lee et al. 1995), and 1X econotaq® PLUs 
2X Master Mix (Lucigen). PCr conditions consisted of 
an initial denaturation at 94˚C for two minutes, followed 

baja California (rosales-Casian and Gonzalez-Camacho 
2003; erisman et al. 2011). 

several aspects of the biology of the barred sand bass 
have been studied including life history (baca-hovey 
et al. 2002; sadovy and Domeier 2005; Jarvis et al. 2010; 
Cota-Gomez et al. 2013), ecology (Mason and Lowe 
2010) and the fishery (erisman et al. 2011; Miller and 
erisman 2014); however, the genetic diversity and pop-
ulation structure of barred sand bass off both southern 
and baja California is unknown. one concern for barred 
sand bass populations is a decline in the genetic diversity 
due to the fishery collapse in southern California (smith 
et al. 1991; hutchinson et al. 2003) and the potential 
for reduction in the body size at first reproduction (van 
Wijk et al. 2013; alós et al. 2014). in order to determine 
potential effects of the fishery collapse on the genetic 
diversity of barred sand bass, we must first determine 
what the genetic diversity and population structure of 
barred sand bass is. 

based on what is known about other species of Para-
labrax, we expect to see a high degree of connectiv-
ity due to its reproductive mode and the potential for 
the larvae to be transported considerable distances via 
the currents (selkoe and toonen 2011). barred sand 
bass have a pelagic larval duration (PLD) of 21–30 
days (allen and block 2012) that is comparable to two 
congeners: the kelp bass, P. clathratus, and the spotted 
sand bass, P. maculatofasciatus. in both of these species 
there was a high degree of connectivity throughout 
the region (mtDna control region; Phalen 1999; salo-
mon 2005); however, the spotted sand bass shows some 
evidence for divergent populations between southern 
California and baja California that may be due to the 
san Quintin upwelling zone in baja California, Mexico 
(salomon 2005). Population genetic structure was also 
low in the kelp bass using microsatellites with a greater 
degree of structuring in southern California compared 
with baja California (selkoe et al. 2006; selkoe et al. 
2007). this upwelling zone is a known biogeographic 
barrier for migratory species (bernardi 2000; terry et 
al. 2000; bernardi et al. 2003; olivares-banuelos et al. 
2008). the upwelling zone is thought to also be a bar-
rier for larval dispersal (butler et al. 1982; shanks and 
eckert 2005). thus, we expected to show a genetic 
break around the san Quintin upwelling zone in barred 
sand bass given that this division is seen in its sister spe-
cies the spotted sand bass.

the goal of this study was to determine the genetic 
diversity, population structure, and connectivity among 
localities of barred sand bass to inform the conserva-
tion management of genetic stocks. this study used 
both mitochondrial Dna markers and nuclear Dna 
markers (microsatellite loci) to determine the popu-
lation structure of barred sand bass in southern Cali-
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sampling locations was calculated in arlequin 3.5 
(excoffier and Lischer 2010) with significance being 
determined by permutation (10,000 replicates) and the 
false discovery rate used to correct for multiple tests 
(narum 2006). 

the genetic structure of barred sand bass popula-
tions was determined using nested aMoVas (analysis 
of Molecular Variance) in arlequin 3.5 (excoffier and 
Lischer 2010). the first aMoVa compared the sam-
ples collected in 1997–99 and those collected 2010–
13 to determine if samples could be pooled. We then 
used an aMoVa to compare all sampling locations of 
barred sand bass. Finally, we quantified genetic differ-
entiation for all barred sand bass samples between the 
north and south of the san Quintin upwelling zone 
(north:  Ventura, Ca to san Quintin, b.C.; south: santa 
rosalita, b.C. to bahia Magdalena, b.C.). to determine 
significance, 10,000 permutations were performed for all 
aMoVas and the false discovery rate was used to cor-
rect for multiple tests. a median-joining haplotype net-
work (bandelt et al. 1999) was generated using all Dna 
sequences in netWorK 4.6.11 (Fluxus-engineering.
com). Post processing analysis was carried out to clean 
up the network (Polzin and Daneschmand 2003).

the relative nucleotide composition, number of poly-
morphic loci, haplotype diversity (h), nucleotide diver-
sity (π), the number of pairwise nucleotide differences, 
the co-ancestry coefficient (θs), tajima’s D (tajima 1989) 
and Fu’s Fs (Fu 1997) were calculated using arlequin 3.5 
(excoffier and Lischer 2010). in addition, a Mantel test 
for an estimate of isolation by distance was done across 
the range of barred sand bass using Genealex 6.5 (Peak-
all and smouse 2006, 2012). 

Microsatellite Loci Selection
a microsatellite library for Paralabrax nebulifer was 

generated using 454 sequencing by Cornell University 
using extracted barred sand bass Dna and tissue samples 
from California and Mexico. We amplified 12 polymor-
phic loci using a three primer system where a nucleotide 
tag was added to the 5' end of each primer (brownstein 
et al. 1996; schuelke 2000). the third primer was fluo-
rescently labeled using 6-FaM or 5-heX. each PCr 
contained 2 μl of the 10 μM pig tail primer, 0.15 μl of 
the 10 μM long tail primer, 0.05 μl of 10 μM 6-FaM 
(or 5-heX), 1X econotaq® PLUs 2X Master Mix 
(Lucigen) and 100 ng of template Dna (10–990 μM). 
We used a touchdown PCr with the following condi-
tions. an initial denaturation of 95˚C for 5 minutes, fol-
lowed by 35 cycles of denaturation at 95˚C for 40 sec; 
annealing temperatures starting at 61˚C for 45 sec with 
a decrease by 1˚C for each of 7 subsequent cycles and 
the remaining 28 cycles performed at 55˚C for 45 sec; 
extension of 72˚C for 45 sec, with a final elongation step 

by 30 cycles of 94˚C denaturation for 30 seconds, 58˚C 
annealing for 30 seconds, 72˚C extension for 30 seconds, 
and a final extension of 72˚C for 10 minutes. amplicons 
were purified and sequenced by bigDye v3.1 (applied 
biosystems) dye-determination using nested primers 
from Lee et al. (1995; FWD 5'-GGGCGGatCCCaC-
CaCtaGCtCCCaaa-3'; reV 5'-CCtGaaGtaG-
GaaCCaGatG-3') at Laragen, inc. (Culver City, Ca).

Mitochondrial DNA Analysis
For each sample, the forward and reverse sequences 

were aligned and manually cleaned up using sequencher 
5.2 (Gene Codes Corporation). each sequence was 
assigned a haplotype (1–164) and all sequences were 
aligned in MeGa 6 (tamura et al. 2013). Corrections 
to the alignment were done using Mesquite (Maddison 
and Maddison 2011). all haplotypes were uploaded to 
Genbank (nCbi) (KJ935922-KJ936085).

We used JModeltest (Guindon and Gascuel 2003; 
Darriba et al. 2012) to determine the best evolutionary 
model for the control region. We used a tamura nei 
model with a gamma correction in MeGa 6 (tamura 
et al. 2013). nucleotide divergence between sampling 
locations was calculated in MeGa 6. estimates of pair-
wise genetic differentiation (pairwise Φst) between 

Figure 1. Map of sampling locations of Paralabrax nebulifer. Sampling  
covers the range in which Paralabrax nebulifer is commonly found. Sampling 
was performed using hook and line or from small scale trap fishermen. 
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at 72˚C for 5 min. all PCr products were electropho-
resed on an applied biosystems 3130XL Genetic ana-
lyzer at  California state University, northridge. allele 
sizes were scored by comparison with 500 LiZtM lad-
der ( GenescantM abi) and scored manually in Gene-
Marker (softgenetics). to validate the dataset, 14% of the 
PCrs were reanalyzed for all loci.

additionally, each locus was tested for applicability 
in two congeners (P. clathratus and P. maculatofasciatus) 
using the same protocols for amplification as described 
previously. successful amplification and genotypes were 
determined using GeneMarker (softgenetics). all 12 of 
the microsatellite primers successfully amplified in both 
P. clathratus and P. maculatofasciatus. 

Microsatellite Analysis
Deviations from hardy-Weinberg equilibrium for 

each sampling location were calculated using GenePop 
(raymond and rousset 1995; rousset 2008) and sig-
nificance was determined after bonferroni correction 
for multiple tests. each sampling location was checked 
for null alleles using Micro-Checker (van oosterhout 
et al. 2004) and tests of disequilibrium between all pairs 
of loci over all populations and within populations were 
calculated using Fstat 2.9.3.2 (Goudet 2003). Loci not 
in hardy-Weinberg equilibrium and with possible null 
alleles were eliminated from the final analysis. a total 
of six loci were used for the analysis (Pne01CCK17, 
Pne2102, Pne02iMih6, Pne5053, Pne01CVDJQ and 
Pne02JMrK5) (table 1). observed heterozygosity (ho) 
and expected heterozygosity (he) for the loci were 
calculated using Genalex 6.5 (Peakall and smouse 
2006, 2012). 

Genetic demes were determined using strUC-
tUre 2.3.4 (Pritchard et al. 2000) using an admixture 
model. the model was run for K = 1–12 with a burn-in 
length of 100,000 and Monte Carlo Markov Chain of 
1,000,000 steps and was repeated 20 times for each K. 
the evanno method was implemented using strUC-
tUre harVester (earl and Vonholdt 2012) to 
determine the best K for barred sand bass (evanno et al. 
2005). Proportion of ancestry for each individual based 
on the best value of K was visualized in excel (Micro-
soft Corporation).

PoWsiM 4.1 (ryman and Palm 2006) was used to 
estimate the statistical power of the microsatellite loci 
to detect differentiation among localities. burn-in con-
sisted of 1,000 steps with 100 batches and 1,000 itera-
tions per batch. a Fisher’s and Chi-square test were used 
to test for significance of a Fst value for each run. Pair-
wise tests of differentiation (Fst) were calculated using 
Genealex 6.5 (Peakall and smouse 2006, 2012). as Fst 
has been shown to underestimate divergence when esti-
mated from highly polymorphic loci (hedrick 1999), 
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results

Mitochondrial DNA
We amplified 365 mitochondrial control region 

sequences and detected 164 unique haplotypes from 
the study region. sequences ranged from 382 to 545 
base-pairs in length and contained approximately 50 
base-pairs of the trna-Pro gene at the beginning of 
the sequence (average composition = 22.06% cytosine, 
30.01% thymine, 32.61% adenine, and 15.32% guanine). 
barred sand bass haplotypes contained a total of 126 
variable sites (table 2a; Genbank accession number 
KJ935922–KJ936085). of the 164 haplotypes, 53 were 
shared among locations and 111 were unique to a single 
individual location. 

over all sampling locations haplotype diversity was 
high (h = 0.999 ± 0.000) and nucleotide diversity was 
relatively low (π = 0.011 ± 0.006). haplotype diver-
sity remained high across all sampling sites ranging from 
0.900 ± 0.161 to 1.000 ± 0.009 while nucleotide diver-

G'st (Meirmans and hedrick 2011) and Jost’s D (Jost 
2008) were also calculated in Genalex 6.5 (Peakall and 
smouse 2006, 2012). For all pairwise comparisons, 9,999 
permutations were performed to determine significance 
and the false discovery rate was used to correct for mul-
tiple tests. 

Genetic structure was determined by three  aMoVas 
performed within Genealex 6.5 (Peakall and smouse 
2006, 2012). the first aMoVa tested the samples col-
lected between 1997 and 1999 to those collected 
between 2010 and 2013. the second aMoVa com-
pared the variation across the entire range of the species. 
Finally, the third aMoVa tested the effect of the san 
Quintin upwelling zone on population connectivity by 
grouping sampling locations into two large populations 
north and south of the zone (north: Ventura, Ca to san 
Quintin, b.C.; south: santa rosalita, b.C. to bahia Mag-
dalena, b.C.). to determine significance, 9,999 permu-
tations were performed for all aMoVas and the false 
discovery rate was used to correct for multiple tests. 

table 2
Summary statistics for a) mitochondrial DNA control region and  

b) microsatellite DNA markers for all locations of Paralabrax nebulifer.

a)  Mitochondrial DNA control region statistics showing haplotype number, haplotype diversity (h), nucleotide diversity (π),  
mean pairwise  difference, coancestry coefficient (θS), Tajima’s D and Fu’s FS for all populations

 Haplotype        Mean pairwise 
Location no.  h   π   difference   θS  Tajima’s D Fu’s FS

Platform Gina 1 1.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 0.000
Ventura 20 0.995 ± 0.017 0.014 ± 0.008 7.448 ± 3.625 14.496 ± 5.149 –1.934* –13.072*
Marina Del rey 23 0.984 ± 0.013 0.013 ± 0.007 6.919 ± 3.341 12.167 ± 4.018 –1.608* –13.794*
La/Lb harbor 45 0.989 ± 0.005 0.010 ± 0.006 5.557 ± 2.703 10.649 ± 3.098 –1.616* –25.374*
san Clemente 22 0.994 ± 0.013 0.011 ± 0.006 6.169 ± 3.030 11.353 ± 3.629 –1.664* –16.287*
san Diego 30 0.988 ± 0.009 0.012 ± 0.006 6.250 ± 3.032 11.353 ± 3.629 –1.650* –24.603*
Popolta 7 0.964 ± 0.077 0.006 ± 0.004 3.464 ± 1.974 4.242 ± 2.154 –1.210 –2.842
Camalu/san Quintin 30 0.989 ± 0.010 0.013 ± 0.007 7.127 ± 3.422 14.710 ± 4.673 –1.897* –20.915*
santa rosalita 29 1.000 ± 0.009 0.013 ± 0.007 7.042 ± 3.040 13.496 ± 4.508 –1.817* –25.082*
isla Cedros 27 0.990 ± 0.011 0.011 ± 0.006 5.966 ± 2.921 9.684 ± 3.854 –1.400 –22.931*
Laguna Manuela 9 1.000 ± 0.052 0.012 ± 0.007 6.444 ± 3.369 8.463 ± 3.854 –1.312 –4.037*
isla san Martin 4 0.900 ± 0.161 0.006 ± 0.004 3.000 ± 1.874 3.360 ± 2.001 –0.747 –0.331
Punta abreojos 26 0.994 ± 0.011 0.011 ± 0.006 5.712 ± 2.810 9.932 ± 3.342 –1.612* –25.345*
bahia Magdalena 21 0.974 ± 0.019 0.009 ± 0.005 4.902 ± 2.462 7.966 ± 2.819 –1.444 –14.865*
all samples 164 0.998 ± 0.000 0.011 ± 0.006 6.148 ± 2.931 19.449 ± 4.139 –2.059* –24.568*

b)  Microsatellite DNA marker statistics showing number of alleles (A), observed (HO) and expected (HE) heterozygosity. 

Location A HO HE

Ventura 11 0.8781 0.786
Marina Del rey 13 0.8797 0.824
La/Lb harbor 15 0.7876 0.822
san Clemente 14 0.8499 0.835
san Diego 13 0.7690 0.779
Popolta 7 0.6458 0.777
Camalu/san Quintin 13 0.7424 0.806
santa rosalita 10 0.8617 0.752
isla Cedros 13 0.8460 0.817
Laguna Manuela 6 0.6852 0.675
Punta abreojos 13 0.7181 0.780
bahia Magdalena 12 0.7585 0.791
all samples 12 0.7852 0.787

* indicates significant value
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the 14 sampling locations indicating a rapid expansion 
(table 2a). 

barred sand bass samples collected from our two time 
points, 1997–99 and 2010–13, showed high within-
populations variation and were not different from one 
another in a pairwise test of genetic differentiation (ΦCt 
= 0.001; p = 0.660) (table 3a). all samples were pooled 
together by sampling site for the remaining analysis. 
testing for differentiation among all sampling locations 
indicated no significant differences (ΦCt  = 0.004; p = 

sity remained low ranging from 0.006 ± 0.004 to 0.014 
± 0.008 (table 2a). sequence divergence was low within 
sampling locations (6.148 ± 2.931) and ranged from 
0.000 ± 0.000 to 7.448 ± 3.625 (table 2a). tajima’s D for 
all populations was –2.059 and ranged from –0.717 to 
–1.934, indicating a population expansion. nine of the 
14 sampling locations show significant deviation from 
neutrality and potential population expansion (table 2a). 
Deviation from neutrality was also seen overall for barred 
sand bass (Fs = –24.568; p < 0.02) as well as in 11 of 

table 3
Results of three hierarchical AMOVA’s for Paralabrax nebulifer based on the mitochondrial control region.

a) For samples collected between 1997-1999 and 2010-2013.  

 Source of variation   d.f. Sum of squares Variance component Percentage of variation

 among groups   1 2.88 –0.0020 –0.07
 among populations within groups   17 52.72 0.0015 0.05
 Within populations   347 1066.68 3.074 100.02
 total   365 1122.28 3.073  
Fixation index (ΦCt) –0.001        

p > 0.025

b) For all sampling locations.

 Source of variation  d.f. Sum of squares Variance component Percentage of variation

 among Populations  13 43.914 0.01244 0.400
 Within Populations  352 1078.122 3.06285 99.600
 total  365 1122.036 3.075 
 Fixation index (ΦCt) 0.004    

p > 0.05

c) Comparing locations north and south of the San Quintin upwelling zone.

 Source of variation  d.f. Sum of squares Variance component Percentage of variation

 among groups  1 10.90 0.048 1.56
 among populations within groups  12 33.01 –0.013 –0.410
 Within populations  352 1078.12 3.039 98.84
 total  365 1122.04 3.099 
 Fixation index (ΦCt) 0.016    

p < 0.025 

table 4
Pairwise ΦST values between all sampling locations of Paralabrax nebulifer. Pairwise ΦST values below and  
corresponding p-values above. Significant p-values indicated by +. PG = Platform Gina, VE = Ventura,  

MD = Marina Del Rey, LA = Los Angeles/Long Beach Harbor, SC = San Clemente, SD = San Diego, PO = Popolta,  
SQ = San Quintin, SR = Santa Rosalita, IC = Cedros Island, LM = Laguna Manuela, ISM = Isla San Martin,  

PA = Punta Abreojos, and BM = Bahia Magdalena.

  PG VE MD LA SC SD PO SQ SR IC LM ISM PA BM

PG   — — — — — — — — — — — — —
Ve –0.251   — — — — — — — — — — — —
MD –0.210 –0.012   — — — — — — — — — — —
La –0.118  0.003 –0.007   — — — — — — — — — —
sC –0.179 –0.026 –0.021 –0.014   — — — — — — — — —
sD –0.128 –0.022  0.002  0.004 –0.003   — — — — — — — —
Po 0.044 –0.035 –0.021 –0.019 –0.016 –0.029   — — — — — — —
sQ –0.216  0.002  0.003  0.001 –0.005  0.004 –0.026   — — — — — —
sr –0.326 –0.001  0.014  0.008 –0.001  0.008 –0.011  0.008   — — — — —
iC –0.143  0.016  0.052  0.026  0.024  0.025  0.028  0.018 –0.003   — — — —
LM –0.160  0.007 –0.001  0.004 –0.009  0.011  0.007  0.003  0.014  0.032   — — —
isM 0.000 –0.056 –0.015 –0.005 –0.011 –0.019 –0.074 –0.038 –0.027  0.007 0.029   — —
Pa –0.150  0.003  0.040  0.012  0.019  0.010 –0.022  0.014 –0.006  0.005 0.027 –0.022   —
bM –0.056  0.003  0.024  0.001  0.002  0.018  0.018  0.013 –0.007 –0.007 0.010  0.030  0.001  

p < 0.001 
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haplotype network analyses revealed a total of 54 
possible steiner trees where each tree is equally likely 
(fig. 2). the network revealed no distinct clusters by sam-
pling location or region (north and south of the san 
Quintin upwelling zone) and revealed no population 
structure in barred sand bass. this network shows the 
high number of singletons across the entire range of 
barred sand bass and historical connectivity among sam-
pling locations.  

0.156) (table 3b). similarly, pairwise Φst  comparisons 
showed no differentiation among all sampling loca-
tions (table 4). however, in testing for the presence of a 
genetic barrier of the san Quintin upwelling zone there 
appeared to be a weak but significant difference between 
samples north and south of the upwelling zone (ΦCt  = 
0.016; p < 0.001) (table 3c). barred sand bass showed 
no evidence of isolation by distance for mitochondrial 
Dna (r2 = 0.0002; p = 0.164).

Figure 2. Haplotype network for Paralabrax nebulifer in California and Mexico. Each circle represents a haplotype and each color a sampling location found in this 
study. The bold line represent on of 53 possible Steiner trees while the grey lines represent all other possible trees. All trees are equally likely. A total of 189 hap-
lotypes were found with 51 shared haplotypes. Platform Gina is near Ventura while Isla San Martin is near San Quintin (see fig. 1). Unsampled haplotypes shown 
as small open circles.
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Pairwise comparisons of divergence (G'st and Jost’s D) 
show genetic differentiation between a few popula-
tion pairs but a pattern of geographic divergence is not 
clearly discernable (table 5). 

as seen with the mitochondrial Dna, samples col-
lected from 1997–99 and 2010–13 were not differen-
tiated from one another (FCt = –0.001; p = 0.777) 
(table 6a). therefore, all samples were pooled together 
for further analysis. in the aMoVa, we detected weak 

Microsatellite Markers
the six loci used in the study were highly polymor-

phic with an average of 23 alleles per locus (range = 12 
to 40 alleles). the average observed heterozygosity was 
0.785 (0.546–0.898) while the average expected hetero-
zygosity was 0.787 (0.609–0.932) (table 2b).  PoWsiM 
indicated that the six loci had the statistical power to 
detect a significant difference between samples when 
testing for Fst ≤ 0.05 (avg. Fst = 0.0487 for simulations). 

table 5
Pairwise G'ST (below the diagonal) and Jost’s D (above the diagonal) for all sampling locations of Paralabrax nebulifer.  
Significant p-values are indicated by *. VE = Ventura, MD = Marina Del Rey, LA = Los Angeles/Long Beach Harbor,  

SC = San Clemente, SD = San Diego, PO = Popolta, SQ = San Quintin, SR = Santa Rosalita, IC = Isla Cedros,  
LM = Laguna Manuela, PA = Punta Abreojos, and BM = Bahia Magdalena.

 VE MD LA SC SD PO SQ SR IC LM PA BM

Ve  0.023 0.133* –0.015 0.118* 0.103 0.068 0.063 0.036 0.040 0.152* 0.097*
MD 0.028  0.055* –0.006 0.092* 0.013 0.076* 0.085* 0.020 0.152* 0.101* 0.037
La 0.158* 0.065*  0.041 0.020 –0.038 –0.009 0.061* 0.020 0.253* 0.028 0.008
sC –0.018 –0.007 0.049  0.034 –0.003 0.017 0.057* –0.010 0.109 0.089* 0.025
sD 0.143* 0.110* 0.024 0.041  –0.061 –0.008 0.051* 0.016 0.247* 0.066* 0.022
Po 0.123 0.016 –0.046 –0.003 –0.076  –0.045 0.038 0.026 0.259* 0.046 –0.003
sQ 0.082 0.090* –0.011 0.020 –0.010 –0.055  0.031 0.008 0.207* 0.021 0.010
sr 0.078 0.104* 0.076* 0.069* 0.064 0.048 0.038  0.029 0.150* 0.066 0.008
iC 0.044 0.024 0.023 –0.012 0.019 0.031 0.009 0.036  0.167 0.029 –0.012
LM 0.051 0.187* 0.304* 0.135* 0.303* 0.311* 0.254* 0.193* 0.206*  0.242* 0.226*
Pa 0.183* 0.121* 0.034* 0.107* 0.082* 0.056 0.026 0.083* 0.035 0.296*  0.002
bM 0.117* 0.045 0.010 0.030 0.028 –0.004 0.013 0.010 –0.015 0.277* 0.003 

p < 0.01

table 6
Results of three heirarchical AMOVAs for Paralabrax nebulifer based on microsatellite loci.

a) For samples collected between 1997-1999 and 2010-2013   

     Variance Percentage  
 Source of variation  d.f. Sum of squares component of variation %

 among regions  1 3.808 3.808 0.000 0%
 among Populations  14 54.929 3.923 0.030 1%
 among individuals  331 885.280 2.675 0.199 8%
 Within individuals  347 790.000 2.277 2.277 91%
 total  693 1734.016  2.506 100%
 Fixation index (Fst) -0.001

p > 0.05

b) For all sampling locations

     Variance Percentage  
 Source of variation  d.f. Sum of squares component of variation %

 among Populations  11 47.325 4.302 0.029 1%
 among individuals  335 896.691 2.677 0.200 8%
 Within individuals  347 790.000 2.277 2.277 91%
 total  693 1734.016  2.505 100%
 Fixation index (Fst) 0.012     

p < 0.05

c) Comparing locations north and south of the San Quintin upwelling zone. 

     Variance Percentage  
 Source of variation  d.f. Sum of squares component of variation %

 among regions  1 6.100 6.100 0.005 0%
 among Populations  10 41.226 4.123 0.026 1%
 among individuals  335 896.691 2.677 0.200 8%
 Within individuals  347 790.000 2.277 2.277 91%
 total  693 1734.016  2.508 100%
 Fixation index (FCt) 0.002

p < 0.05
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tion with high migration as no clear clustering among 
individuals was observed.

the san Quintin upwelling zone is a seasonal upwell-
ing event along the coast of the baja California pen-
insula. this upwelling event occurs regularly in July 
coinciding with the peak in spawning for all three spe-
cies of Paralabrax (Love et al. 1996; hovey and allen 
2000; allen et al. 1995). the san Quintin upwelling 
zone is also a known barrier to other summer spawn-
ing species with a pelagic larval stage such as opaleye, 
Girella nigricans (terry et al. 2000), white seabass, Atrac-
toscion nobilis (Michael P. Franklin pers. comm.), and 
purple sea urchins, Strongylocentrotus purpuratus (olivares- 
banuelos et al. 2008). however, the upwelling zone was 
not observed as a barrier for all fish along the Califor-
nia coast. species with a pelagic larval stage that are not 
exclusively summer spawners like the California halibut, 
Paralichthys californicus (Craig et al. 2011), as well as those 
without a pelagic larval state such as the brown smooth-
hound (Mustelus henlei) (Chabot et al. 2015) and the 
round stingray ( Urobatis halleri) (Plank et al. 2010), did 
not reveal the san Quintin upwelling zone as a genetic 
barrier. this suggests that possession of pelagic larvae 
alone does not predict movement patterns across all fish 
in this region. the timing of spawning is probably more 
important.

seasonal upwelling zones are more effective barri-
ers to larvae than to adults (Gaithier et al. 2009). eggs 
of barred sand bass were shown to successfully hatch 
at a wide range of temperatures, but developed much 
slower at low temperatures and failed to develop or died 
at 12˚C (Gadomski and Caddell 1996), the mean tem-
perture in July off of san Quintin in July from 1950 to 
1978 (Lynn et al. 1982). Furthermore, this was an area of 
consistently low abundance of serranid larvae in general 
from 1951 to 1984 (Moser et al 1993). together these 

differentiation for all sampling locations pooled together 
(Fst = 0.012; p = 0.001) (table 6b). testing specifically 
for the san Quintin upwelling zone as a genetic barrier 
showed that there, again, is weak but significant differ-
entiation between sampling locations north and south 
of the upwelling zone (FCt = 0.002; p = 0.011) (table 
6c). the evanno Method within strUCtUre har-
Vester determined that three admixed genetic demes 
was the most probable value of K obtained from the 
strUCtUre analysis (Mean LnP(K) = –8713.95; 
ΔK = 5.488) (fig. 3). however, standard errors associ-
ated with mean log likelihood values from the strUC-
tUre analysis were highly variable and overlapping 
for all values of K indicating a failure of the strUC-
tUre analysis to resolve the most probable value of K 
with any certainty. 

discussion
this study found a high degree of genetic diver-

sity for a single population of barred sand bass. While 
there was a weak but significant difference between 
sampling locations north and south of the san Quin-
tin upwelling zone for both mitochondrial and nuclear 
markers, there is still a high degree of connectivity 
between the two regions. a single, panmictic popula-
tion is further supported by the strUCtUre results. 
While the evanno method suggested a K of 3 as the 
most probable number of clusters, standard errors of the 
log likelihoods from the strUCtUre analyses were 
highly variable and overlapped across all estimates of 
K. the evanno method may not always determine the 
most likely K from a strUCtUre analysis; instead, 
log likelihood values have been shown to provide reli-
able estimates of the number of clusters (Duncan et al. 
2015). the strUCtUre histogram generated from a 
K of 3 (fig. 3) is consistent with a large, single popula-

Figure 3. Structure diagram for Paralabrax nebulifer with K = 3. 
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Populations that have undergone historic reductions 
in the past are expected to demonstrate high mitochon-
drial haplotype diversity and low nucleotide diversity 
after a demographic expansion from a population of 
small effective size (Grant and bowen 1998). Within 
barred sand bass, high haplotype diversity and low 
nucleotide diversity were observed in the present study 
(table 2). Furthermore, significantly negative  tajima’s 
D and Fu’s Fs values from the present study (table 2) 
would seem to support a rapid increase in population 
size at some point in the past. however, it is important 
to note that the haplotype network generated in the 
present study (fig. 2) does not reflect the starburst pat-
tern that is rapidly expanding population. it is possi-
ble that the high haplotype diversity observed in barred 
sand bass in the present study may be a result of the 
highly mutable nature of this region in teleosts result-
ing in extreme variability. as a result, the high variabil-
ity of barred sand bass control region sequences may be 
masking population structure in the species. bradman 
and colleagues (2011) found that the control region in 
broadbill swordfish, Xiphias gladius, was unable to detect 
population structure on as fine a scale as the naDh 
dehydrogenase subunit 2 (nD2) region. based on the 
limitations imposed by the high variability of the mtCr, 
this marker may not be the best choice of for detecting 
population structure in barred sand bass. 

Differences in life histories among the congeners of 
Paralabrax appear to have resulted in these observed dif-
ferences in population genetic structure and diversity. 
all three species are aggregate broadcast spawners (allen 
et al. 1995; baca-hovey et al. 2002; erisman and allen 
2006), however each species differs in where it spawns. 
barred sand bass migrate to open soft bottom substrate 
off the coast (a few km) to spawn (baca-hovey et al. 
2002) while kelp bass do not migrate large distances to 
spawn (erisman and allen 2006). spotted sand bass are 
found within bays and spawn at the mouth of those bays 
(hovey and allen 2000; allen et al. 1995) which can 
limit the dispersal of larvae (Levin 1983, 2006). 

the barred sand bass is a heavily fished species in 
both southern California, Usa (erisman et al. 2011) 
and in baja California, Mexico (Cota-nieto et al. 2014; 
b. erisman unpublished results). Understanding the life 
history of the species as well as its population structure is 
important in the management of both fisheries. Genetic 
diversity and population structure which informs man-
agement of populations and the degree of connectivity 
between those populations (shaklee and bentzen 1998; 
airame et al. 2003; Pérez-ruzafa et al. 2006; Palsbøll 
et al. 2007). the life history characteristics of barred 
sand bass have been well studied in southern Califor-
nia (baca-hovey et al. 2002; Jarvis et al. 2010; Mason 
and Lowe 2010) and are underway in baja California, 

findings imply that barred sand bass larvae are less likely 
to cross this barrier during the summer months when 
they are most abundant accounting for the weak, yet sig-
nificant genetic structuring north and south of the bar-
rier as found in this study. however, all three species of 
Paralabrax off California have a pelagic larval duration 
of approximately 21–37 days (allen and block 2012) 
and can be in the currents before and after this upwell-
ing event. as a result, the limited larval transport before 
and after the establishment of the seasonal san Quin-
tin upwelling zone could account for the high degree 
of gene flow and genetic diversity for barred sand bass. 
the California Countercurrent generates eddies within 
the southern California bight (harms and Winant 1998) 
that has been shown to transport larvae along the coast 
of southern California and the Channel islands (shanks 
and eckert 2005; White et al. 2010). similar patterns 
of current flow have been shown along baja Califor-
nia (bograd and Lynn 2003; Di Lorenzo 2003). shanks 
and eckert (2005) suggested that larvae of nearshore 
fish species that are pelagic broadcast spawners off the 
coast of southern California and baja California were 
transported widely via the currents and eddies along the 
eastern Pacific. 

in addition to the larval mediated transport, at least 
some high genetic diversity and site connectivity in 
barred sand bass can also be attributed to adult migra-
tion patterns. Jarvis and colleagues (2010) found that 
barred sand bass show high spawning site fidelity how-
ever not all individuals return to the same spawning site 
every year and some visit multiple spawning sites in a 
single spawning season. this migration of just a few indi-
viduals per generation can keep the genetic diversity of 
a population stable (ryman 1991).

Currently barred sand bass are part of a larger recre-
ational fishery in southern California that includes the 
kelp and spotted sand bass. all three species are managed 
together with collective bag limits of 5 fish and a mini-
mum size limit of 14 inches (CDFW). these regulations 
were increased in March 2013 in response to declining 
numbers of kelp and barred sand bass, however these 
regulations do not account for differences in genetic 
diversity or population structure between the three con-
geners. a comparison of the diversity of barred sand bass 
in this study to previous studies of the other two bass 
species shows that barred sand bass and kelp bass both 
exhibit high haplotype diversity in the mitochondrial 
control region (Phalen 1999) while the spotted sand bass 
shows the opposite (salomon 2005). however, nucleo-
tide diversity is low for barred sand bass and the spotted 
sand bass (salomon 2005) and is high for the kelp bass 
(Phalen 1999). the differences in haplotype and nucleo-
tide diversity reflect differences in the genetic diversity 
of the three congers. 
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Mexico (b. erisman unpublished results). the results of 
the present study suggest that barred sand bass consist of 
one large, panmictic population. this suggests the need 
for a binational management plan for barred sand bass. 

Currently the barred sand bass population exhibits 
very high genetic diversity (table 2). there is no evi-
dence of a decline in genetic diversity over the last 13 
years. because barred sand bass can live up to 24 years 
(Love et al. 1996), the genetic consequences to the rec-
reational fishery crash off California in 2004 may simply 
not have had enough time to manifest. Further sampling 
20 or more years after the fishery decline in 2004 may 
be necessary to reflect any decline in genetic diversity. 
the present study does provide a baseline for the genetic 
diversity of barred sand bass that can then be used to 
monitor and detect any future declines in diversity.
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CALIFORNIA HALIBUT (PARALICHTHYS CALIFORNICUS): A BIOGEOGRAPHIC APPROACH

ABSTRACT
Differences in key biological processes, such as growth 

and reproduction, can greatly influence localized pop-
ulation dynamics. Thus, it is important to characterize 
spatial variation in life history traits of harvested species 
to develop management plans that maximize fishery sus-
tainability. We estimated sex- and region-specific growth, 
total mortality, and reproductive seasonality to assess bio-
geographic differences in California Halibut life history. 
We found that central California Halibut grew faster but 
attained smaller maximum sizes than those from south-
ern California. Catch curve analysis illustrated no differ-
ence in total mortality by sex or region, though females 
lived longer than males. Year-class frequency distributions 
suggested greater recruitment variability in central Cali-
fornia, where abiotic factors (e.g., upwelling strength, sea 
surface temperature) are likely drivers. Reproductive data 
indicated that summer spawning seasons peak earliest in 
Mexico, followed by southern and central California. 
These results demonstrate a need to assess and manage 
California Halibut at the regional scale.  

INTRODUCTION
Biogeographic differences in growth, mortality, and 

reproduction can result in disproportionate effects of 
fishing (Rice et al. 2005). However, fisheries are often 
managed at relatively broad (e.g., statewide/nation-
wide) spatial scales. Although averaging the condition 
of a species across its range simplifies resource manage-
ment, spatiotemporal changes in key biological processes 
can result in localized over- or under-utilization of the 
resource (Prince 2010). This is because many fish stocks 
consist of metapopulations (i.e., groups of individu-
als that are interconnected through larval dispersal, yet 
exhibit distinct population dynamics), which are differ-
entially affected by fishing pressure (Levins 1969; Adams 
1980; Orensanz et al. 2005; Pascoe et al. 2009). Thus, it 
is important to understand spatial variation in the life 
history traits of harvested species, especially those that 
exhibit widespread distributions spanning multiple bio-
geographic regions. 

California Halibut, Paralichthys californicus (fam-
ily Paralichthyidae), is an economically important spe-

cies that can be found as far north as the Quillayute 
River in Washington and as far south as Magdalena Bay 
in Baja California Sur, Mexico (Allen 1990). How-
ever, most individuals in U.S. waters are encountered 
between Bodega Bay, California and the US-Mexico 
border. After a short larval duration of 20 to 29 d, juve-
niles settle into bays, estuaries, and shallow waters of the 
open coast (Allen 1988; Kramer 1990). Adults are pri-
marily found nearshore (typically less than 60 m water 
depth) over sandy habitats that are adjacent to hard sub-
strate or biogenic structures (e.g., sand dollar, Dendraster 
excentricus, beds) (Allen 1988; Allen 1990). Female Cali-
fornia Halibut grow faster and mature later than male 
conspecifics (Haaker 1975; MacNair et al. 2001). Males 
reach sexual maturity between 19 and 32 cm (1 to 3 yr), 
whereas females mature between 36 and 59 cm (2 to 7 
yr) (Love and Brooks 1990). California Halibut are mul-
tiple, broadcast spawners that have been noted as living 
to 30 yr, though recent data have demonstrated a lifespan 
of only 23 yr (CDFW unpublished data [2007 to 2014]).

In 2011, the California Department of Fish and Wild-
life (CDFW, formerly California Department of Fish 
and Game) conducted its first comprehensive stock 
assessment for California Halibut to determine popula-
tion size and the effectiveness of existing management 
actions (Maunder et al. 2011). As part of the assessment, 
fishery-independent and -dependent data were synthe-
sized and incorporated into statistical models developed 
for two separate stocks, one north and one south of 
Point Conception (a well-known biogeographic bound-
ary between central and southern California). Although 
substantial amounts of biological information were made 
available during the assessment, life history data per-
tained primarily to fish collected off southern Califor-
nia (e.g., Allen 1988; Allen and Herbinson 1990; Allen 
et al. 1990; Kramer 1990; Domeier and Chun 1995; Valle 
et al. 1998; MacNair et al. 2001). This forced assessment 
scientists to parameterize both stock models based pri-
marily on the southern California population. To assess 
the effect of biogeography on California Halibut life 
history characteristics, we estimated sex-specific growth 
and instantaneous total mortality for fish collected both 
north and south of Point Conception. We also compared 
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ity of fish from southern California were obtained from 
commercial fisheries (table 1).

Date, location, fishery (i.e., commercial or recre-
ational), gear type, sex, fork length (mm), and wet body 
weight (kg) were recorded in the field. The majority of 
fork lengths were obtained from whole fish sampled at 
shore-based facilities. However, a number of California 
Halibut were received from recreational fishers as filleted 
carcasses. Fork lengths for filleted fish were recorded and 
converted to pre-fillet lengths using the relationship y = 
1.37 + 0.99x (R2 = 0.999, p < 0.001), where x repre-
sents post-fillet fork length (mm) and y represents pre-
fillet fork length (mm). 

In the laboratory, sagittal otoliths were extracted and 
thin-sectioned according to procedures outlined by the 
Committee of Age Reading Experts (CARE 2006). 
Because eyed-side otoliths tended to exhibit distorted 
patterns of growth, blind-side otoliths were selected for 
ageing whenever possible. Without prior knowledge of 
size or sex, two or three readers independently aged 
each fish to the nearest year. Rounding decisions were 
based upon the amount of marginal growth relative to 
immediately adjacent annuli (i.e., otoliths with a mar-
gin representing greater than half the distance between 
neighboring annuli were rounded up and margins rep-
resenting less than half the distance between neighbor-
ing annuli were rounded down). From 2007 to 2011 
and again in 2014, two CDFW staff independently read 
each otolith until a minimum of two identical (within-
reader) age estimates were made. If age determinations 
by the two readers did not agree, a digital image of the 
thin section was prepared and both readers discussed the 
various aspects of the otolith until a final age was agreed 
upon or they decided to exclude the otolith from anal-
yses due to issues associated with poor readability. In 
2012 and 2013, one CDFW and one MLML reader 
followed the same procedures detailed above. However, 
if reader-specific age determinations conflicted with 
one another during these years, a third (CDFW) reader 
was introduced to settle the disagreement. If the third 
reader did not agree with either of the other two read-
ers, a digital image of the thin section was prepared and 
all readers either came to a unanimous agreement or 

region-specific estimates of reproductive seasonality by 
evaluating temporal changes in gonadosomatic index for 
females collected off central California and corrected 
larval density data obtained by California Cooperative 
Oceanic Fisheries Investigations (CalCOFI) surveys 
along southern California and Mexico. 

MATERIALS AND METHODS
California Halibut were collected between San Fran-

cisco Bay, CA and the US–Mexico border from 2007 
to 2014 (fig. 1). Fish were collected using both fishery-
independent and fishery-dependent sampling methods. 
A diversity of gear types (i.e., hook and line, trawl, gill 
net, seine, and spear) was used to collect fishes of both 
sexes and from various size classes. Although fishery-
independent methods were used, we (CDFW [2007 to 
2014] and Moss Landing Marine Laboratories [MLML, 
2012 and 2013]) procured most specimens from com-
mercial and recreational fisheries using a combination 
of stratified random and opportunistic sampling designs 
(CDFW 2013; Barnes 2015). Fish from central California 
were collected in nearly equal proportions from com-
mercial and recreational fisheries, whereas the major-

Moss Landing 
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 Santa Cruz 
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 Morro Bay 
Port San Luis 

Santa Barbara 
 Ventura 

Oxnard 
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CA 

NV 

Figure 1. Primary locations used to sample California Halibut, Paralichthys 
californicus. Point Conception (indicated by the black arrow) denotes the 
boundary between central and southern California sites.

TABLE 1
Sample Sizes of California Halibut Collected by  

Region, Sex, and Fishery.

  Central California Southern California

 Female Male Female Male 
 (n = 743) (n = 556) (n = 615) (n = 145)

Commercial 293 269 571 134
Recreational 359 219  19   1
Research  72  53  23  10
Incidental  19  15   2   0
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sampled in each region were selected for these analyses 
(i.e., 2013 for central California [n = 587] and 2012 for 
southern California [n = 265]). Year-class frequencies 
between 1993 and 2007 were analyzed. 

Reproductive Seasonality
Duration and peak of the summer spawning sea-

son were estimated for central California females using 
reproductive data collected in 2012 and 2013 (Barnes 
2015). Ovaries from sampled fish were removed and 
weighed to calculate gonadosomatic index (GSI), rep-
resented by the equation 
  ovary mass (g)  GSI =    * 100
  body mass (g) – ovary mass (g)

(Le Cren 1951; Delahunty and de Vlaming 1980; de 
Vlaming et al. 1982). Ovaries were then preserved in 
10% formalin, stored in 70% ethanol, and processed 
using histological methods described by Luna (1968). 
Microscopic maturity stages were determined based, 
in part, upon descriptions by Murua et al. (2003). The 
incidence of spawning females (i.e., those possessing 
hydrated oocytes and/or new postovulatory follicles) 
was used to estimate the duration of the spawning sea-
son, whereas peaks in reproductive activity were identi-
fied by fluctuations in GSI (Le Cren 1951; Delahunty 
and de Vlaming 1980; Almatar et al. 2004). 

Reproductive data similar to those described above 
were not available south of Point Conception. There-
fore, temporal changes in larval densities obtained from 
CalCOFI ichthyoplankton surveys (1980 to 2011) were 
used to approximate peaks in reproductive activity off of 
southern California and Mexico. Additionally, we applied 
a one-month correction to CalCOFI data to account 
for California Halibut’s 20 to 29 d larval duration and 
approximate the time at which spawning occurred. 
Because California Halibut spawn in shallow waters, 
exhibit a relatively short larval duration, and settle into 
nearshore environments (Allen 1988), the farther offshore 
and more infrequent CalCOFI surveys conducted north 
of Point Conception were not appropriate for assessing 
the reproductive patterns of this species. Therefore, spa-
tiotemporal trends in reproductive activity were assessed 
by plotting mean monthly GSI for fish collected off of 
central California and corrected mean monthly larval 
densities from southern California and Mexico. 

RESULTS
In total, 2059 California Halibut (1299 central Cali-

fornia, 760 southern California) were collected as part 
of this study. Fork lengths ranged from 85 to 1346 mm 
and ages ranged from 1 to 23 yr (tables 2 and 3). The 
overall mean length (± SE) was 680 ± 4.3 mm and the 
overall mean age (± SE) was 6.5 ± 0.1 yr. The sex ratio 

decided to exclude the otolith from analyses. Finally, 
age estimates and capture dates were used to assign a 
year-class to all fish. 

Growth
Sex- and region-specific growth rates were estimated 

using length-at-age data and the von Bertalanffy growth 
equation Lt = L∞(1–e–K(t–t0)), where Lt is the predicted 
length at age t, L∞ represents the theoretical maximum 
length, K is the growth coefficient, and t0 indicates the 
predicted age at a length equal to zero (von Bertalanffy 
1938). Parameters L∞ and K were estimated using least-
squares regression techniques and the Excel add-in 
“Solver.” Because our collection methods yielded few 
fish under 200 mm, we fixed the parameter t0 at zero 
(e.g., Robertson et al. 2005; Caselle et al. 2011). Maxi-
mum likelihood techniques described by Kimura (1980) 
were then used to estimate and compare 95% confi-
dence intervals surrounding the intersection of K and 
L∞ (R 3.1.1). Statistical significance was determined 
by evaluating spatial overlap between sex- and region- 
specific confidence intervals (i.e., overlapping confidence 
intervals indicated no difference in growth and spatially 
explicit confidence intervals demonstrated a significant 
difference). 

Mortality 
Catch curve analysis was employed to estimate instan-

taneous total mortality (Z) using the equation N(t) = 
N0 e–Zt, where N(t) is the number of individuals col-
lected within a particular year-class at age t and N0 
represents the number of individuals from the same 
year-class at age zero (Ricker 1975). This equation was 
rewritten as ln N(t) = ln N0 – Zt, enabling the use of 
linear regression on log-transformed age frequency data 
to solve for N0 (y intercept) and Z (slope). Because we 
could not sample the entire range of California Halibut 
ages (e.g., due to size-based gear selectivity, release of 
fish measuring less than the minimum legal size, onto-
genetic shifts in habitat use or spatial distributions), only 
data from age classes greater than or equal to the mode 
were included. ANCOVA (Model III), using age as a 
covariate, was used to test for differences in slopes and 
y-intercepts (SPSS 22.0). 

We also evaluated differences in year-class frequency 
distributions to gain a basic understanding of spatio-
temporal variation in the survival of young California 
Halibut. A two-sample Kolmogorov-Smirnov (KS) test 
was used to compare region-specific differences in year-
class strength, a proxy for recruitment (SPSS 22.0). Mea-
sures of kurtosis and skewness were also calculated to 
quantitatively characterize the shape (i.e., peakedness and 
degree of symmetry) of year-class frequency distributions 
for each region. Years with the greatest number of fish 
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larger maximum sizes than males, and that central Cali-
fornia Halibut grow faster but smaller maximum sizes 
than southern California Halibut (figs. 2 and 3). Based 
upon the von Bertalanffy growth equations above, cen-
tral California Halibut typically recruit to the fishery 
(i.e., reach the minimum legal size limit of 559 mm) at 
3.7 yr for females and 4.6 yr for males. In southern Cal-
ifornia, females recruit to the fishery at 4.6 yr and males 
recruit to the fishery at 5.0 yr.

Mortality
Statistical comparisons of catch-at-age data indi-

cated no difference in instantaneous total mortality (Z) 
between male and female California Halibut (central 
California: F1,12 = 0.166, p = 0.691; southern Califor-
nia: F1,13 = 0.006, p = 0.937). Sex-specific estimates of 
Z for southern California Halibut were very similar to 
one another (Zmale = 0.35, Zfemale = 0.36). In central Cal-
ifornia, however, the total mortality estimate for males 
(Z = 0.42) was considerably greater than that of females 
(Z = 0.34). When comparing sex-specific estimates of 
total mortality by region, we found no significant differ-
ence between females collected from central and south-
ern California (F1,16 = 0.035, p = 0.854) and an apparent, 
but nonsignificant difference between males (F1,9 = 
0.123, p = 0.734) (fig. 4). Additionally, the number of 

was skewed toward females in both regions and was cal-
culated at 1.4:1 (X2

11297 = 26.290, p < 0.001) in cen-
tral California and 4.3:1 (X2

1759 = 291.512, p < 0.001) 
in southern California. Additionally, contingency table 
results demonstrated a significant difference in sex ratio 
between the two regions (X2

1 = 12.556, p < 0.001).

Growth
Sex-specific von Bertalanffy growth equations were 

estimated to be L(t)female = 1049 (1 – e–0.21t) and L(t)male 
= 820 (1 – e–0.25t) for central California and L(t)female 
= 1304 (1 – e–0.12t) and L(t)male = 1048 (1 – e–0.15t) for 
southern California (table 4). Lifetime growth curves 
and 95% confidence intervals surrounding parameters 
K and L∞ indicate that females grow faster and attain 

TABLE 2
Minimum, Mean (Standard Error), and Maximum Fork 

Lengths (mm) for California Halibut, by Region and Sex. 
Sample Sizes are Indicated for Each Group.

  Central California Southern California

 Female Male Female Male 
 (n = 743) (n = 556) (n = 615) (n = 145)

Minimum  186  130   85  152
Mean (SE) 748 (7) 634 (6) 679 (8) 518 (17)
Maximum 1171 1047 1346 1065

TABLE 3
Minimum, Mean (Standard Error), and Maximum  

Ages (yr) for California Halibut, by Region and Sex. 
Sample Sizes are Indicated for Each Group.

  Central California Southern California

 Female Male Female Male 
 (n = 743) (n = 556) (n = 614) (n = 145)

Minimum  1  1  1  1
Mean (SE) 6.8 (0.1) 6.7 (0.1) 6.4 (0.1) 4.9 (0.2)
Maximum 19 16 23 14

TABLE 4
Von Bertalanffy Growth Parameters L∞ and K  

for California Halibut, by Sex and Region.  
Standard Errors are Shown in Parentheses.

  Female Male

Growth  Central Southern Central Southern 
Parameter CA CA CA CA

L∞ 1049 (15) 1304 (35) 820 (14) 1048 (60)
K 0.21 (0.01) 0.12 (0.01) 0.25 (0.01) 0.15 (0.01)

Figure 2. Length-at-age data and von Bertalanffy growth curves for female (A) and male (B) California Halibut. Fish from central California are indicated by open 
triangles (observed) and solid lines (predicted), whereas fish from southern California are indicated by crosses (observed) and dashed lines (predicted). 
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(skewnesscentral = 1.899 ± 0.64, skewnesssouthern = 0.970 
± 0.64), though the central California Halibut year-class 
frequency distribution exhibited a greater probability of 
encountering relatively old fish.

Reproductive Seasonality
We observed spawning females in central California 

from mid-June to the beginning of September in 2012 
and 2013. From these data, we estimated the duration of 
the summer spawning season to be 79 ± 3 d (SE). This 
duration was also supported by relatively low mean GSI 
of mature females (2.9 ± 0.5 [SE]) in May and Septem-
ber. Additionally, increases in mean GSI to 4.7 ± 0.3 (SE) 
demonstrated a peak in reproductive effort in central 
California in July. Because large quantities of California 
Halibut are not caught between October and April north 
of Point Conception (CDFW 2014), we have no data 
with which to evaluate reproductive activity in central 
California outside of the summer months.

southern California males sampled was significantly less 
(as indicated by a difference in the y-intercept) than 
females from the same region (F1,14 = 69.150, p = 0.004). 

When comparing region-specific year-class frequency 
distributions, we found no significant difference between 
central and southern California Halibut (D = 0.250, p 
= 0.847). However, there were noticeable peaks in year-
class frequencies (a proxy for recruitment) in central Cal-
ifornia in 1998, 1999, and 2005 (fig. 5). Corresponding 
peaks were absent from southern California, where we 
observed a relatively normal distribution surrounding 
the 2006 year-class. The central California year-class fre-
quency distribution (n = 12) was leptokurtic (kurtosis = 
3.195 ± 1.23), denoting the presence of a sharper than 
normal peak in the 2005 year-class. Conversely, the year-
class frequency distribution for southern California (n = 
12) was platykurtic (kurtosis = - 0.515 ± 1.23), which 
indicates a broader than normal shape lacking any signif-
icant peaks. Both populations were skewed to the right 

Figure 3. Von Bertalanffy growth parameters K and L∞ for female (A) and male (B) California Halibut. Ellipses represent sex- and region-specific 95% confidence 
intervals. Fish from central California are indicated by solid lines and fish from southern California are indicated by dashed lines.

Figure 4. Instantaneous total mortality for California Halibut collected from central California in 2013 (solid) 
and southern California in 2012 (dashed). Females are shown in black and males are shown in gray.
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peak spawning in central California in July, we found 
that California Halibut display a latitudinal gradient in 
timing of reproduction, with spawning taking place ear-
lier to the south and later to the north (fig. 6).

DISCUSSION
Our estimated female to male sex ratios of 1.4:1 for 

central California and 4.3:1 for southern California dif-
fer from previous approximations for smaller fish from 
the same regions (1.1:1 and 1:2.2, respectively; MacNair 
et al. 2001). However, the 4.3:1 sex ratio for southern 
California Halibut matches a previous estimate obtained 
from similarly sized individuals (Sunada et al. 1990). The 
relatively greater difference in the number of males and 
females collected off of southern California Halibut may 

Based upon the incidence of larvae obtained from 
CalCOFI ichthyoplankton surveys in nearshore waters, 
we know that California Halibut spawn year-round in 
southern California and Mexico. The greatest larval den-
sities (number of larvae per 10 m2) of California Hali-
but can be found in April (0.56 ± 0.19 [SE]) and June 
(0.29 ± 0.15 [SE]) in Mexico and in April (0.56 ± 0.18 
[SE]) and July (0.69 ± 0.20 [SE]) in southern California 
(CalCOFI 2014). Given the approximate one-month lag 
between spawning and late larval phase, we inferred that 
peak spring spawning occurs in Mexico and southern 
California in March. Additionally, corrected larval den-
sity data indicate that peak summer spawning takes place 
in Mexico in May and in southern California in June. 
When comparing this information with our observed 

Figure 5. Year-class frequency distributions for central (solid) and southern (dashed) California  
Halibut, 1993 to 2007. 

Figure 6. Mean gonadosomatic index for mature California Halibut females collected from central Cali-
fornia in 2013 (closed circles, solid line) and corrected mean larval densities (number per 10 m2, wet 
displacement volume) for southern California (open circles, dashed line) and Mexico (open squares, 
dotted line) by month. Larval density data were collected by CalCOFI from 1980 to 2011. Error bars 
have been omitted for clarity.
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of issues associated with selective fishing imposed by a 
minimum size limit of 559 mm and a sampling scheme 
that was primarily fishery-dependent, we were limited 
to fish greater than 6 yr. Additionally, a strong 2005 year-
class in central California shifted the mode of age fre-
quencies to the right, preventing catch curve analysis for 
6 and 7 yr old fish north of Point Conception. Finally, 
male California Halibut exhibit a shorter lifespan than 
females, further reducing the number of data points used 
in catch curve analysis of this sex. It is probable that 
each of these factors compounded upon one another 
to increase the variation in our age frequency data for 
central California males. As such, continued sampling is 
necessary to improve our understanding of Z for male 
California Halibut caught north of Point Conception. 

Our estimate of instantaneous total mortality for 
southern California Halibut females (Z = 0.36) was 
much less than the only other estimate (Z = 0.53), 
which was calculated for fish collected between 1985 
and 1988 (Reilly et al. 2008). The greater estimate of 
total mortality for southern California females may be 
attributed to the inclusion of particularly strong year-
classes resulting from the 1982–83 El Niño event. This, 
along with some uncertainty surrounding our estimates 
of Z for central California males, reiterates the need to 
conduct catch curve analysis over longer time series that 
account for various levels of year-class strength.

When evaluating spatiotemporal variation in survival 
of young California Halibut, we observed greater varia-
tion in year-class frequency distributions (i.e., recruit-
ment) north of Point Conception. With a pelagic 
larval phase, young California Halibut are susceptible to 
advection offshore during periods of intense and per-
sistent upwelling, as has been found in other species 
resident to eastern boundary currents (e.g., Parrish et 
al. 1981; Cury and Roy 1989; Gibson 1994; Wilderbuer 
et al. 2002). Additionally, periods of strong upwelling 
may decrease sea surface temperatures below a thresh-
old at which young California Halibut can survive. We 
observed stronger recruitment for California Halibut 
during weaker upwelling years (1998, 1999, and 2005) 
and weaker recruitment during stronger upwelling years 
(2000 to 2002) in central California (Auth 2008; Caselle 
et al. 2010; Ralston et al. 2013). This variation in Cal-
ifornia Halibut recruitment is out of synchrony with 
rockfish recruitment north of Point Conception, which 
is strongest during colder SST and stronger upwelling 
(Caselle et al. 2010; Ralston et al. 2013). The opposing 
patterns of California Halibut and rockfish recruitment 
in central California may have implications for the near-
shore ecosystem as a whole (e.g., California Halibut and 
similarly influenced species serving as important food 
sources during periods of poor rockfish recruitment) 
and, therefore, are important to better understand. 

be a result of sampling bias from fishing activities that 
target larger (typically female) fish. It may also be due to 
sampling fish within an area where there are sex-struc-
tured spatial distributions (e.g., more females found near-
shore, as indicated by Sunada et al. 1990). Investigations 
into sex-specific habitat associations and movement pat-
terns of California Halibut may elucidate potential mech-
anisms for the observed difference in sex ratio by region. 

Growth
Consistent with the scientific literature, female Cali-

fornia Halibut collected as part of this study grew faster 
and to larger sizes than male conspecifics (Haaker 1975; 
Hammann and Ramirez-Gonzalez 1990; Sunada et al. 
1990; MacNair et al. 2001). However, contrary to the 
only other regional comparison of California Halibut 
growth (MacNair et al. 2001), our data show that central 
California Halibut grow faster, but attain smaller maxi-
mum sizes than those from southern California. Con-
flicting results between MacNair et al. (2001) and our 
study are likely due to different size and age ranges of 
fish sampled. MacNair et al. (2001) used a single gear 
type (i.e., trawl with a 8.5 cm mesh cod end), which 
resulted in the collection of smaller sex- and region-
specific median sizes (ranging from 387 to 544 mm) 
and younger maximum ages (from 12 to 13 yr) of Cali-
fornia Halibut. Because our study incorporated numer-
ous gear types (i.e., trawl, gill net, hook and line, spear, 
seine), we were able to sample a wider size range of fish, 
with larger sex- and region-specific median sizes (rang-
ing from 559 to 780) and older maximum ages (between 
14 and 23 yr) of California Halibut. The truncated size 
and age distributions of fish collected by MacNair et al. 
(2001) generated estimates of L∞ and K that were more 
theoretical, whereas our estimates were corroborated by 
length-at-age data for a wider age range of fish, includ-
ing older fish. Additionally, without having sampled large 
quantities of small (<200 mm) fish, we found that it was 
more appropriate to fix t0 at zero for our study because 
doing so produced more biologically realistic growth 
curves that intersected at the origin. 

Mortality
Despite observing sex- and region-specific differences 

in growth, statistical analyses indicated no differences in 
instantaneous total mortality. Although we did not detect 
statistical differences, estimates of Z suggested greater 
mortality for male California Halibut found north of 
Point Conception (Z = 0.42) as compared to females 
from the same region (Z = 0.34) and males from south-
ern California (Z = 0.35). Greater calculations of Z for 
central California males may be due to a combination of 
several factors. First, catch curve analysis is limited to fish 
greater than or equal to the mode age sampled. Because 
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study. This indicates that temperature thresholds for repro-
duction are lower than previously estimated for California 
Halibut and that some other factor (e.g., planktonic food 
supply) effects the timing of spawning. 

The estimates of growth, total mortality, and repro-
ductive seasonality that we have provided not only 
enhance our understanding about spatiotemporal effects 
on the life history traits of nearshore fish species, they 
also provide sex- and region-specific data for reparame-
terization of the stock models developed specifically for 
California Halibut. As such, incorporation of our results 
into future stock assessments should improve model out-
puts and reduce uncertainty concerning the sustainabil-
ity of California Halibut within state waters.
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CHANGES IN SIZE COMPOSITION AND RELATIVE ABUNDANCE OF FISHES IN  
CENTRAL CALIFORNIA AFTER A DECADE OF SPATIAL FISHING CLOSURES

aBstraCt
rockfish Conservation areas (rCas) were imple-

mented in 2000 to 2003 along the West Coast of the 
united states to reduce fishing mortality on rockfish 
(Sebastes spp.) and other groundfish species that had 
recently been declared overfished. in 2012, we initiated 
a study to compare recent catch rates, species compo-
sitions and length frequencies of fishes inside and out-
side the rCas with data collected in central California 
between 1995 and 1998. at all sites surveyed, total catch 
rates from the new surveys (2012–14) were significantly 
higher than catch rates from before rCa implemen-
tation (1995–98). The majority of the differences were 
due to the increased relative abundance of yellowtail 
rockfish (Sebastes flavidus), although other species, includ-
ing the overfished canary rockfish (Sebastes pinniger), also 
increased. differences in the size composition of spe-
cies between the two time periods reflected both the 
increased survival of older fishes and higher recruitment 
success in the past decade.

INtrODUCtION
after receiving subsidies to develop domestic fishing 

capability in the 1970s, the us West Coast fishing fleet 
became overcapitalized in the 1980s, resulting in fishing 
mortality rates that were unsustainable (ralston 2002; 
Melnychuk et al. 2013). as a consequence of the com-
bined effects of overexploitation and poor recruitment 
conditions throughout the 1990s, seven species of rock-
fish (Sebastes spp.), as well as lingcod (Ophiodon elonga-
tus) and Pacific hake (Merluccius productus) were declared 
overfished in West Coast waters during the late 1990s 
and early 2000s (berkeley et al. 2004; PFMC 2003). in 
an effort to protect and rebuild overfished species, while 
allowing for some harvest of healthy stocks, a broad set 
of spatial area closures was implemented between 2000 
and 2003 to minimize fishing mortality on rebuilding 

species. These areas are known as rockfish Conserva-
tion areas (rCas), i.e., areas on the continental shelf and 
slope closed to specific recreational and commercial fish-
ing activities. in us waters, the rCas extend along the 
entire West Coast from the Mexican border to the Cana-
dian border, and fishing prohibitions continue to date.

The regulatory boundaries of rCas are lines that 
generally follow depth contours. The precise boundar-
ies vary both over time (season and year), gear type used, 
and by latitude in different areas of the coast. recre-
ational fisheries have been constrained to waters shal-
lower than the nearshore boundary of the recreational 
rCa, while both trawl and fixed gear commercial 
fisheries are allowed to fish deeper than the seaward 
boundary of the trawl and non-trawl rCas (Mason et 
al. 2012). in California, the recreational rCa has been 
divided into a number of management areas, such that 
fishing for groundfish species has been prohibited deeper 
than 36–110 m (20–60 ftm) on the continental shelf.

although rCas are not intended to exclude fish-
ing on a permanent basis, they are intended to pro-
vide the benefits of spatial closures often attributed to 
marine reserves, primarily the severe reduction of fish-
ing effort to rebuild overfished species. some of these 
benefits include general increases in population size and 
biomass, increases in the mean length of fish, and higher 
reproductive potential (lester et al. 2009). The latter 
benefit can occur in situ through increased fish abun-
dance as well as reduced mortality from fishing of larger, 
older fishes, which may contribute disproportionally to 
reproductive success (hixon et al. 2014). in addition, 
enhanced reproductive potential within a closed area 
is expected to have “spillover” effects, seeding adjacent 
areas with both emigrating adults and dispersing prog-
eny from the protected spawning population.

recent studies have evaluated population trends 
before and after rCa closures using a combination of 



Marks et al.: CHaNGes IN sIZe aND aBUNDaNCe OF FIsHes IN CeNtral CalIFOrNIa aFter a DeCaDe OF FIsHING ClOsUres
CalCOFI rep., Vol. 56, 2015

120

CdFW observers recorded a latitude and longitude for 
fishing drifts, the number of active anglers, fishing time, 
number of each species caught, and whether they were 
kept or released. This enabled calculations of catch per 
unit effort (CPue) for discrete geographic areas. observ-
ers recorded total length (mm) of a subset of retained 
fishes on the vessel while transiting to port. Thus, length 
data from 1987–98 do not have associated latitude and 
longitude coordinates on the fine geographic scale of a 
fishing drift. as a result, we only compared lengths of 
fishes from the 1987–98 data set from fishing trips that 
occurred exclusively at the locations that were sampled 
in 2012–14. although the CdFW 1987–98 data have 
been used to support past stock assessments, informa-
tion on catches at a greater spatial resolution were recov-
ered as a component of this effort and recently uploaded 
in 2014 into a relational structured queried language 
(sQl) database.

2012–14 Fishing Methods Field methods for the 
2012–14 surveys followed fishing operations in the 
1987–98 CdFW surveys with the exception that we 
released caught fishes, targeted specific locations where 
1987–98 surveys took place, and recruited volunteer 
anglers. although the end tackle used by fishers sur-
veyed in the CdFW study was not precisely recorded, 
discussions with CPFV captains suggested that five-hook 
shrimp-fly gangions was the gear most commonly used 
at the time. Therefore, five-hook gangions with shrimp-
fly lures were provided for each angler and no subtrac-
tions or additions of gear were allowed to enable the 
calculation of catch rates on a per-hook basis in future 
comparative studies. half of the anglers used strips of 
squid bait on each hook and the other half did not use 
bait to represent different methods of fishing. 

Captains were instructed to conduct fishing drifts as 
they would on a normal chartered day of fishing. gPs 
coordinates of CdFW fishing locations were provided 
to locate areas for fishing to occur. once in those areas, 
captains searched for locations to fish, making use of 
depth sounders as well as their knowledge of the fish-
ing grounds. Captains started and stopped fishing based 
on drift speed and catch rates, as they would on normal 
trips. start and stop times for each drift were recorded 
to calculate CPue. beginning and ending coordinates 
were recorded and later plotted in gis to track drift lines 
in relation to rCa boundaries as well as compare our 
fishing locations with the CdFW fishing data. each day 
consisted of approximately three hours of fishing within 
the region.

To ensure fish survival upon release, each fish caught 
was initially placed into an 18-gallon bin filled with fresh 
seawater. Care was taken to minimize damage to each 
fish while the hook was removed. Fish were identified to 
species and we measured fork length to the nearest half-

onboard observer data for recreational fisheries in areas 
open to recreational fishing (e.g., Cope et al. 2013) and 
data from bottom trawl surveys (e.g., keller et al. 2014). 
While keller et al. (2014) documented greater catch 
rates and larger fish within rCas for a suite of demersal 
species, their data set did not include information from 
the time period prior to rCa establishment, contained 
minimal coverage of shallower regions targeted by rec-
reational fisheries, and excluded high relief habitats that 
are inaccessible to trawling. Thus, there remains a need 
to better quantify changes in the relative abundance of 
rocky reef fishes in nearshore waters to understand the 
effects of area closures at fine spatial scales. 

a temporally and spatially extensive pre-rCa data set 
made it possible to assess the effectiveness of the rCas 
after a decade of spatial closures. From 1987 to 1998, in 
response to industry concerns of an apparent decline 
in the quality of fishing for rockfishes and lingcod in 
central and northern California waters, the California 
department of Fish and Wildlife (CdFW) conducted 
at-sea sampling of the catch of commercial passenger 
fishing vessels (CPFVs) (reilly and Wilson-Vanden-
berg 1999). during that period, observers accompanied 
charter-fishing vessels on over 2,200 fishing trips that 
targeted rockfishes and lingcod, collecting information 
on over 300,000 fishes. They recorded fishing effort (in 
units of angler hours spent fishing), species composi-
tion, lengths, and coarse fishing location information 
in every month of the year at sites from Morro bay to 
eureka, Ca. 

The goal of our research was to evaluate changes in 
species compositions, catch rates, and lengths of recre-
ationally important species within three different regions 
of central California in pre-rCa and post-closure data 
sets. This research was a collaborative effort among the 
national Marine Fisheries service (nMFs), CdFW, 
Moss landing Marine laboratories (MlMl), California 
sea grant, the central coast CPFV fleet and volunteer 
anglers recruited through the California Collaborative 
Fisheries research Program at MlMl for the post- 
closure surveys. here we compare fishery metrics cal-
culated from the pre-rCa CdFW data set (1995–98) 
to a new post-closure data set (2012–14) that was gen-
erated by fishing in the same locations and using proto-
cols and techniques similar to those used by reilly and 
Wilson-Vandenberg (1999) during the CdFW surveys. 

MetHODs

Hook and Line Fishing Surveys
1987–98 CDFW Data Set From 1987–98 CdFW 

selected trips to observe CPFV operations. on each trip, 
CPFV captains chose the fishing locations, determined 
drift length and the number of drifts. on selected trips, 
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sites where recreational fishing continued after 2002 we 
consulted with local commercial and recreational fish-
ermen in July and august of 2012. The half Moon bay 
and the Farallon islands regions have sites that have been 
fished since the implementation of rCas. however, the 
surrounding areas of Cordell bank had no comparable 
site open to fishing after 2002; therefore we compared 
“shallow” and “deep” sites to evaluate whether changes 
in the length and relative abundance of fishes over time 
varied by depth within this closed region. 

as the rCas are intended to closely approximate 
depth based spatial closures, the rCa fishing sites were 
generally deeper than the reference sites in half Moon 
bay and the Farallon islands. The recreational rCa 
in the san Francisco Management area (38˚57.50'n 
to 37˚11'n) restricted recreational fishing deeper than 
approximately 55 m (30 ftm) during the 2012–14 sur-
veys. The half Moon bay fishing sites were between 
4–20 km offshore and included low relief rocky reef 
habitats. Fishing drifts in the half Moon bay rCa 
site occurred at depths between 55–85 m and drifts 
within the reF site occurred at depths between 23–52 
m. The Farallon islands fishing sites were distributed 
between the north Farallon island and southeast Far-
allon island, approximately 50 km west of san Fran-

centimeter. To enable future studies of fish movements, 
T-bar anchor tags were inserted into the dorsal muscle 
of a subset of fishes that displayed little or no signs of 
barotrauma. The majority of fishes were released back 
at depths of capture with the aid of descending devices. 
subsets of selected species were retained for ongoing 
studies of reproductive ecology, (e.g., beyer et al. 2015), 
age and growth, and isotope/diet analysis. 

Fishing Regions and Site Selection
We selected three different regions of central Califor-

nia: half Moon bay (hMb), the Farallon islands (Far), 
and Cordell bank (Cor) for comparison of fish com-
munities pre- and post-rCa implementation (fig. 1). all 
three regions contained popular fishing locations in the 
1980s and 1990s, have areas that have been closed since 
2002, and were sampled extensively by CdFW between 
1987–98. From 2012–14, we fished within rCa sites 
(closed to recreational fishing) and reference sites (reF, 
open to fishing) (fig. 1). sites within the rCa were 
selected based on their proximity to pre-rCa fishing 
drifts from the CdFW data set, whereas comparable 
reF sites were selected based on both their proximity to 
CdFW fishing drifts and on the fact that they had been 
fished seasonally since 2002. To select reference fishing 

Figure 1. Rockfish Conservation Area boundaries and hook and line fishing sites (RCA, REF, Shallow, Deep) sampled in 1995–98 and 2012–14. Sampling was 
completed in the regions of Cordell Bank (COR), the Farallon Islands (FAR), and Half Moon Bay (HMB). RCA 1 is the area where recreational fishing and commer-
cial bottom fixed-gear has been prohibited since 2002. RCA 2 is the area where commercial bottom trawling has been prohibited since 2002. These boundaries 
may change seasonally as well as annually.
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We compared species compositions at sites (rCa/
reF, deep/shallow) within regions by examining the 
proportion of catch that each species comprised. The 
1995–98 and 2012–14 data sets were compared by cal-
culating the mean CPue for each species and then 
determining the fraction of the sum of all mean species 
CPue that each species comprised. 

To examine how total and species-specific catch 
rates have changed we used Welch’s t-test (α = 0.05) to 
compare CPue in the 1995–98 and 2012–14 data sets. 
Welch’s t-test was appropriate for these data because our 
samples were independent, had unequal variances, and 
sample sizes were high enough that we could assume 
normality (ruxton 2006). We also used Welch’s t-tests 
to compare the mean CPue for each of the six most 
abundant species, inside and outside of the future rCas 
in the 1995–98 data set, to determine if initial differences 
existed before the implementation of rCas.

Length Analyses
We compared species mean fork lengths (cm), length 

frequencies, and the percent of fish larger than the length 
of 50% maturity to assess overall changes in fish sizes 
between 1995–98 and 2012–14 data sets. We used Welch’s 
t-test (α = 0.05) to compare mean fork lengths of the six 
most abundant species in both of the time periods com-
bined. lengths from the 1995–98 data set were converted 
from total length to fork length using previously pub-
lished methods (echeverria and lenarz 1984; laidig et al. 
1997). data from Wyllie echeverria (1987) and silberberg 
et al. (2001) provided estimates for length of 50% matu-
rity for species in the geographic region where we col-
lected data. We used a kolmogorov-smirnov two-sample 
test to examine if the length frequency distributions were 
similar between the 1995–98 and 2012–14 data sets for 
yellowtail rockfish (S. flavidus), canary rockfish (S. pinni-
ger), and widow rockfish (S. entomelas). yellowtail rockfish 
lengths were analyzed because they were exceptionally 
abundant in field surveys. Canary and widow rockfish 
were analyzed because they were both federally listed as 
overfished species and are focal species for management. 
statistical analyses were performed in JMP and r (JMP 
2012, r Core Team 2014).

resUlts
The 1995–98 and 2012–14 data sets were compara-

ble in both effort (fishing drifts) and measured fishes in 
all three regions (tables 1 and 2). For length analyses, we 
used 6,928 fishes from the 1995–98 data set and mea-
sured a total of 7,781 fishes between 2012–14 (table 2). 

Species Compositions
yellowtail rockfish was the most abundant species 

(measured by mean CPue) in both the 1995–98 and 

cisco. Fishing drifts inside the rCa were at depths 
between 57–73 m and drifts within the reF site were 
in depths of 27–65 m. Fishing drifts in the reF sites 
were sometimes deeper than the stated shoreward depth 
of the rCa because published boundaries do not fol-
low exact isobaths. Cordell bank is located 40 km west 
of Point reyes and is comprised of high relief pin-
nacles, none reaching closer to the surface than 35 m. 
The “shallow” fishing sites were all on top of the bank, 
on the northeast side, at depths between 55–135 m. 
The “deep” fishing sites were just north of the bank in 
water depths of 120–190 m. 

Analysis
Selection of 1995–98 CDFW data To evaluate the 

effectiveness of rCa closures, only data from 1995–
98 in the CdFW data set were used for comparison 
with the 2012–14 data set. These years were selected 
because they were the four years closest to the imple-
mentation of the rCas, and had higher and more 
consistent number of drifts compared to the 1987–
94 data. individual drifts within the 1995–98 CdFW 
data set were selected for analyses based on three cri-
teria: recorded amount of time fishing, location, and 
recorded depth. To minimize the bias caused by short 
drift times, which might over or underestimate catch 
rates, we excluded any drifts from catch rate analyses 
that were less than five minutes in duration for both 
the 1995–98 and 2012–14 data sets. additionally, geo-
graphic filters were applied to the 1995–98 data set to 
ensure spatial congruence with the 2012–14 data set. 
using arcgis, 1 km buffers around all 2012–14 drifts 
were created and drifts in the 1995–98 data set that 
did not overlap with the 1 km buffers were excluded 
from data analyses. Consequently, drifts with incom-
plete or no spatial information were also excluded. 
Finally, only 1995–98 drifts that were recorded within 
a depth of ±10 m of the minimum and maximum 
depth of 2012–14 drifts within a site were included 
to maintain similarity between the depths sampled in 
both time periods. 

Catch Rate Analyses We used CPue, where 
effort was in units of angler hours, as a metric of rela-
tive abundance of fishes. as there was no documenta-
tion or records regarding the number of hooks each 
angler used in the CdFW data set, we measured catch 
on a per angler basis rather than catch on a per-hook 
basis. To calculate effort we multiplied the number of 
anglers observed by the total fishing time for each drift. 
CPue was then calculated for each species by dividing 
the number of fish caught by fishing effort for each drift:

 no. of fish caught per drift
CPue = 
 [no. of anglers] × [no. hours fishing] 
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the 2012–14 data sets (fig. 2). yellowtail rockfish com-
prised the largest percentage of CPue at all sites except 
the Farallon islands and half Moon bay reference sites 
in 1995–98, where blue rockfish (S. mystinus) were 
more abundant (fig. 2). The six most abundant spe-
cies across all regions in the 1995–98 data set were: 
yellowtail rockfish, blue rockfish, canary rockfish, rosy 
rockfish (S. rosaceus), chilipepper (S. goodei), and widow 
rockfish. Five of these species were also the most abun-
dant in the 2012–14 sampling, although the order of 
abundance shifted to yellowtail rockfish, blue rockfish, 
canary rockfish, widow rockfish, rosy rockfish, and ling-
cod. species compositions between the 1995–98 and 
2012–14 data sets at each site appeared to be more 
similar than comparisons of paired rCa and refer-
ence sites within a region, or deep and shallow sites at 
Cordell bank (fig. 2). 

Changes in Catch Rates
Farallon Islands and Half Moon Bay relative to the 

pre-closure 1995–98 period, total catch rates inside and 
outside the rCa were significantly higher (p ≤ 0.05) in 
the 2012–14 period (fig. 3). This difference was in part 
attributable to a twofold to threefold increase in the catch 

Figure 2. Species compositions calculated as fraction of total CPUE (catch per angler per hour) by site for the historical data set (1995–98) and our 
recent data set (2012–14) for the 11 most abundant species. 

taBle 1 
Number of individual fishing drifts by region and site  

used for CPUE analyses comparing the historical fishing  
data set (1995–98) and the new data set (2012–14).

   No. of Drifts

Region Site 1995–98 2012–14

Cordell bank deep 69 37
 shallow 61 24
Farallon islands rCa 41 30
 reF 42 54
half Moon bay rCa 62 35
 reF 43 59

taBle 2 
Number of fishing trips and counts of  

fish lengths used in analyses of the historical fishing  
data set (1995–98) and the new data set (2012–14).

  Fishing  Count of 
  Trips  Fish Lengths

Region Site 1995–98 2012–14 1995–98 2012–14

Cordell bank deep  8  9 1584  978
 shallow  6  9 1160 1661
Farallon islands rCa  3  8  793 1051
 reF  4 10  985 1169
half Moon bay rCa 11 10 1854 1465
 reF  3 10  552 1457
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data set compared to the 1995–98 data set at Cordell 
bank (fig. 3). The shallow site exhibited the greatest 
increase of all sites in mean CPue (by approximately 
six-fold) between the two time periods. yellowtail rock-
fish CPue comprised the majority of this difference 
(fig. 3). additionally, compared to the 1995–98 data set, 
the mean CPue of lingcod and rosy rockfish at the shal-
low site and canary rockfish and widow rockfish at the 
deep site significantly increased in the 2012–14 period 
(fig. 4). as at the Farallon islands and half Moon bay 
sites, no significant decreases in CPue occurred over 
time at either Cordell bank site.

For the comparisons between the deep and shallow 
sites at Cordell bank, no difference was observed within 

of yellowtail rockfish. however, CPue was still signifi-
cantly higher (at some sites doubled) in recent years even 
when discounting yellowtail rockfish catch (fig. 3). We 
found significant increases and no significant decreases in 
CPue at various sites for all six species (yellowtail rock-
fish, blue rockfish, canary rockfish, widow rockfish, rosy 
rockfish, and lingcod) between the 1995–98 and 2012–
14 data sets (fig. 4). Canary and yellowtail rockfish CPue 
were greater in the 2012–14 data set in all sites at the Far-
allon islands and half Moon bay (fig. 4). 

When comparing total CPue within each time 
period we found no significant differences between 
rCa and reference sites in the Farallon islands or half 
Moon bay regions (table 3). however, relative differ-
ences in CPue between the rCa and reference sites 
for individual species changed over time. For exam-
ple, there was no significant difference in canary rock-
fish CPue between the rCa and reference sites in 
the 1995–98 data set, but the 2012–14 data set showed 
higher CPue of canary rockfish in the rCa at both 
the Farallon islands and half Moon bay regions (fig.4, 
table 4). Conversely, some trends remained the same in 
the 1995–98 and 2012–14 data sets. in the half Moon 
bay region, rosy rockfish were more abundant in the 
rCa and blue rockfish were more abundant in the ref-
erence site in both time periods (fig. 4, table 4). 

Cordell Bank similar to the Farallon islands and 
half Moon bay, total CPue increased dramatically (p ≤ 
0.05) in both the deep and shallow sites in the 2012–14 

Figure 3. Mean total CPUE (all species caught per angler per hour) shown by site and period of data collection. Yellowtail rockfish CPUE is displayed 
separately as it represented the single largest proportion of any species caught. Error bars show the standard error of total CPUE. Asterisks indicate a 
significant mean difference between CPUE for all species combined as well as CPUE without yellowtail rockfish at each site between the 1995–98 and 
2012–12 data sets (α = 0.05).

taBle 3
Mean total CPUE differences (Diff.) at sites within  

each data set, with p-values and degrees of freedom (df). 
 Positive values indicate greater CPUE at deep sites  

(Cordell Bank) or inside the RCA (Farallon Islands and 
Half Moon Bay), while negative values denote greater 
CPUE in shallow/REF sites. Significant differences are 

shown in bold (p ≤ 0.05).

  1995–98    2012–14

 Diff. in mean    Diff. in mean 
Region CPUE p-value df CPUE p-value df

Cordell bank 0.16 0.82 116 –19.00 0.00 34
Farallon islands 0.55 0.46 77 3.43 0.25 49
half Moon bay –1.60 0.10 59 0.20 0.94 86
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more abundant in the shallow site in both the 1995–98 
and 2012–14 data sets (fig. 4, table 4).

Changes in Size of Fishes
Farallon Islands and Half Moon Bay Mean fork 

lengths and sample sizes for the top six species at each 

the 1995–98 data set, whereas total CPue was higher 
in the shallow site in 2012–14 (fig. 3, table 3). For indi-
vidual species, canary rockfish were more abundant in 
the deep site in the 1995–98 data set but did not dif-
fer between deep and shallow sites in the 2012–14 data 
set (fig. 4, table 4). yellowtail and rosy rockfish remained 

Figure 4. Changes in CPUE of the six most abundant species caught in both the old data set (1995–98) and new data set (2012–14). Error bars 
represent one standard error from the mean. Asterisks denote significant differences between old and new mean CPUE at each site (α = 0.05).
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rCa in the 2012–14 period (3.8 cm larger mean size), 
but the majority of the widow rockfish caught from 
2012–14 at half Moon bay and the Farallon islands were 
smaller than the size at 50% maturity (fig. 5C and fig. 6). 
The mean length of lingcod was greater in the 1995–98 
data set than the 2012–14 data set both inside and out-
side the rCa at the Farallon islands as well as outside 
the rCa in half Moon bay (table 6). 

in general, the mean lengths of species in both the 
1995–98 and the 2012–14 data sets were larger in the 
rCa than in the reference sites at the Farallon islands 
and half Moon bay (table 7). in both data sets, the mean 
lengths of blue, canary, and yellowtail rockfish were 
greater in the rCa than in the reference site (table 7). 
additionally, in the 2012–14 data set, mean length of 

site in each period are reported in table 5. in contrast to 
the clear increase in CPue over time, patterns in fish 
size were more variable between regions. For example, 
compared to the 1995–98 data set in half Moon bay, 
mean lengths of yellowtail rockfish were larger during 
the 2012–14 period both inside and outside the rCa. 
however, the opposite trend was observed at the Faral-
lon islands, where mean yellowtail rockfish lengths were 
significantly larger (p ≤ 0.05) in the 1995–98 period 
both inside and outside the rCa (table 6). results from 
kolmogrov-smirnov two-sample test showed that length 
distributions of yellowtail rockfish were different at all 
sites between the 1995–98 period and the 2012–14 
period (p ≤ 0.05). almost all of the yellowtail rockfish 
caught both inside and outside the rCa at the Farallon 
island and half Moon bay regions in the 2012–14 data 
set were below the length at 50% maturity (fig. 5a and 
fig. 6). similarly, most canary rockfish caught in both the 
Farallon islands and half Moon bay regions were smaller 
than the length at 50% maturity and were distributed 
similarly across size classes between the two time peri-
ods (fig. 5b and fig. 6). Mean lengths of widow rockfish 
were significantly larger (p ≤ 0.05) in the half Moon bay 

taBle 4 
Comparisons of CPUE between RCA and reference sites within the old 1995–98 data set (A) and 2012–14 data set (B)  

for the six most abundant species across both data sets. Comparisons at Cordell Bank are between “shallow” and “deep” 
sites. Positive differences in mean CPUE indicate more fish in the RCA/deep site whereas negative values indicate  

more fish in the REF/shallow site. All significant results are shown in bold (p ≤ 0.05). 

(A)

   Blue Rockfish   Canary Rockfish   Lingcod 

 Diff. in mean   Diff. in mean   Diff. in mean 
1995–98 CPUE p-value df CPUE p-value df CPUE p-value df

Cordell bank –0.09 0.06 60 0.81 0.00 70 –0.13 0.10 79
Farallon islands –0.59 0.30 62 0.14 0.46 52 0.03 0.79 76
half Moon bay –3.42 0.00 46 0.11 0.20 74 –0.03 0.54 67

   Rosy Rockfish   Widow Rockfish   Yellowtail Rockfish

 Diff. in mean   Diff. in mean   Diff. in mean 
 CPUE p-value df CPUE p-value df CPUE p-value df

Cordell bank –0.16 0.00 81 –0.15 0.41 123 –1.60 0.00 94
Farallon islands 0.25 0.11 70 0.17 0.01 40 0.88 0.00 73
half Moon bay 0.33 0.00 92 0.21 0.06 89 1.46 0.00 95

(B)

   Blue Rockfish   Canary Rockfish   Lingcod 

 Diff. in mean   Diff. in mean   Diff. in mean 
2012–14 CPUE p-value df CPUE p-value df CPUE p-value df

Cordell bank –0.08 0.16 22 0.08 0.93 29 –0.65 0.00 23
Farallon islands –1.75 0.09 73 3.02 0.00 33 –0.23 0.13 81
half Moon bay –7.19 0.00 59 1.20 0.00 58 0.04 0.75 71

   Rosy Rockfish   Widow Rockfish   Yellowtail Rockfish

 Diff. in mean   Diff. in mean   Diff. in mean 
 CPUE p-value df CPUE p-value df CPUE p-value df

Cordell bank –1.15 0.00 22 2.32 0.27 51 –22.57 0.00 25
Farallon islands –0.84 0.01 80 0.25 0.26 28 2.59 0.22 50
half Moon bay 0.98 0.00 54 –0.01 0.96 68 4.48 0.02 54

Figure 5 (on following page). Yellowtail (A), Canary (B), and Widow (C) rock-
fish length frequencies by region and site. Lengths (x-axis) are classified 
by two cm bins of fork length. Length frequencies are normalized and dis-
played as the proportion of fish in each length bin (y-axis). Vertical dashed 
lines indicate fork length at 50% maturity; 35 cm, 42 cm, 35 cm respectively, 
converted from total lengths in Wyllie Echeverria (1987) using methods from 
Echeverria and Lenarz (1984). Asterisks indicate results from Kolmogorov-
Smirnov two-sample test of differences in distributions between the old data 
set (1995–98) and new data set (2012–14). ** p ≤ 0.001, *p ≤ 0.05. See Table 5 
for sample sizes.
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widow rockfish was greater in the rCa than in the ref-
erence site in half Moon bay.

Cordell Bank The highest percent of mature yel-
lowtail rockfish in both data sets were observed at 
Cordell bank (fig. 5a and fig. 6). additionally, com-
pared to 1995–98, the mean lengths of yellowtail rock-
fish were significantly larger (p ≤ 0.05) in 2012–14 in 
both the deep and shallow sites (table 6). The Cordell 
bank deep site was the only site with more than 10% 
of canary rockfish that were greater than the length at 
50% maturity (fig. 5b and fig. 6). Canary rockfish were 
an average of 12.8 cm larger in the deep site than the 
shallow site in the 2012–14 data set (table 7). Compared 
to the 1995–98 data set, the six most abundant species 
had a higher percentage of fishes over the length at 50% 
maturity at Cordell bank in the 2012–14 data set; how-
ever, this trend was not seen in the Farallon islands and 
half Moon bay regions (fig. 6). 

DIsCUssION
overall, catch rates in the 2012–14 period were 

two to six times higher (depending on the site) than 
those observed in the 1995–98 period, suggesting strik-
ing increases in total abundance of demersal species in 
central California shelf habitats. significant increases, at 
least at some of the sites, were observed for three of 
the species designated as overfished prior to establish-
ment of the rCas; canary rockfish, widow rockfish, and 
lingcod (other overfished species are typically uncom-
mon at the depths included in our study). our sampling 
in  2012–14 was designed to mimic the CdFW 1990s 
effort as closely as possible to allow direct comparison 
of CPue. although the gear used in the earlier study 
was not explicitly recorded by observers, we believe our 
assumption of five-hook gangions is reasonable and pos-
sibly conservative since there was no hook limit in effect 
at that time. if a high proportion of anglers were using 
more than five-hook gangions then our results would 
underestimate the extent of the increase in CPue.

The marked increase in rockfish and other demersal 
species in the last decade is consistent with many other 
sources of fishery dependent data sets, fishery indepen-
dent data sets, and stock assessment results (e.g., Wallace 
and Cope 2011; Field 2013; Cope et al. 2013). For exam-
ple, the abundance of lingcod in California waters was 
estimated to be at less than 10% of the unfished level in 
1998 (the last year of the CdFW study), but above 70% 
by 2009 (hamel et al. 2009). in this study, catch rates 
of lingcod were greater in the recent period, although 
their magnitude varied spatially. however, the specific 
causes of the increased abundance for any given species 
or region are difficult to conclusively identify, as even 
with stock assessment models there are no analyses of the 
relative abundance or contribution to new recruitment 
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that closed habitats and reduced fishing mortality, ocean 
conditions through the late 1990s tended to be associ-
ated with poor recruitment, whereas a greater fraction of 
years from 1999 through the period of this study (par-
ticularly the 2008–14) have been associated with strong 
recruitment and reproductive success, with strong year 
classes often occurring synchronously among species 
(ralston et al. 2013; stachura et al. 2014; leising et al. 
2014). While our results clearly document and quantify 
the improved status of demersal species in the surveyed 
regions, the subsequent link to specific management 
actions or ocean-driven changes in recruitment success 
is beyond the scope of our analysis.

although all of our sites were within a relatively small 
section of the us West Coast, there were clear spatial 

from fish inside versus outside of closed areas. Conse-
quently, the observation that catch rates have increased 
both inside and outside of the rCas could be an indi-
cation that either spillover and larval export effects are 
more than compensating for continued fishing removals 
in the outside sites, or could simply represent improved 
recruitment throughout the broader region occupied 
by lingcod and rockfish. The continuity of the rCa 
along the entire West Coast and the overall areal extent 
of the closure provided a high potential for reproductive 
contributions from inside and outside sites, but overall 
reductions in fishing mortality rates have clearly con-
tributed to direct population increases of the shelf spe-
cies whose habitats are closed to fishing. in addition 
to the additive benefits of these management actions 

Figure 6. Summary of the percent of fishes caught at each site that were above the length of 50% maturity (Wyllie Echeverria 1987). The combined six species 
reported here are: canary, widow, yellowtail, blue, and rosy rockfish and lingcod. Asterisks indicate sites at which species counts were less than 15 individual fish.

taBle 6
Differences in mean fork length between the 1995–98 and 2012–14 data sets and associated p-values for all areas  

and sites sampled. Positive differences indicate an increase in mean length in the 2012–14 data set, and negative values  
indicate a  decrease in mean length in the 2012–14 data set. All significant results are shown in bold (p ≤ 0.05).  

Species shown are the top six most abundant species across both data sets.

     Blue Rockfish   Canary Rockfish   Lingcod

  Diff. in mean   Diff. in mean   Diff. in mean 
Region Site (cm) p-value df (cm) p-value df (cm) p-value df

Cordell bank deep n/a — —  4.2 0.00 142 6.2 0.17  9
 shallow 1.2 0.29  13 n/a — — –10.6 0.00 36
Farallon islands rCa –1.6 0.00 155 –2.7 0.00  69 –20.9 0.00 37
 reF 0.4 0.00 293  –1.12 0.11 100 –16.5 0.00 63
half Moon bay rCa 4.6 0.00 156 –0.5 0.25 240 –14.3 0.00 39
 reF 0 0.97 926 –0.8 0.54  16 n/a — —

    Rosy Rockfish   Widow Rockfish   Yellowtail Rockfish

  Diff. in mean   Diff. in mean   Diff. in mean 
Region Site (cm) p-value df (cm) p-value df (cm) p-value df

Cordell bank deep n/a — —  2.7 0.00 288 2.6 0.00  716
 shallow n/a — —  0.4 0.59  80 1.6 0.00 1249
Farallon islands rCa  0.3 0.60  92 –8.1 0.00  35 –3.6 0.00  628
 reF –0.2 0.60 112 n/a — — –2.8 0.00  293
half Moon bay rCa –0.1 0.85 103  3.8 0.00  50 0.5 0.03 1498
 reF n/a — — n/a — — 1.2 0.00  130
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docino, this species was historically a key component of 
recreational fisheries in central and northern Califor-
nia. Following the implementation of the rCas, which 
closed most of the yellowtail rockfish habitat to fishing, 
catches have been very modest (the average central Cali-
fornia catches in 2003–12 period were 12% of the 1993–
2002 average, based on catch data reported in Cope et 
al. 2013). due to a paucity of fishery- independent data, 
a stock assessment for yellowtail rockfish has never been 
conducted south of Cape Mendocino, yet the stock is 
assumed to be healthy (well above target levels) north 
of Cape Mendocino (Cope et al. 2013) and the data-
poor methods applied to the central California stock 
have indicated that the stock is above target levels and 
that both historical and recent catches are far below sus-
tainable levels (dick and MacCall 2010). similar to yel-
lowtail rockfish, catch rates of canary rockfish at both 
the Farallon islands and half Moon bay regions have 
also increased considerably between the 1995–98 and 
2012–14 time period. our study showed that most 
canary rockfish tended to be less than the 50% maturity 
length, which is consistent with earlier stock assessment 
results that indicated patchiness in the distribution of 

differences in species compositions and catch rates. after 
accounting for the differences in relative abundance over 
the two time periods (1995–98, 2012–14), differences in 
catch rates were the largest among regions, likely reflect-
ing differences in ocean and/or habitat conditions, with 
more modest differences in catch rates inside and out-
side of the recreational rCa boundary. This is consis-
tent with work presented by starr et al. (2015), who used 
comparable hook and line fishing inside and outside of 
the newly created state Marine Protected areas (MPas), 
and showed that area-specific and temporal trends in 
catch rates tended to be greater than the differences in 
catch rates inside and outside of MPas. over longer 
time scales differences between closed and open fish-
ing areas are expected to increase, as starr et al. (2015) 
found greater differences between exploited areas and 
adjacent habitats that had been protected for over 20 
years as compared to seven years. 

The very dramatic increase in catch rates of yellowtail 
rockfish, which accounted for the overwhelming major-
ity of fishes encountered in this study, is particularly inter-
esting. although this stock is more abundant and more 
important to commercial fisheries north of Cape Men-

taBle 7
Differences in mean fork length inside and outside the RCA within the 1995–98 data set (A) and the 2012–14 data set (B)  
for the six most abundant species across both data sets. Comparisons at Cordell Bank are between “shallow” and “deep” 

sites. Positive differences indicate greater mean fork lengths in deep/RCA sites, whereas negative values indicate  
smaller fork lengths in RCA/deep sites. All significant results are shown in bold (p ≤ 0.05). 

(A)

   Blue Rockfish   Canary Rockfish   Lingcod 

 Diff. in mean   Diff. in mean   Diff. in mean 
1995–98 (cm) p-value df (cm) p-value df (cm) p-value df

Cordell bank n/a — — n/a — — 0.6 0.69  21
Farallon islands 3.6 0.00 511 2.6 0.00 93 2.2 0.39  29
half Moon bay 2.2 0.00 873 4.3 0.00 11 n/a —  —

   Rosy Rockfish   Widow Rockfish   Yellowtail Rockfish

 Diff. in mean   Diff. in mean   Diff. in mean 
 (cm) p-value df (cm) p-value df (cm) p-value df

Cordell bank n/a — — 1.5 0.05 267 0.6 0.00 1077
Farallon islands –1.9 0.00  89 n/a — — 0.1 0.00  389
half Moon bay n/a — — n/a — — 6.5 0.00  126

(B)

  Blue Rockfish   Canary Rockfish   Lingcod 

 Diff. in mean   Diff. in mean   Diff. in mean 
2012–14 (cm) p-value df (cm) p-value df (cm) p-value df

Cordell bank n/a — — 12.8 0.00 103 17.4 0.00   8
Farallon islands 1.5 0.00 163  1.1 0.02 495 –2.2 0.44  28
half Moon bay 6.8 0.00 150  4.6 0.00 108  2.1 0.28  94

   Rosy Rockfish   Widow Rockfish   Yellowtail Rockfish

 Diff. in mean   Diff. in mean   Diff. in mean 
 (cm) p-value df (cm) p-value df (cm) p-value df

Cordell bank n/a — — 1.6 0.00 84 1.6 0.00  521
Farallon islands –1.4 0.00  75 n/a — — 2.4 0.00  618
half Moon bay 0.8 0.00 123 0.8 0.00 71 5.7 0.00 1094
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tat differences that influence the distribution of fishes, 
as many rockfish (as well as lingcod and many other 
groundfishes), exhibit ontogenetic migrations to deeper 
water as they increase in size and age (lea et al. 1999; 
love et al. 2002; love et al. 2009). For that reason, the 
mean fish length of a given population within a more 
shallow depth range is likely to decline and their abun-
dance increase in response to strong recruitment events, 
as those individuals initially recruit to shallower habitats 
(love el al. 2009; Jaworski et al. 2010). our selection of 
reference sites was somewhat constrained to slightly shal-
lower water since rCa boundaries are generally based 
on depth. some efforts to mitigate for these depth dif-
ferences were taken by attempting to select reference 
sites closer to rCa boundaries and in more compa-
rable depths where possible, but even slight differences 
in depth may be influential to our results. For example, 
blue rockfish typically reside in shallower depths than 
the other species sampled in our study. at both half 
Moon bay and the Farallon islands, blue rockfish were 
more abundant at the reference sites than the rCa sites 
both before and after the rCas were implemented, and 
increases in CPue over time were only evident at the 
reference sites. The slightly deeper depths of the rCa 
sites may have reduced the habitat suitability for blue 
rockfish in contrast to the other species. similarly, our 
results showed that both before rCa implementation 
and ten years after, mean lengths of yellowtail, canary, 
and blue rockfish were greater inside the rCa, sug-
gesting an ontogenetic pattern unrelated to the fish-
ing closure. given that the deeper waters were open 
to fishing historically and are closed now, it is not pos-
sible to fully decouple possible reserve effects from the 
effects of ontogenetic migration and strong recruitment 
pulses, thus complicating the hypothesis that fish lengths 
will increase in closed areas as fish are allowed to age 
and grow.

regardless of whether or not the trends observed are 
due to management protection, our results are consis-
tent with stock assessments and others studies demon-
strating a strong and sustained recovery of rockfish and 
other groundfish, and indicate that the existing rCas 
tend to be populated by larger individuals, which may 
have a higher reproductive capacity (sogard et al. 2008: 
hixon et al. 2014). as such, these data will be useful for 
future stock assessments, as well as for finer-scale eval-
uations of changes in species composition and spatial 
variability in both abundance and recruitment. Future 
analyses are anticipated in combination with analysis of 
ongoing observer program data, which, combined with 
these results, should help to address questions relating 
to stock structure and distribution and lead to improve-
ments and refinements to ongoing spatially explicit man-
agement decisions.

small canary rockfish relative to larger individuals, with 
the central California region including a greater fraction 
of smaller and immature individuals (Wallace and Cope 
2011). given this pattern, the increase in catch rates of 
canary rockfish indicates strong recruitment in recent 
years, which is also consistent with results from trawl 
surveys, stock assessments and pre-recruit surveys (Wal-
lace and Cope 2011; ralston et al. 2013; Thorson and 
Wetzel 2015). as it has been shown that catch rates for 
some rockfish species in recreational fisheries increase 
substantially following strong recruitment events (Field 
et al. 2010). More detailed investigations into the inter-
action between strong recruitment events and catch rates 
in the recreational fishery should be explored; particu-
larly canary rockfish is a key constraining species for the 
recreational fishery in this region. 

a primary objective of spatial closures is to allow 
enhanced survival and aging of long-lived species, 
with the expected result of increased fish sizes. how-
ever, recovery of overfished species will be reflected 
by decreases in mean size as high abundances of juve-
niles recruit to the population. The conflicting shifts in 
fish size over time for the most abundant species in this 
study may reflect the occurrence of both processes. at 
the Cordell deep site, shifts to larger sizes over time were 
significant for canary rockfish, widow rockfish, and yel-
lowtail rockfish, and there was a trend toward larger sizes 
for lingcod. in both data sets the majority of fish at 
this site were mature adults, potentially suggesting that 
higher recruitment in recent years would not be evident 
as young fish have not yet migrated to deeper habitats 
(lea et al. 1999; love et al. 2002). likewise, at the deeper 
shelf and slope habitats examined by keller et al. (2014), 
fish sizes tended to be larger within the rCas com-
pared to areas open to trawling. at our other, shallower 
sites, lingcod sizes decreased markedly over time, pre-
sumably indicating successful recruitment. in particular, 
the 1999 year class was exceptionally strong for lingcod 
and likely contributed to our recent catches. in contrast, 
the dominance of mature lingcod in the late 1990s likely 
reflected the poor recruitment observed for that stock 
during that period (hamel et al. 2009). Canary rockfish 
likewise were generally smaller in size in the 2012–14 
data set and mostly composed of immature fish at all sites 
other than the Cordell deep site, suggesting successful 
recruitment and a shift to predominantly younger fish in 
recent years. other species had inconsistent shifts in fish 
size over time at the shallower sites, potentially reflecting 
a mix of increased survival of older fish and increased 
recruitment of juveniles.

because rCas are depth-based closures, compari-
sons between the rCa and reference sites at the Far-
allon islands and half Moon bay for both catch rate 
and length data may be confounded by depth and habi-



Marks et al.: CHaNGes IN sIZe aND aBUNDaNCe OF FIsHes IN CeNtral CalIFOrNIa aFter a DeCaDe OF FIsHING ClOsUres
CalCOFI rep., Vol. 56, 2015

132

leising, a. W., i. d. schroeder, s. J. bograd, e. bjorkstedt, J.Field, k. sakuma, 
J. abell, r. r. robertson, J. Tyburczy, W. Peterson, r. d. brodeur, C. bar-
celo, T. d. auth, e. a. daly, g. s. Campbell, J. a. hildebrand, r. M. suryan, 
a. J. gladics, C. a. horton, M. kahru, M. Manzano-sarabia, s. McClatchie, 
e. d. Weber, W. Watson, J. a. santora, W. J. sydeman, s. r. Melin, r. l. 
 delong, J. largier, s. yong kim, F. P. Chavez, r. T. golightly, s. r. schnei-
der, P. Warzybok, r. bradley, J. Jahncke, J. Fisher, and J. Peterson. 2014. 
state of the California Current 2013–14: el niño looming. CalCoFi 
rep. 55:51–87.

lester, s. e., b. s. halpern, k. grorud-Colvert, J. lubchenco, b. i. ruttenberg, 
s. d. gaines, s. airame, and r. r. Warner. 2009. biological effects within 
no-take marine reserves: a global synthesis. Mar. ecol. Prog. ser. 384:33-46.

love, M. s., M. yoklavich, and l. Thorsteinson. 2002. The rockfishes of the 
northeast Pacific. berkeley, los angeles, london: university of California 
Press. 404 pp.

love, M. s., M. yoklavich, and d. M. schroeder. 2009. demersal fish assem-
blages in the southern California bight based on visual surveys in deep 
water. environ. biol. Fish. 84:55–68.

Mason, J., r. kosaka, a. Mamula, and C. speir. 2012. effort changes around 
a marine reserve: The case of the California rockfish Conservation area. 
Mar. Pol. 36:1054–1063.

Melnychuk, M. C., J. a. banobi, and r. hilborn. 2013. effects of manage-
ment tactics on meeting conservation objectives for western north amer-
ican groundfish fisheries. Plos one 8:2: e56684.

PFMC (Pacific Fishery Management Council). 2003. status of the Pacific 
Coast groundfish fishery through 2003 and stock assessment and fishery 
evaluation. Vol 1. Pacific Fishery Management Council, Portland, oregon.

r Core Team. 2014. r: a language and environment for statistical computing. 
r Foundation for statistical Computing, Vienna, austria. http://www.r-
project.org/.

ralston, s. 2002. West Coast groundfish harvest policy. n. amer. J. Fish. 
Mgmt. 22:1:249–250.

ralston, s., k. M. sakuma and J. C. Field. 2013. interannual Variation in 
 Pelagic Juvenile rockfish abundance—going With the Flow. Fish. 
oceanogr. 22: 288–308.

reilly, P., and d. Wilson-Vandenberg. 1999. Central and northern Califor-
nia Commercial Passenger Fishing Vessel (CPFV) fisheries sampling Final 
performance report, grant F-50-r-11, Federal aid in sport Fish restora-
tion act. 

ruxton, g. d. 2006. The unequal variance t-test is an underused alternative to 
student’s t-test and the Mann-Whitney u test. behav. ecol. 17(4):688–690.

silberberg, k. r., T. e. laidig, P. b. adams, and d. albin. 2001. analysis 
of maturity in lingcod, Ophiodon elongatus. Calif. Fish. game Fish bull. 
87:139–152.

sogard, s. M., s. a. berkeley, and r. Fisher. 2008. Maternal effects in rock-
fishes Sebastes spp.: a comparion among species. Mar. ecol. Prog. ser. 
360:227–236.

stachura, M. M., T. e. essington, n. J. Mantua, a. b. hollowed, M. a. hal-
tuch, P. d. spencer, T. a. branch, and M. J. doyle. 2014. linking northeast 
 Pacific recruitment synchrony to environmental variability. Fish. ocean-
ogr. 23:389–408. 

starr, r. M., d. e. Wendt, C. l. barnes, C. i. Marks, d. Malone, g. Waltz, k. T. 
schmidt, J. Chiu, a. l. launer, n. C. hall, and n. yochum. 2015. Variation 
in responses of fishes across multiple reserves within a network of marine 
protected areas in temperate waters. Plos one 10:3: e0118502.

Thorson, J., and C. Wetzel. 2015. The status of canary rockfish (Sebastes pin-
niger) in the California Current in 2015. stock assessment and Fishery 
evaluation, Pacific Fishery Management Council, Portland, or. 

Wallace, J. r., and J. M. Cope. 2011. status update of the us canary rockfish 
resource in 2011. stock assessment and Fishery evaluation, Pacific Fishery 
Management Council, Portland, or. 

Wyllie echeverria, T. 1987. Thirty-four species of California rockfishes: ma-
turity and seasonality of reproduction. Fish. bull. 85:229–250.

aCkNOWleDGeMeNts
We thank dale roberts, Cordell bank national 

Marine sanctuary; Tom Mattusch, owner F/V Huli Cat; 
roger Thomas, golden gate Fishermen’s association 
and owner F/V Salty Lady; rick Powers, owner F/V 
New Sea Angler; all the volunteer anglers, deckhands, sci-
ence crew, and captains who made the fieldwork possi-
ble; and the California Collaborative Fisheries research 
Program. Thank you for funding and support: Peter 
nelson and the Collaborative Fisheries research West, 
California sea grant, san Jose state university, and the 
national Marine Fisheries service.

lIteratUre CIteD
berkeley, s. a., M. a. hixon, r. J. larson, and M. s. love. 2004. Fisheries 

sustainability via protection of age structure and spatial distribution of fish 
populations. Fisheries. 29: 23–32.

beyer, s. g., s. M. sogard, C. J. harvey, and J. C. Field. 2015. Variability in 
rockfish (Sebastes spp.) fecundity: species contrasts, maternal size effects, 
and spatial differences. env. bio. Fish. 98:81–100.

Cope, J., e. J. dick, a. d. MacCall, M. Monk, b. soper, and C. Wetzel. 2013. 
data-moderate stock assessments for brown, China, copper, sharpchin, 
stripetail, and yellowtail rockfishes and english and rex soles in 2013. stock 
assessment and Fishery evaluation, Pacific Fishery Management Council: 
Portland, or.

dick, e. J., and a. d. MacCall. 2010. estimates of sustainable yield for 50 
data-poor stocks in the Pacific Coast groundfish fishery management plan. 
noaa Technical Memorandum nMFs-sWFsC-460.

Field, J. C. 2013. status of bocaccio, Sebastes paucispinis, in the Conception, 
Monterey and eureka inPFC areas as evaluated for 2013. stock assess-
ment and Fishery evaluation, Pacific Fishery Management Council: Port-
land, or.

Field, J. C., a. d. MacCall, s. ralston, M. love, and e. Miller. 2010. bocaccio-
nomics: the effectiveness of pre-recruit indices for assessment and manage-
ment of bocaccio. CalCoFi rep. 51:77–90.

echeverria, T., and W. h. lenarz. 1984. Conversions between total, fork 
and standard length in 35 species of Sebastes from California. Fish. bull. 
82(1):249–251.

hamel, o. s., s. a. sethi, and T. F. Wadsworth. 2009. status and future pros-
pects for lingcod in waters off Washington, oregon, and California as as-
sessed in 2009. stock assessment and Fishery evaluation, Pacific Fishery 
Management Council: Portland, or.

hixon, M. a., d. W. Johnson, and s. M. sogard. 2014. boFFFFs: on the im-
portance of conserving old-growth age structure in fishery populations. 
iCes J. Mar. sci. 71:2171–2185.

Jaworski, a., J. solmundsson, and s. a. ragnarsson. 2010. Fish assemblages 
inside and outside marine protected areas off northern iceland: protection 
effects or environmental confounds? Fish res. 102(1-2):50–59.

JMP®. 2012. Version v. 10.0.1. sas institute inc., Cary, nC, usa.
keller, a. a., W. W. Wakefield, C. e. Whitmire, b. h. horness, M. a. bellman, 

and k. l. bosley. 2014. distribution of demersal fishes along the us west 
coast (Canada to Mexico) in relation to spatial fishing closures (2003−11). 
Mar. eco. Prog. ser. 501:169–190.

laidig, T. e., P. e. adams, k. r. silberberg, and h. e. Fish. 1997. Conversions 
between total, fork, and standard lengths for lingcod, Ophiodon elongatus. 
Calif. Fish game 83(3):128–129.

lea, r. n., r. d. Mcallister, and d. a. VenTresca. 1999. biological aspects of 
nearshore rockfishses of the genus sebastes from central California. Calif. 
dept. Fish and game, Fish bull. 177. sacramento. 



Hackett et al.: economic attributes of stayers and leavers in four california fisHeries
calcofi rep., vol. 56, 2015

133

Dr. Steven Hackett
Department of economics
Humboldt State University

ph: (707) 826-3237
fax: (707) 826-3206

hackett@humboldt.edu

Dr. ana PitcHon
Department of anthropology 

San Jose State University 
ana.pitchon@sjsu.edu

M. Doreen HanSen
research associate 

Department of economics 
Humboldt State University 

doreen_hansen@sbcglobal.net

Economic AttributEs of stAyErs And LEAvErs  
in four cALiforniA fishEriEs

abstract
We use a simple regulatory event study approach to 

evaluate hypothesized economic attributes of  california 
commercial fishermen who remain as active fishery par-
ticipants (“stayers”) following regulatory events that 
attenuate fishing opportunities. the attributes of greater 
revenue diversification from multi-fishery participa-
tion, lower interannual income variation, and higher 
annual gross fishing income are hypothesized to dis-
tinguish stayers from those who leave commercial fish-
ing after a regulatory event. We find consistent and (in 
many but not all cases) significant associations as hypoth-
esized between these economic attributes of commer-
cial fishermen and their status as a stayer or a leaver, 
with inter annual fishing income stability being the most 
consistently significant. in light of declining numbers 
of commercial fishermen in california, and the impor-
tance of multi-fishery participation in sustaining those 
who remain, policy makers should provide for flexible 
multi-fishery participation when designing fisheries reg-
ulations, where possible.

Attributes Distinguishing Stayers from Leavers
What attributes foster sustainability and resilience in 

the context of heightened restrictions on commercial 
fishing opportunities in california? as Marshall et al. 
(2007) note, knowledge of the properties that confer 
resilience can assist resource managers, communities and 
resource users to design and implement policies that 
minimize the impacts on people while maximizing the 
sustainability of ecosystem goods and services. Building 
on the seminal work of Holling (1973) on resilience in 
ecological systems, Marshall et al. use the term “social 
resilience” to refer to the flexibility with which resource 
users can cope and adapt to changes in resource policy. 

in this paper we consider resilience in the context of 
persistence in commercial fishing. We use a simple reg-
ulatory event study approach to evaluate a number of 
hypothesized economic attributes of commercial fishers 
who remain as active fishery participants following reg-
ulatory events that attenuate fishing opportunities. our 
focus is in evaluating economic characteristics that dis-
tinguish “stayers”—commercial fishermen who remain 

as active fishery participants in a fishery following regu-
latory events that attenuate fishing opportunities—from 
“leavers” who exit a fishery under the same regulatory 
circumstances. these economic attributes are hypothe-
sized to confer advantages that assist commercial fishers 
in coping with regulatory events and sustaining active 
participation in a commercial fishery. 

there are many attributes of fishers and their house-
holds that can be expected to influence the decision 
to stay or leave as an active participant in a commer-
cial fishery. these include fishing income diversifica-
tion, stability, and level; market channel relationships 
that facilitate sales of multiple fish species; age, health, 
and disability status; educational attainment, experience, 
and skills that are transferable to non-fishing occupa-
tions; spousal income and employment opportunities; 
and the spatial location of outside work opportuni-
ties relative to household mobility. a comprehensive 
analysis of all these attributes would require detailed 
confidential household-level data, interview methods 
that would include measures for intangible and subjec-
tive attributes, and historical regional job market anal-
ysis. rather, we took a narrower and more tractable 
approach that focused on economic attributes linked 
to commercial fishing data.

We empirically analyze three related economic attri-
butes that are hypothesized to be congruent with suc-
cessfully coping with attenuated fishing opportunities 
following a regulatory event. the first of these measur-
able attributes is meaningful participation in multiple 
fisheries, sometimes referred to as “combination fishing” 
(Dory associates 2009). We hypothesize that stayers will 
materially participate in a larger number of fisheries than 
leavers. Participation in multiple fisheries is facilitated by 
production linkages in vessel, human capital, and gear so 
that fishermen can relatively easily redirect fishing effort 
to fisheries that employ similar gear or fishing methods 
(Hutchinson 2003). Multi-fishery participation may confer 
a number of economic benefits, including more complete 
utilization of vessel and other malleable fishing capital, and 
the capacity to apportion effort across fisheries based on 
abundance, prices, fishery management, and other factors. 
We construct a revenue diversity index (rDi), described 
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evidence of adaptation by fishers and processors to an 
individual vessel quota system in the British columbian 
halibut fishery.

this is not to say that participants will always antici-
pate the economic effects of regulation. Fishery regu-
lation does not occur in a deterministic environment. 
Post-regulation adaptation may occur due to unantici-
pated regulatory impacts, fishery population dynamics, 
market changes, or broader economic forces. 

Fisheries Analyzed
We focus on four california fisheries: Dungeness crab 

(Cancer magister), spot prawn (Pandalus platyceros), (cali-
fornia) sheephead (Semicossyphus pulcher), and (califor-
nia) spiny lobster (Panulirus interruptus). all had significant 
restrictive regulatory events since 1980, and all employ 
trap gear to land live finfish or shellfish (occasionally 
other gear types are utilized as well, as described below). 
in large part all of these fisheries also feature relatively 
high prices per pound that are driven by the growth and 
development of new markets that increasingly support 
processing and distribution in live condition. 

Hypothesized Attributes of Stayers and Leavers
•	 Multi-fishery	participation	(as	measured	by	a	reve-

nue diversity index) is associated with a commercial 
fisher’s status as a stayer who continues commercial 
fishery participation following a regulatory event that 
attenuates fishing opportunities. 

•	 A	lower	coefficient	of	variation	(CV)	in	gross	annual	
fishing income is associated with a commercial fisher’s 
status as a stayer who continues commercial fishery 
participation following a regulatory event that attenu-
ates fishing opportunities. 

•	 Higher	gross	annual	fishing	income	is	associated	with	
a commercial fisher’s status as a stayer who continues 
commercial fishery participation following a regula-
tory event that attenuates fishing opportunities.

Research Approaches
the california Department of Fish and Wildlife 

(cDFW) provided the authors with a time-series com-
mercial landings data set of annual individual landings 
receipts for 1980 to 2012. 

regulatory events in the four study fisheries were 
researched for the time period of available cDFW 
data. regulatory events that could change a fishermen’s 
behavior include catch limits, restricted access, or season 
closures. table a describes the regulatory events identi-
fied for each fishery to determine its effect on a fisher-
men’s participation.

Dungeness Crab. Since 1905 the fishery has been 
regulated by the “3-S” principle: sex, size, and season 
limits. the 3-S principle allows only male crabs greater 

in greater detail in section 4 below, as a measure of income 
diversification from multi-fishery participation.

the second attribute we analyze is interannual varia-
tion	in	gross	fishing	income	as	measured	by	the	coefficient	
of variation (cv), which measures the ratio of the stan-
dard deviation to the mean. We hypothesize that stayers 
will	have	a	lower	coefficient	of	variation	in	interannual	
gross annual fishing income than leavers. Fishing strate-
gies that reduce interannual variation in income reduce 
dependence on credit or non-fishing work as a means of 
smoothing consumption in households dependent upon 
commercial fishing income. this second economic attri-
bute may derive in part from multi-fishery participa-
tion that results in a more diversified portfolio of fishing 
income sources. Low interannual variation in gross fish-
ing	income	may	also	derive	from	other,	more	difficult	to	
measure intrinsic attributes of stayers. in years of reduced 
abundance or lower prices, for example, fishermen with 
more knowledge, skill, capacity, or commitment to fish-
ing may be better able to smooth their interannual fishing 
income and sustain participation over time. 

the third attribute we analyze is the level of gross 
annual income from all fishery sources. We hypothesize 
that stayers will have higher mean gross annual fishing 
income than leavers. Higher gross annual fishing income 
may reduce the need for fishers to exit commercial fish-
ing for outside employment in the context of restrictive 
fishery regulations. as Marshall et al. (2007) note, in addi-
tion to their ability to secure outside employment and to 
remain competitive within the fishing industry, commer-
cial fishermen assess their vulnerability to policy change 
on the basis of their financial situation. Fishermen with a 
larger financial buffer feel less vulnerable to policy change. 
this third attribute may derive in part from multi-fishery 
participation that provides more sources of fishing income, 
but (as with low interannual income variation) may also 
derive from other attributes of stayers.

to empirically analyze these economic attributes and 
their association with sustaining commercial fishermen, 
we apply a regulatory event study methodology to four 
california fisheries that allows for longitudinal analysis 
of stayers and leavers before and after a regulatory event. 
the event study approach is based on the idea that in 
the context of public hearings linked to proposed reg-
ulatory rule-making, fishery participants can anticipate 
the economic consequences of the upcoming regula-
tion and sort themselves as either stayers or leavers. For 
example, Brandt (2005) looked at the atlantic surf clam 
(Spisula solidissma) and ocean quahog (Arctica islandica) 
fishery before, during, and after imposition of individual 
transferable quotas in 1990, and found that participants 
who had a transition period to negotiate future quota 
shares acted strategically in anticipation of future regu-
latory change. and casey et al. (1995) found substantial 
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after designating fishermen as a “stayer” or “leaver” 
in one of the four study fisheries, we calculated each 
stayer’s or leaver’s revenue diversity index (rDi). Fisher-
men’s landing records were first categorized into specific 
fisheries based on previous work done by Hackett et al. 
(2009) (table c). once landing records were coded for 
specific fisheries, we needed to determine whether there 
were significant or incidental landings in a given fishery. 
We used $1,000 during the five-year period before the 
regulatory event, or the five-year period on and after the 
regulatory event, as the revenue threshold for material 
participation in a given fishery. 

after longitudinal analysis to determine which fisher-
ies individual fishermen participate in for the five-year 
windows before and during/after the regulatory event, 
we calculated a fisherman’s rDi by simply counting the 
number of fisheries each fisherman materially partici-
pated in. For each of the four study fisheries, the rDis 
of all stayers were averaged for the five-year windows 
before and during/after the regulatory event (“stayers-
pre” and “stayers-post,” respectively), and the rDis of all 
leavers were averaged for the five-year window before 
the regulatory event (“leavers”). once mean rDis for 
each group of fishermen were calculated in the “pre” and 
“post” regulatory periods, statistical tests were applied, as 
described on the next page. 

than 6.25 inches to be landed during the established 
season (Dewees et al. 2004). in 1995 california imple-
mented a restricted access program and capped the num-
ber of available licenses. 

Spot Prawn. this fishery began as a trawl fishery, 
with the trap fishery developing in the 1980s. the indus-
try experienced modified seasonal closures in locations 
along the california coast in the 1990s to 2000. cali-
fornia implemented a restricted access program in 2002 
that featured a two tier system, with the first tier allow-
ing a number of high-performing vessel permits to be 
transferable with no landings limit. a second tier of per-
mits were nontransferable, with landings restrictions, and 
a maximum of 150 traps/vessel.

Sheephead. Sheephead emerged as a specific targeted 
fishery in the 1980s. regulations were first enacted with 
size limits in 1999 to address smaller-sized fish landed for 
the live fish market. We chose to focus on a catch quota 
imposed on the fishery at the beginning of 2001 that 
evolved into bimonthly catch limits. currently sheep-
head is a restricted access fishery with catch limits.

Spiny Lobster. Spiny lobster has been fished in 
southern california since the late 1800s. Prior to 1996, 
the fishery was regulated by trap design. in 1996 a 
restricted access program was initiated. operator permits 
were nontransferable, which allowed the state to even-
tually achieve a 225 permit capacity through attrition. 

We use a 10-year event window to identify fishermen 
who stayed or left. Using a longitudinal approach, we 
tracked individual fishermen’s landings five years before 
the regulatory event, and then determined which fisher-
men remained or left the fishery within five years after 
the event (including the event year itself). this event 
study approach allowed us to determine who was a con-
sistent participant prior to the event, and who dropped 
out after the event occurred. the study developed cri-
teria for individual fishermen who were considered 
“stayers” and “leavers” (table B). in order to be con-
sidered materially active in a fishery (and thus to be 
either a stayer or a leaver), a fisherman must make at 
least $1,000 worth of landings in a fishery in a five-year 
event period. the nominal $1,000 threshold in ex-ves-
sel landings eliminates the issue of landings of non-tar-
get catch confounding participation in one of the four 
study fisheries.

table a  
Regulatory Events by Fishery

 Regulatory  Regulatory 
Fishery Event Year Event Description

Dungeness crab  1995 restricted access Program
Spot Prawn 2002 restricted access Program
Sheephead 2001 catch Quota
Spiny Lobster 1996 restricted access Program

table b 
Criteria for Individual Fishermen Who Were  

Considered Stayers or Leavers in a Given Fishery:

Stayers Leavers

 

•	 	Made	at	least	$1,000	from	 
landings in the fishery in the  
five-year period prior to the 
regulatory event, and were  
active in the fishery in at least 
three of those five years.

•	 	Did	not	make	any	landings	 
in the fishery during and after  
the regulatory event.

•	 	Made	at	least	$1,000	from	 
landings in the fishery in the  
five-year period prior to the 
regulatory event, and were  
active in the fishery in at least 
three of those five years.

•	 	Made	at	least	$1,000	from	 
landings in the fishery in the  
five-year period during and  
after the regulatory event, and 
were active in the fishery in at 
least three of those five years.

table c
List of California Fisheries

California Fisheries*

Herring anchovies
Salmon Squid
albacore Urchin
tuna Sea cucumber
Spiny Lobster Swordfish/Shark
Pink Shrimp Halibut 
Dungeness crab nearshore/Groundfish
Sardine Spot Prawn

*Source: Hackett et al. (2009).
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evaluate this hypothesized attribute using two-sample 
tests for stayers and leavers for the five-year period prior 
to imposition of the regulatory event (these two samples 
are grouped as “stayers-pre” and the “leavers”). table D 
summarizes the results. note that the stayer and leaver 
samples draw from the five-year period prior to the reg-
ulatory event.

the mean rDis for the two fishermen groups show 
a consistent pattern of stayers having larger mean rDis 
than leavers. in two fisheries (Dungeness crab and sheep-
head) this difference in mean rDi values across stayer 
and leaver groups is significant at below the 1% level. in 
the other two fisheries (spot prawn and spiny lobster) the 
difference in mean rDi values across stayer and leaver 
groups has only marginal significance. in the case of 
spiny lobster, weaker significance is driven by the stayer 
group participating in on average only about 0.34 more 
fisheries than leavers in the period prior to regulation. 
in the case of spot prawn, weaker significance is driven 
more by the small sample size of the stayer and leaver 
groups, as the stayers participated in on average about 
0.54 more fisheries than leavers prior to regulation.  

Analysis of Stayers and Leavers
to test whether an attribute (rDi, cv, or gross annual 

income) for stayers is significantly different from that of 
leavers, a simple two-sample t test procedure is employed. 
two-sample f tests for variances provided p values that 
determine whether attribute variances between the two 
groups are significantly different. the outcome of the 
f tests determined whether the t tests were done assum-
ing equal or unequal variances. one-tailed t tests are 
appropriate here because each of the alternative hypoth-
eses is directional—mean rDi is larger, cv lower, and 
gross annual fishing income higher—for stayers relative 
to leavers in the period prior to regulation. 

Before we turn to our results, it is worth explaining 
why we did not use a logit or probit regression analy-
sis to model the probability of a fisher being a stayer 
or leaver as a function of various observable explana-
tory variables. one reason is the correlated nature of 
rDi, cv, and gross fishing income as explanatory vari-
ables in such a regression, which would lead to multi-
collinearity in the resulting model. in addition, as noted 
in section 1, we lack observations on other important 
explanatory variables such as outside (“non-fishing”) 
income, fishers’ and their spouses’ age, education, train-
ing, and employment experience, as well as proximity to 
relevant employers that presumably would contribute to 
a household-level understanding of the stay/leave deci-
sion. Moreover, low sample sizes for the spot prawn and 
sheephead fisheries would raise problems with the power 
of the resulting statistical tests. as a result of these issues 
we focused on simpler statistical analysis to identify key 
attributes of stayers and leavers. results for each of the 
tests are provided below. 

Do Stayers Have Greater Fishing Revenue Diversity?
recall that the revenue diversity index (rDi) is a count 
of the number of fisheries fishermen participate in. We 

table d
Tests of Hypothesized Revenue Diversity Attribute

    P Value,  
  Sample Mean Difference 
Fishery Groups Size RDI in Means*

Dungeness crab Stayers 363 2.71  < 1%
 Leavers 161 2.05 
Spot Prawn Stayers  24 3.67  11.66%
 Leavers  23 3.13 
Sheephead Stayers  59 4.80  < 1%
 Leavers  28 2.68 
Spiny Lobster Stayers 139 2.44 9.41%
 Leavers  40 2.10 

* P values derive from two-sample, one-tailed t tests. F tests for equality of  
variances (5% critical value) resulted in the use of t tests assuming equal variances  
in all four fisheries.

Figure 1.



Hackett et al.: economic attributes of stayers and leavers in four california fisHeries
calcofi rep., vol. 56, 2015

137

Figure 2.

Figure 3.

Figure 4.
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have	a	significantly	lower	coefficient	of	variation	(CV)	
for gross annual fishing revenue than leavers, for the five-
year period prior to imposition of regulation. results for 
each of the tests are shown in table e.

We find strong and consistent support for the hypoth-
esized attribute that stayers will have a lower cv for their 
fishing income. From table e, one can see substantially 
lower cvs for gross annual fishing income for stayers rela-
tive to leavers in all four fisheries for the five-year period 
prior to imposition of regulation. all test results were sig-
nificant at below the 1% level. these findings are consis-
tent with the idea that low inter annual fishing income 
variation reduces economic stress on the households of 
commercial fishers, and thus would be associated with 
economically resilient stayers capable of sustaining par-
ticipation in a commercial fishery following a regulatory 
event that attenuates fishing opportunities. 

Figure	5	shows	mean	coefficients	of	variation	(CV)	
in gross annual fishing income for stayers-pre, stayers-
post, and leavers. the mean cv for gross annual fish-

We find consistent support for stayers having greater 
fishing revenue diversity, with mixed results for signifi-
cance. Multi-fishery participation is consistently asso-
ciated with stayers who persist in commercial fishery 
participation following a restrictive regulatory event. 

additional insight into differences in multi-fishery par-
ticipation and revenue diversity across stayers and leavers 
can be gained by looking at rDi density plots for the two 
groups in the period prior to regulation. Density plots 
for each fishery show the distribution of rDis for stayers 
and leavers in the five-year period prior to imposition of 
regulation Figures 1 through 4). 

From the density plots we can see that some leavers 
had relatively high rDi values, and some stayers had 
relatively low rDi values. clearly revenue diversity is 
not the only attribute distinguishing stayers from leav-
ers. Some fishermen with high revenue diversity may 
nevertheless exit a fishery due to age, health, or out-
side work opportunities, among other reasons. Like-
wise some stayers may focus on a single fishery due 
to prices, abundance, fishery-specific skills, or outside 
income, among other reasons. nevertheless, in each of 
the four fisheries prior to the regulatory event, a higher 
percentage of leavers participated in either a single fish-
ery or at most two fisheries. Moreover, in each of the 
four fisheries a larger percentage of stayers were diver-
sified into three or more fisheries prior to the regula-
tory event. the difference in the distribution of rDi 
values for stayers and leavers from the density plots is 
strongest for the Dungeness crab and the sheephead 
fisheries, which is reflected in the t  test significance 
levels, though this difference is clearly discernable for 
all four fisheries. 

Do Stayers Have More Stable Fishing Income? We 
now turn to the hypothesized attribute that stayers will 

table e
Tests of Hypothesized Revenue CV Attribute 

   Mean P Value,  
  Sample Revenue Difference 
Fishery Groups Size CV in Means*

Dungeness crab Stayers 363 0.542  < 1%
 Leavers 161 0.700 
Spot Prawn Stayers  24 0.387  < 1%
 Leavers  23 0.618 
Sheephead Stayers  59 0.441  < 1%
 Leavers  28 0.633 
Spiny Lobster Stayers 139 0.478 < 1%
 Leavers  40 0.767 

* P values derive from two-sample, one-tailed t tests. F tests for equality of variances 
(5% critical value) resulted in the use of t tests assuming equal variances in all but the 
sheephead fishery, where the t test assuming unequal variances was used.

Figure 5.
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earlier analysis, the stayer and leaver samples draw from 
the five-year period prior to the regulatory event.

We find a consistent pattern of stayers having a larger 
mean gross annual fishing income than leavers. More-
over, as with the fishing revenue diversity attribute, the 
significance of these differences in mean gross annual 
fishing income is mixed. in two fisheries (Dungeness 
crab and sheephead) this difference in mean gross annual 
fishing income across stayer and leaver groups is sig-
nificant at below the 1% level. in the other two fish-
eries (spot prawn and spiny lobster), the difference in 
mean gross annual fishing income across stayer and leaver 
groups is not significant at the usual 5% level.

Figure 6 shows mean gross annual fishing income for 
stayers (pre- and post-event) and leavers. one can see 
that mean gross annual fishing income for stayers consis-
tently exceeds that of leavers in all four fisheries. it is also 
notable that there is a consistent longitudinal pattern of 
higher mean annual gross fishing income for stayers dur-
ing and after the regulatory event relative to before the 
regulatory event. Paired two-sample t tests for difference 
in mean gross annual fishing income for stayers before 
and on/after the regulatory event are significant at the 
5% level in all four fisheries. consolidation of commer-
cial fishing activity following exit of leavers resulted in 
higher mean gross annual fishing income for the stayers 
who were more resilient to regulatory change and were 
able to sustain active fishery participation.

The Challenge of Participating in 
Multiple Fisheries

there are a number of factors that may affect a fish-
er’s capacity for participation in multiple fisheries. one 

ing income for leavers consistently exceeds that of both 
stayer groups in all four fisheries. 

it is also notable that there is no consistent longitu-
dinal pattern to changes in mean cv for gross annual 
fishing income for stayers before and after the regula-
tory event. Post-event mean cv of stayers declines for 
the Dungeness crab and sheephead fisheries (paired two-
sample t test for difference in means is significant at the 
5% level), but increases for the spiny lobster and spot 
prawn fisheries (though these slight increases are not 
significant at even the 10% level). 

Do Stayers Have Higher Gross Annual Fishing 
Income? We now turn to our last hypothesis, which 
is that stayers will have significantly higher gross annual 
fishing income than leavers. Gross annual fishing income 
is calculated by summing ex-vessel revenue from all 
landings receipts for a given fisherman in a particular 
year. results are given in table F. note that as with the 

table f
Tests of Hypothesized Gross Annual  

Fishing Income Attribute

   Mean Gross P Value,  
  Sample Annual Fishing Difference 
Fishery Groups Size Income in Means*

Dungeness crab Stayers 363  $52,223 < 1%
 Leavers 161  $16,239 
Spot Prawn Stayers  24 $111,751 11.9%
 Leavers  23  $86,134 
Sheephead Stayers  59  $61,042 < 1%
 Leavers  28  $27,875 
Spiny Lobster Stayers 139  $32,407 21.47%
 Leavers  40  $26,379 

* P values derive from two-sample, one-tailed t tests. F tests for equality of variances 
(5% critical value) resulted in the use of t tests assuming unequal variances in all but 
the spot prawn fishery, where the t test assuming equal variances was used.

Figure 6.
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fishery	participation	difficult.	The	CA	spiny	lobster	fish-
ery has a long closure period. Fishers participating in 
the spot prawn or ca sheephead fisheries can enter and 
exit the ca spiny lobster fishery and thereby enhance 
annual fishing revenue and more fully utilize vessel and 
related capital.

Spatial considerations are another factor associated 
with participation in multiple fisheries. For example cal-
ifornia’s commercial Dungeness crab fishery is located 
primarily in northern california (and to a limited degree 
central california). as a result fishers targeting Dunge-
ness crab tend to have home ports in northern california 
and face considerable transit and other costs if they seek 
to participate in the more southern california fisher-
ies of ca sheephead, ca spiny lobster, and spot prawn. 
instead, fishers targeting Dungeness crab traditionally 
fish other northern california fisheries that have com-
plimentary seasons such as salmon and groundfish. the 
southern california ca sheephead, ca spiny lobster, 
and spot prawn fisheries are spatially proximate and share 
compatible production linkages such as vessel and cap-
tain/crew inputs that allow those fishermen to partici-
pate across those fisheries (Hutchinson 2003). 

the california Marine Life Management act 
(MLMa) has as one of its goals to provide for the long-
term interests of fishing-dependent individuals, mini-
mizing adverse impacts through regulatory actions. our 
findings point to multi-fishery participation as one 
potential approach to complying with this goal, as diver-
sity in fishery participation and diversity in marketing 
arrangements and strategies may be the best solutions 
to weathering reduced fishing opportunities and other 
shocks to income. the problem that arises from this is 
that regulatory hurdles are high, attention to factors with 
regard to the resource may not considered, and coop-
erative efforts among fishermen may not be sustainable. 
additionally, the strategies are not always adaptable in 
certain environmental contexts (tough 1999). 

in spite of the complexities associated with a multi-
fishery approach to minimizing negative impacts to 
fishermen, there are several options that the state of cali-
fornia could take in order to comply with the goal of the 
MLMa outlined above. it could be effective for manag-
ers to promote a more collaborative approach, wherein 
regularly held meetings would be convened with fish-
eries participants that would take into account needs 
linked to multi-fishery participation. there is evidence 
that such a collaborative management approach with 
practical input provided by fishers may have fruitful out-
comes (cinner et al. 2012). through this process, defi-
ciencies of information flow could be determined, as 
well as concerns regarding permits, access, and oppor-
tunities that may otherwise be largely unknown. a cen-
tralized web-based location clearly outlining regulations 

of these is the extent to which capital (vessel, gear, 
and human capital) is transferable from one fishery to 
another. Hutchinson (2003) notes that similar fishing 
inputs (e.g., gear, vessel, and crew), along with comple-
mentary fishing seasons, allowed fishers to participate in 
multiple fisheries. all four of the fisheries analyzed in 
this paper are trap fisheries. it should be noted, however, 
that Dungeness crab, ca sheephead, ca spiny lobster, 
and spot prawn require different trap configurations in 
terms of mesh size, escape and entry port size, and loca-
tion in order to reduce the incidence of bycatch (noaa 
2012). as a result, trap inputs from one fishery cannot be 
repurposed for another fishery. although fishery gear is 
not amenable to transferability, a given vessel configura-
tion can facilitate participation in a variety of live trap 
fisheries. Stayers who participate in multiple trap fish-
eries own trap gear unique to each fishery, and simply 
swap one type of gear out for another (pers. comm. Lia 
Protopapadakis 2014).

transferable human capital—skills and experience 
associated with deploying different types of trap gear and 
handling different types of live fish and crustaceans—is 
another important factor associated with participation 
in multiple fisheries. Durrenberger and Palsson (1983) 
describe how success can be attributed to a fisherman’s 
expert knowledge gained from experience and active 
engagement with the environment (Palsson 1994). this 
would extend beyond fishing into market channel rela-
tionships, as reflected by ready access to receiver/proces-
sors, direct-to-consumer, fisherman’s markets, restaurant 
accounts, and other channels that can absorb a variety 
of live species of fish and crustaceans.

though a substantial proportion of the study’s fish-
ermen participate in multiple fisheries, it is not as sim-
ple as swapping out one gear configuration for another 
to meet other target fisheries needs. Many fisheries are 
under a restricted access, or limited entry, program. Such 
programs restrict the number of participants by limit-
ing number and size or vessels, necessitating permits, 
requiring specific gear, or imposing harvest rights such 
as a quota system. responding to an upcoming regula-
tory event by participating in additional fisheries may 
thus require access to financial capital to acquire limited 
access permits. therefore restricted access programs may 
make	it	difficult	for	fishermen	to	participate	in	multiple	
fisheries and can prevent fishermen from making the 
best strategic choices (Dory associates 2009). 

Participation in multiple fisheries may also be affected 
by the timing of fishing seasons (Dory associates 2009). 
While the Dungeness crab season extends into July, the 
great majority of landings occur in the first four to six 
weeks of the season opening (Dewees et al. 2004). con-
sequently, fisheries with derby characteristics and with 
temporally conflicting season openings can make multi-
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participation through cooperative efforts. Due to the fact 
that many of the high value california commercial fish-
eries are now limited entry, and that opening these fish-
eries to more entrants is not a viable option, it appears 
as though the collaborative models outlined above may 
have better potential for success. 

the goal of this research was to assess the variables 
that kept fishermen in the industry in spite of shocks to 
their fishery after a major regulatory event. these types 
of events occur regularly throughout the country, as new 
science emerges, access becomes restricted, or fisher-
ies decline. Since many states, including california, have 
mandates to minimize the adverse effects of such reg-
ulatory events on fishermen, managers will be seeking 
proven alternative models to integrate into the regula-
tory process. We have explored the importance of multi-
fisheries participation as a means for long-term success in 
the commercial fishing industry, and explained the chal-
lenges associated with the realities of such an approach. 
While there are successful models engaging this multi-
fisheries approach operating throughout the state, they 
have all required collaborative assistance from state and 
nongovernmental organizations in terms of financing, 
technology, and operations in varying degrees. With a 
goal of the MLMa to insure the long-term sustainability 
of commercial fishing communities, the state would ben-
efit from creating a streamlined process through which 
individual fishermen and their communities could locate 
information related to the models outlined here and 
related regulatory information. in addition, the state 
could develop partnerships with organizations experi-
enced in implementing these models and actively pro-
mote their integration into the current paradigm.
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THE NEARSHORE FISHES OF THE CEDROS ARCHIPELAGO (NORTH-EASTERN PACIFIC)  
AND THEIR BIOGEOGRAPHIC AFFINITIES

aBStRaCt
located in the central region of the west coast of baja 

california peninsula, the cedros Archipelago consists of 
five continental islands (cedros island, natividad, San 
benito este, medio, and oeste), with cedros being the 
largest island in the mexican pacific. this archipelago 
represents the biogeographic transition zone between the 
temperate and subtropical region and hence, the end of 
the geographic distribution of a large number of species. 
based on field surveys, literature, and scientific collection 
records, an exhaustive species list of fishes associated with 
the archipelago and their biogeographic relationships is 
presented. the checklist includes 269 species belonging 
to 191 genera, 97 families, 31 orders, and 4 classes. of the 
total species, 105 species were recorded in the field, 57 
were the result of the literature review, and 218 species 
of the records were obtained from collections. A total 
of 14 biogeographic affinities are presented, where 51% 
of the species have warm-temperate or cold-temperate 
affinity and 37% have tropical-subtropical affinity. this 
work highlights the fish diversity present in a transition 
zone within the temperate and subtropical marine areas 
of the northeastern pacific. more importantly, it reveals 
a biogeographic region where a great number of spe-
cies converge, and may be related with the evolution-
ary history of different taxa and the geological history 
of the region.

INtROdUCtION
the cedros Archipelago (ceA) includes five con-

tinental islands, and is located 10 km off the coast in 
the east-central region of the baja california penin-

sula (fig. 1). cedros is the largest island in the mexican 
pacific, and along with San benito oeste, medio, este, 
and natividad island, represent a land territory of 360.7 
km2. the polygon formed between all of these islands 
accounts for a marine region of 3,928.9 km2. 

the ceA forms a group of northwestward-trending 
islands that are considered an extension of the Vizcaino 
desert; therefore a subregion of the Sonoran desert 
(oberbauer 1985). the area was separated from the coast 
of baja california by a submersion process in the last 
glacial period (busby-Spera 1988), resulting in a 200 m 
deep channel called the Kellet channel. the archipel-
ago has a complex geologic history, beginning with rock 
material accumulated in a deep trough in the late Juras-
sic period, forming the Jurassic grand canyon. during 
the cretaceous, the formations were folded, faulted, and 
overlaid by marine deposits. Finally, uplift occurred as 
recently as the late pleistocene (oberbauer 1985; busby-
Spera 1988).

the pacific islands of the baja california peninsula 
can be considered as among the least degraded ecosys-
tems in continental islands (littler 1980; richards 2000; 
pondella et al. 2005; Aguirre-munoz et al. 2008), how-
ever unlike their terrestrial biodiversity (Huey 1942; 
oberbauer 1985; mellink 1993; Aguirre-munoz et al. 
2008), the marine diversity has been poorly documented. 
this contrasts with ecological interest on the central 
region of the baja california peninsula, which repre-
sents a transition zone between the San diegan and the 
cortez biogeographic provinces (sensu Horn et al. 2006; 
ruiz-campos et al. 2010). South of the ceA the cold 
waters from the california current system converge 
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despite the ecological and economical importance of 
this region, there is scarce information about the spe-
cies that inhabit it. in fact, most published species lists of 
marine groups contain only information from occasional 
visits or literature reviews (e.g., Hubbs 1960; miller and 
lea 1972; love et al. 2005). the few studies that have 
specifically targeted any of the islands of the ceA are 
focused on particular fish families (clinidae: Stepien and 
rosenblatt 1991), species (Sardinops spp.: Felix-uraga et 
al. 1996; Quiñonez-Velazquez et al. 2002) or habitats 
(reef fishes: pondella et al. 2005; intertidal fishes: car-
pizo-ituarte et al. 2012).

baseline studies for the ceA are a priority because 
the region has begun to show signs of environmental 
decay related to anthropogenic impacts. Among them 
the overexploitation of the fishing resources, overpop-
ulation of cedros island, and the mitsubishi/mexican 
government-owned salt-transshipment facility, which is a 
source of introduction for exotic species (mellink 1993; 
des lauriers 2009; Aguilar-rosas et al. 2011). the lack 
of a detailed fish checklist hinders the efforts of decision-
makers, who require comprehensive baseline data to set 
adequate protocols for monitoring temporal changes in 
community composition caused either by anthropogenic 
or natural forces (reyes-bonilla et al. 2010). Further-
more, without a thorough inventory of fish species, any 
biogeographic analysis of the ceA will be limited in its 
relevance and outcomes. 

the main objective of this work is to provide the first 
comprehensive, systematic checklist of marine ichthyo-
fauna of the ceA. We performed an overview of the 
composition of fish community and an analysis of zoo-

with the subtropical current system from the south, West 
mexican current (Hubbs 1960; Hickey 1979; Kessler 
2006; taylor et al. 2007), and recently documented intri-
cate eddy motions of ocean water masses in the region 
contribute to the complexity of the coastal upwelling 
regime (miller et al. 1999).

to the north of the ceA, temperate species associated 
with rocky reefs and kelp forests begin to be dominant 
until point conception, california (Horn et al. 2006). to 
the south of the ceA, species associated with the tropical 
cortez and mexican provinces begin to appear, mainly 
associated with mangrove ecosystems in estuaries and bays 
located in bahía magdalena (24˚47.6'n, 112˚18.2'W). 
While some species associated with the San diegan fau-
nistic province can be found as far south as bahía mag-
dalena, the transition begins sharply at punta eugenia 
(27˚50.7'n, 115˚4.84'W), a major mainland landmark in 
front of the archipelago. Kelp forests do not persist far-
ther south than punta eugenia and tropical marine species 
become more common (taylor et al. 2007).

the ceA region has been historically relevant for 
extractive purposes, as archaeological investigations have 
documented an intensive pre-Hispanic use of marine 
resources (des lauriers 2010), and currently there are 
fisheries that target on spiny lobster (Panulirus inter-
ruptus; randall 1840), green abalone (Haliotis fulgens; 
philippi 1854), and pink abalone (H. corrugata; gray 
1828). Although the finfish fishery has less relevance, 
some taxa are of artisanal importance (e.g., Paralabrax 
nebulifer [girard 1854]; P. clathratus [girard 1854]; Semi-
cossyphus pulcher [Ayres 1854]; and Seriola lalandi [Valen-
ciennes 1833; rodriguez-Valenica et. al 2004]). 

Figure 1. Locations of field surveys at the Cedros Archipelago, México
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national museum of natural History, Smithsonian insti-
tution (Washington, dc); American museum of natu-
ral History (new York); university of Kansas natural 
History museum (Kansas city); university of Florida 
(gainesville); and canadian museum of nature Fish 
collection (dartmouth). 

Second, we conducted an extensive literature review 
of the species reported in peer reviewed articles and 
technical reports from libraries at uAbc (ensenada, 
méxico), cicimAr (la paz, méxico), centro de inves-
tigaciones biológicas del noroeste (la paz, méxico), 
centro de investigación científica y de educación 
Superior de ensenada (ensenada, méxico), and Scripps 
institution of oceanography (la Jolla, cA). 

Finally, we conducted field surveys around the islands 
between 2010 and 2012 (table 1). Field surveys included 
intertidal and subtidal samplings. intertidal fishes were 
sampled during eight sampling campaigns, carried out 
between February 2010 to April 2012 in the rocky tide-
pools of five sites at cedros island, two at San benito, 
and two at natividad (fig. 1, table 1). tidepools were 
sprayed using manual aspersion pumps containing a solu-
tion of 10% eugenol (clove oil) dissolved in ethanol. 
After 10 minutes, the tidepools were thoroughly checked 
using dip and hand nets (ruiz-campos et al. 2010). 

Subtidal fishes were sampled in may 2012 through 
underwater visual censuses performed by trained scuba 
divers. using 30 × 2 m belt transects, we dove at three 
different depths (10, 15, and 20 m) and three main habi-
tats (kelp forest, rocky reef, and soft-bottom). We carried 
out a total of 66 transects in four sites at cedros, four 
sites at San benito and two at natividad. the total sur-
veyed area with visual censuses was 3,960 m2. Subtidal 
species were also recorded using the roving dive tech-
nique and underwater photography. Voucher specimens 

geographic affinity of the species using field surveys, fish 
collection records, and a full literature review. the results 
highlight that the relatively high local fish diversity is 
a result of physical and biological factors determining 
the transition between warm temperate and subtropical 
communities in the northeastern pacific.

mateRIalS aNd metHOdS 
the cedros Archipelago (ceA) is composed of five 

islands. cedros is the dominant topographic feature of a 
400 km long submerged ridge, with a maximum height 
of 1,204 m, encompassing an area of 348.2 km2 and lay-
ing approximately 22 km from the nearest point on the 
central coast of the baja california peninsula (fig. 1). 
San benito Archipelago has three small islands situated 
31.5 km west of cedros, encompassing an area of 6 km2 
and with a highest altitude of 212 m. Finally, nativi-
dad is located 7.5 km west of punta eugenia and mea-
sures 6 km in length and 2.5 km at its maximum width, 
accounting an area of 7.28 km2. 

in order to compile the fish checklist of the ceA, 
we followed three steps. First, we gathered informa-
tion from electronic and in-house scientific collections 
from institutions in méxico, the united States, and can-
ada, encompassing records between 1934 and 2001. in 
the case of museum data, we reviewed records from 
thirty collections, either electronically or by direct vis-
its, obtaining records of the following eleven institu-
tions: universidad Autónoma de baja california (uAbc; 
ensenada); centro interdisciplinario de ciencias mari-
nas (cicimAr; la paz); instituto de biología de la 
universidad nacional Autónoma de méxico (méxico, 
dF); Scripps institution of oceanography (la Jolla); los 
Angeles county natural History museum (los Ange-
les); california Academy of Sciences (San Francisco); 

taBle 1
Study sites and habitat in the Cedros Archipelago.  

*I=Intertidal, S=Subtidal; **T=Tidepools, K=Kelp forest, R=Rocky reefs, S=Soft bottom.

Site Coordinates Date Sampled zone* Habitat** Temp C

cedros island punta norte 28°21’48.7 n, 115°11’50.7 W 17-may-12 i, S t, K 14
lobera 28°20’12.1 n, 115°11’43.9 W 18-may-12 S K, r 14
San Agustin 28°4’48.9 n, 115°20’27.3 W 19-may-12 i, S t, K 14
el coloradito 28°11’54.5 n, 115°15’45.7 W i t
punta prieta 28°2’14.6 n, 115°15’11.9 W i t
punta morro redondo 28°1’56.7 n, 115°11’18.1 W i t
piedra garropa 28°18’17.5 n, 115°10’19.1 W 18-may-12 S S, r 14

San benito Sbe curricanera 28°17‘38.5 n - 115°32‘28.1 W 20-may-12 i, S t, K 15
Sbe tranquilidad 28°19.0‘ n - 115°35.0‘ W 22-may-12 i, S t, K 14
Sbm la lobera 28°18‘25 n - 115°34‘11 W 21-may-12 S t, K, r 16
SbW punta norte 28°18’29.6 n, 115°35’9.5 W 22-may-12 i t
SbW Faro 28°17‘40.7 n - 115°35‘31.1 W 21-may-12 S r 15

natividad baradero 27°52‘31.4 n - 115°10‘16.8 W i, S t, K 15
la guanera 27°51‘5.8 n - 115°10‘2.6 W S t, K 15
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in latitude and which occurred beyond 30 degrees of 
latitude in both hemispheres. 

3) Finally, we assessed the regionalization of the fish spe-
cies recorded at ceA. the zoogeographic affinity of 
the ichthyofauna was achieved following Horn et al. 
(2006) for the north pacific region, and Hastings 
(2000) for the tropical eastern pacific, with modifica-
tions from robertson and cramer (2009). consider-
ing their distribution range, the species were grouped 
into eight biogeographic provinces from the eastern 
pacific (briggs 1974), one realm (north pacific), and 
three distribution patterns (AmphiAmerican, circum-
tropical, and circumglobal). 

ReSUltS 
the field surveys, museum records, and literature 

review, taken together helped to construct a list of 269 
species of marine fishes of the ceA, from 191 genera, 
97 families, 31 orders, and 4 classes (table 2). perciformes 
was the most commonly represented order, with 33 fam-
ilies and 106 species in total. Almost half of the fami-
lies (48) are represented by a single species. the most 
speciose families were Sebastidae (22 spp.), myctophi-
dae (16 spp.), and embiotocidae (10 spp.). the genera 
with the highest number of species were Sebastes (22 
spp.) and loosely followed by Citharichthys (5 spp.), and 
Apogon, Halichoeres, Paralabrax, Icelinus, Lepophidium, and 
Pleuronichthys with 4 species each.

the nmdS ordination plot based on presence/
absence data clearly shows a separation of the ceA from 
the other eight northern islands, located in the califor-
nia current system (fig. 2). the fish assemblages from 
cedros, natividad, and San benito are tightly grouped, 
indicating high similarities (>50%), while the channel 
islands, north coronado, and guadalupe islands con-
stitute a more spread group with equivalent similarity 
between fish assemblages (<50%), and San martin island 
is separated from the rest. 

According to the geographic distribution, 135  species 
have a temperate affinity (warm-temperate to cold- 
temperate) and 92 species have a tropical affinity (trop-
ical-subtropical). A third group of 35 species are widely 
distributed in tropical and subtropical seas, and a geo-
graphic distribution was not assigned to seven taxa that 
were not identified to specific level (fig. 3).

A total of 170 species comes from a single source 
(field record, scientific collections and literature review) 
and 100 species came from multiple sources (table 2). 
considering all records, 105 species were seen or col-
lected in the field, 57 taxa were cited in the literature 
review and 218 species had specimens from the ceA 
housed in scientific collections. based on our field 
records, 90 species were recorded in the subtidal (soft 
bottom [9 spp.]; kelp forest and rocky reefs [84 spp.], 

of all recorded species in tidepools were kept in the Fish 
collection at uAbc, while most of the species recorded 
in the subtidal had in situ photographs taken.

in order to establish which records would be consid-
ered as valid for purposes of the study, in a geographi-
cal information system (QgiS 2.8) we traced a buffer 
area of 15 km around the archipelago. the records with 
coordinates inside the buffer area were considered part 
of the checklist, independently of the collection method 
or year of collection.

the taxonomic identification was performed using 
descriptions by miller and lea (1972), Fischer et al. 
(1995), and robertson and Allen (2015). A specialized 
bibliography was also used for some groups (e.g., cling-
fishes [briggs 1955]; gobies [Hoese and reader 2001]; 
labrisomid blennies [Hubbs 1953]; rays [castro-Aguirre 
and espinoza-pérez 1996]; sharks [espinosa-pérez et al. 
2004]; tube blennies [Stephens 1963 and Stephens et al. 
1996]). the final checklist follows a systematics order 
according to eschmeyer (2015), with modifications by 
Wiley and Johnson (2010). genera and species names 
are presented alphabetically. to eliminate synonyms and 
generate a systematic list consisting only of valid names, 
each taxonomic name was corroborated in the catalog 
of Fishes of the california Academy of Sciences (esch-
meyer 2015) and common names in page et al. (2013).

the biogeographic analysis followed three approaches. 
1) We created a species presence/absence matrix using 

the species recorded in our subtidal field surveys at 
cedros, San benito and natividad islands, and field 
records from eight northeastern pacific islands gath-
ered from peer review journals (guadalupe island, 
méxico [reyes-bonilla et al. 2010]; San martin and 
north coronado from méxico; and San clemente, 
Santa catalina, Santa cruz, Santa barbara, and San 
nicolas from uSA [pondella et al. 2005]). then, we 
performed a non-metric multidimensional scaling 
analysis (nmdS) (Kruskal & Wish, 1978) using the 
unweighted paired group method and arithmetic 
averages (upgmA), based on a bray-curtis similar-
ity matrix. Simper analysis was used to determine 
which species contributed with the largest dissimilar-
ity patterns, using the statistical package primer 6.1 
(primer-e ltd: plymouth; clarke and gorley 2006).

2) Species distributions were plotted using the available 
information for northern and southern endpoints fol-
lowing love et al. (2005), and robertson and Allen 
(2015). if a species had not been reported at ceA 
but was observed during field surveys, endpoints 
were updated with such information. We developed 
a mAtlAb routine to generate latitudinal distribu-
tion for the 262 species with known distribution. We 
defined species with wide distribution those that have 
a full geographic range covering at least 60 degrees 
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According to the geographic distribution informa-
tion of all the species, we found 14 distribution patterns; 
these included one or more biogeographic provinces 
(fig. 4). the distribution ranges of 95% of the species 
comprise two or more biogeographic provinces. the 
best-represented distribution in number of species was 
the oregonian-San diegan, with 46 species. the dis-
tribution pattern Aleutian-San diegan was represented 
with 25 species.

the presence of 10 endemic species to the San 
 diegan province was recorded (fig. 4), including: the 
lined clingfish (Gobiesox eugrammus), the yellowchin scul-
pin (Icelinus quadriseriatus), the southern clingfish (Rimic-
ola dimorpha), the guadalupe blenny (Starksia guadalupae) 
the chocolate pipefish (Syngnathus euchrous), the tripefin 
poacher (Xeneretmus ritteri), the island kelpfish (Alloclinus 
holderi), the california moray (Gymnothorax mordax), the 

3 species were present in both habitats). the intertidal 
fieldwork contributed with 24 species to the checklist.

Analyzing separately the species richness for each of 
the islands, cedros had more than twice the number of 
taxa as San benito (224 and 107, respectively) and four 
times that for natividad island (63 spp.). the differences 
are largely reduced when considering only the field sur-
veys; in cedros 78 species were seen or collected, 54 
and 56 species at San benito and natividad, respectively.

the ceA represents the limit of geographical distri-
bution for 104 species; 38% of the total species checklist. 
For 35 species the archipelago is the northern limit, and 
for 47 species it is the southernmost point of distribu-
tion (fig. 3). From the listing, we have range extensions 
for 19 species. For 9 species, this represents the northern-
most documented record, and for 10 species the south-
ernmost record (table 3). 

Figure 2. Non-metric Multidimensional Scaling analysis (nMDS) for fish species recorded 
in the subtidal field surveys at Cedros, Natividad and San Benito, and eight islands in the 
Pacific coast of Baja California and California [data from Pondella et al. (2005), Reyes-
Bonilla et al. (2010) and present study].

Figure 3. Distribution ranges (bars) in the eastern Pacific of 262 species included in Table 1. Black 
lines: species widely distributed in the EP surpassing the 30 degrees Latitude in both hemispheres. 
Blue lines: species with temperate affinity. Red lines: fishes with tropical-subtropical affinity. Black 
line: Latitude in where CEA archipelago is located. 
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taBle 2
Systematic list of fishes of Cedros Archipelago, México, Northeastern Pacific. Classification according to Eschmeyer (2015).  

*Common name sensu Page et al. (2013); 1 = Fiel record, 2 = Museum recod, 3 = Literature; **Data from field surveys;  
***BA = Biogeographic affinity: AL = Aleutian province, OR = Oregonian province, SD = San Diegan province,  

CZ = Cortez province, MX = Mexican province, PA = Panamic province, PE = Peruvian province,  
POI = Pacific Oceanic Islands province, CG = Circumglobal, CT = Circumtropical, NWP = Northwestern Pacific,  

EP = Eastern Pacific, AA = AmphiAmerican. sensu Love et al. (2005) and Robertson and Allen (2015).

CLASS ORDER FAMILY Scientific name
Common 
name* Cedros

San  
Benito Natividad

Museum  
data Habitat** Notes BA***

MYXINI
MYXINIFORMES

mYXinidAe
Eptatretus deani 
(evermann & 
goldsborough 1907)

black hagfish 2 2 lAcm,  
Sio

Southern  
limit

Al-Sd

Eptatretus mcconnaugheyi  
(Wisner &  
mcmillan 1990)

Shorthead 
hagfish

3 3 Southern  
limit

Sd-cz

Eptatretus stoutii 
(lockington 1878)

pacific hagfish 2 2 lAcm, Sio or-Sd

CHONDRICHTHYES
HEXANCHIFORMES

HeXAncHidAe
Notorynchus cepedianus 
(péron 1807)

broadnose 
sevengill shark

1 S cg

HETERODONTIFORMES
HeterodontidAe

Heterodontus francisci 
(girard 1855)

Horn shark 1, 2 1 1 cicimAr, 
lAcm

S or-cz

Heterodontus mexicanus  
(taylor &  
castro-Aguirre 1972)

mexican 
horn shark

1, 3 3 1 S mX-pA

LAMNIFORMES
lAmnidAe

Isurus oxyrinchus 
(rafinesque 1810)

Shortfin mako 1 S cg

CARCHARINIFORMES
ScYliorHinidAe

Cephaloscyllium ventriosum  
(garman 1880)

Swell shark 2 Sio or-cH

triAKidAe
Galeorhinus galeus 
(linnaeus 1758)

tope 2 igunAm, 
Sio

cg

Mustelus californicus  
(gill 1864)

gray 
smoothhound

2 cicimAr or-cz

Mustelus lunulatus  
(Jordan & gilbert 1882)

Sicklefin 
smoothhound

2 Sio Sd-cH

Triakis semifasciata  
(girard 1855)

leopard shark 2 cicimAr, 
Sio

or-mX

cArcHArHinidAe
Carcharhinus brachyurus 
(günther 1870)

narrowtooth 
shark

2 igunAm, 
Sio

cg

SpHYrnidAe
Sphyrna zygaena 
(linnaeus 1758)

Smooth 
hammerhead

3 ct

Sphyrna sp. 1 S

SQUATINIFORMES
SQuAtinidAe

Squatina californica  
(Ayres 1859)

pacific 
angelshark

1 1 S ep

(continued)
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CHONDRICHTHYES (continued)
RAJIFORMES

rAJidAe
Raja inornata  
(Jordan & gilbert 1881)

california 
skate

2 cAS,  
lAcm

Al-cz

Raja stellulata  
(Jordan & gilbert 1880)

Starry skate 3 Southern  
limit

nep

rHinobAtidAe
Rhinobatos productus 
(Ayres 1854)

Shovelnose 
guitarfish

2 lAcm or-mX

Zapteryx exasperata 
(Jordan & gilbert 1880)

banded 
guitarfish

1 1 1 S Sd-pA

MYLIOBATIFORMES
mYliobAtidAe

Myliobatis californica  
(gill 1865)

bat ray 1 S or-mX-
poi

urolopHidAe

Urobatis concentricus 
(osburn & nichols 
1916)

reef stingray 1, 3 S northern 
limit

cz-mX

Urobatis halleri  
(cooper 1863)

round 
stingray

1, 2 1 Sio S or-pA

HOLOCEPHALI
CHIMAERIFORMES

cHimAeridAe
Hydrolagus colliei  
(lay & bennett 1839)

Spotted ratfish 2, 3 cicimAr Al-cz

ACTINOPTERI
ANGUILLIFORMES

murAenidAe
Gymnothorax mordax 
(Ayres 1859)

california 
moray

1, 2 1, 2 uAbc, 
lAcm, Sio

i, S Sd

congridAe
Gnathophis cinctus 
(garman 1899)

Hardtail 
conger

2 Sio Sd-cH

nemicHtHYidAe
Nemichthys scolopaceus 
(richardson 1848)

Slender 
snipe eel

2 lAcm ct

nettAStomAtidAe
Facciolella equatorialis 
(gilbert 1891)

dogface 
witch eel

2 2 Sio Sd-pA

CLUPEIFORMES
clupeidAe

Etrumeus teres  
(deKay 1842)

round 
herring

2, 3 cicimAr, 
cmn, cAS

cg

Sardinops sagax  
(Jenyns 1842)

pacific sardine 1, 2, 3 1, 2 S Al-cz

engrAulidAe
Engraulis mordax  
(girard 1854)

northern 
anchovy

2 cicimAr, 
lAcm, Sio

Al-cz

(continued)

taBle 2 (Continued)
Systematic list of fishes of Cedros Archipelago, México, Northeastern Pacific. Classification according to Eschmeyer (2015).  

*Common name sensu Page et al. (2013); 1 = Fiel record, 2 = Museum recod, 3 = Literature; **Data from field surveys;  
***BA = Biogeographic affinity: AL = Aleutian province, OR = Oregonian province, SD = San Diegan province,  

CZ = Cortez province, MX = Mexican province, PA = Panamic province, PE = Peruvian province,  
POI = Pacific Oceanic Islands province, CG = Circumglobal, CT = Circumtropical, NWP = Northwestern Pacific,  

EP = Eastern Pacific, AA = AmphiAmerican. sensu Love et al. (2005) and Robertson and Allen (2015).

CLASS ORDER FAMILY Scientific name
Common 
name* Cedros

San  
Benito Natividad

Museum  
data Habitat** Notes BA***
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ACTINOPTERI (continued)
OSMERIFORMES

ArgentinidAe
Argentina sialis  
(gilbert 1890)

pacific 
argentine

2 2 cicimAr, 
ibunAm, 

lAcm, Sio

or-Sd

microStomAtidAe
Nansenia crassa 
(lavenberg 1965)

Stout 
argentine

2 cicimAr Southern 
limit

or-Sd

bAtHYlAgidAe
Bathylagoides wesethi 
(bolin 1938)

Snubnose 
blacksmelt

2 cicimAr or-Sd

Leuroglossus stilbius 
(gilbert 1890)

california 
smoothtongue

2 cicimAr or-pA

STOMIIFORMES

gonoStomAtidAe
Cyclothone acclinidens 
(garman 1899)

benttooth 
bristlemouth

2 cicimAr cg

Cyclothone signata 
(garman 1899)

Showy 
bristlemouth

2 cicimAr ep

Diplophos taenia  
(günther 1873)

pacific 
portholefish

2 cicimAr cg

SternoptYcHidAe
Argyropelecus sladeni 
(regan 1908)

Sladen’s 
hatchet fish

2 cicimAr cg

pHoSicHtHYidAe
Ichthyococcus irregularis 
(rechnitzer &  
böhlke 1958)

bulldog 
lightfish

2 cicimAr nep

Vinciguerria lucetia 
(garman 1899)

panama 
lightfish

2 ibunAm, 
cicimAr

or-cH

StomiidAe
Idiacanthus antrostomus 
(gilbert 1890)

pacific 
blackdragon

2 cicimAr tep

Stomias atriventer 
(garman 1899)

blackbelly 
dragonfish

2 cicimAr northern 
limit

Sd-cH

AULOPIFORMES
ScopelArcHidAe

Scopelarchus guentheri 
(Alcock 1896)

Staring 
pearleye

2 cicimAr ct

Scopelarchoides nicholsi 
(parr 1929)

pearleye 3 northern 
limit

Sd-cH

SYnodontidAe
Synodus lacertinus  
(gilbert 1890)

calico 
lizardfish

3 Sd-cH-
poi

Synodus lucioceps  
(Ayres 1855)

california 
lizardfish

2 2 ibunAm, 
cicimAr, 
lAcm, Sio

Southern 
limit

or-cz

pArAlepididAe
Arctozenus risso 
(bonaparte 1840)

White 
barracudina

2 cicimAr Southern 
limit

cg

Lestidiops ringens  
(Jordan & gilbert 1880)

Slender 
barracudina

2 cicimAr, 
lAcm

Southern 
limit

or-Sd

(continued)

taBle 2 (Continued)
Systematic list of fishes of Cedros Archipelago, México, Northeastern Pacific. Classification according to Eschmeyer (2015).  

*Common name sensu Page et al. (2013); 1 = Fiel record, 2 = Museum recod, 3 = Literature; **Data from field surveys;  
***BA = Biogeographic affinity: AL = Aleutian province, OR = Oregonian province, SD = San Diegan province,  

CZ = Cortez province, MX = Mexican province, PA = Panamic province, PE = Peruvian province,  
POI = Pacific Oceanic Islands province, CG = Circumglobal, CT = Circumtropical, NWP = Northwestern Pacific,  

EP = Eastern Pacific, AA = AmphiAmerican. sensu Love et al. (2005) and Robertson and Allen (2015).

CLASS ORDER FAMILY Scientific name
Common 
name* Cedros

San  
Benito Natividad

Museum  
data Habitat** Notes BA***
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ACTINOPTERI (continued)
MYCTOPHIFORMES

mYctopHidAe
Ceratoscopelus townsendi 
(eigenmann & 
eigenmann 1889)

dogtooth 
lampfish

2 cicimAr cg

Diogenichthys atlanticus 
(tåning 1928)

longfin 
lanternfish

2 cicimAr cg

Diogenichthys laternatus 
(garman 1899)

diogenes 
lanternfish

2 cicimAr Sd-cH

Electrona risso  
(cocco 1829)

electric 
lanternfish

2 cicimAr cg

Gonichthys tenuiculus 
(garman 1899)

Slendertail 
lanternfish

2 cicimAr Sd-cH

Hygophum atratum 
(garman 1899)

thickhead 
flashlightfish

2 cicimAr cz

Hygophum reinhardtii 
(lütken 1892)

reinhardt’s 
lanternfish

2 cicimAr AA

Lampadena urophaos 
(paxton 1963)

Sunbeam 
lampfish

2, 3 cicimAr AA

Loweina rara  
(lütken 1892)

laura’s 
lanternfish

2 cicimAr cg

Myctophum nitidulum 
(garman 1899)

pearly 
lanternfish

2 cicimAr cg

Nannobrachium idostigma 
(parr 1931)

lanternfish 2 cicimAr range 
extension 

north

tep

Nannobrachium ritteri 
(gilbert 1915)

broadfin 
lampfish

2 cicimAr Southern 
limit

nep

Notolychnus valdiviae 
(brauer 1904)

topside 
lampfish

2 cicimAr ct

Protomyctophum crockeri 
(bolin 1939)

california 
flashlightfish

2 cicimAr np

Symbolophorus 
californiensis (eigenmann 
& eigenmann 1889)

bigfin 
lanternfish

2, 3 cicimAr Southern 
limit

np

Triphoturus mexicanus 
(gilbert 1890)

mexican 
lampfish

2 cicimAr Al-mX

LAMPRIFORMES
trAcHipteridAe

Zu cristatus  
(bonelli 1820)

Scalloped 
ribbonfish

2 Sio cg

GADIFORMES
moridAe

Physiculus rastrelliger 
(gilbert 1890)

Hundred-
fathom 
codling

2 Sio or-pA

merlucciidAe
Merluccius productus 
(Ayres 1855)

pacific hake 2 cicimAr, 
Sio

Al-mX

(continued)

taBle 2 (Continued)
Systematic list of fishes of Cedros Archipelago, México, Northeastern Pacific. Classification according to Eschmeyer (2015).  

*Common name sensu Page et al. (2013); 1 = Fiel record, 2 = Museum recod, 3 = Literature; **Data from field surveys;  
***BA = Biogeographic affinity: AL = Aleutian province, OR = Oregonian province, SD = San Diegan province,  

CZ = Cortez province, MX = Mexican province, PA = Panamic province, PE = Peruvian province,  
POI = Pacific Oceanic Islands province, CG = Circumglobal, CT = Circumtropical, NWP = Northwestern Pacific,  

EP = Eastern Pacific, AA = AmphiAmerican. sensu Love et al. (2005) and Robertson and Allen (2015).

CLASS ORDER FAMILY Scientific name
Common 
name* Cedros

San  
Benito Natividad

Museum  
data Habitat** Notes BA***
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ACTINOPTERI (continued)
OPHIDIIFORMES

opHidiidAe
Chilara taylori  
(girard 1858)

Spotted 
cusk-eel

2 lAcm, Sio or-pA

Lepophidium negropinna 
(Hildebrand &  
barton 1949)

Specklefin 
cusk-eel

2 cicimAr, 
Sio

northern 
limit

tep

Lepophidium prorates 
(Jordan &  
bollman 1890)

prowspine 
cusk-eel

2 lAcm range 
extension 

north

tep

Lepophidium stigmatistium  
(gilbert 1890)

mexican 
cusk-eel

3 northern 
limit

Sd-cz

Lepophidium sp. 2 lAcm

Ophidion galeoides 
(gilbert 1890)

Spotfin 
cusk-eel

3 northern 
limit

Sd-pA

Ophidion scrippsae  
(Hubbs 1916)

basketweave 
cusk-eel

2 cicimAr, 
cAS, 

lAcm, Sio

or-Sd

BATRACHOIDIFORMES 
bAtrAcHoididAe

Porichthys myriaster 
(Hubbs & Schultz 1939)

Specklefin 
midshipman

2 cicimAr, 
Sio

or-pA

Porichthys notatus  
(girard 1854)

plainfin 
midshipman

2 cAS,  
ibunAm, 

lAcm, Sio

or-Sd

GOBIESOCIFORMES 
gobieSocidAe

Gobiesox eugrammus 
(briggs 1955)

lined clingfish 2 Sio Southern 
limit

Sd

Gobiesox rhessodon  
(Smith 1881)

california 
clingfish

1, 2 1, 2 1 uAbc, 
lAcm, Sio

i or-Sd

Rimicola dimorpha  
(briggs 1955)

Southern 
clingfish

2 Sio Southern 
limit

Sd

Rimicola eigenmanni  
(gilbert 1890)

Slender 
clingfish

1, 2 uAbc, 
lAcm

i Sd

ATHERINIFORMES
AtHerinidAe

Leuresthes tenuis  
(Ayres 1860)

california 
grunion

1, 2 uAbc, Sio i, S or-Sd

AtHerinopSidAe
Atherinops affinis  
(Ayres 1860)

topsmelt 1, 2 1, 2 1 uAbc, cAS, 
lAcm, Sio

i, S Al-cz

Atherinopsis californiensis  
(girard 1854)

Jacksmelt 1, 2 2 uAbc, cAS, 
lAcm, Sio

i or-cz

(continued)

taBle 2 (Continued)
Systematic list of fishes of Cedros Archipelago, México, Northeastern Pacific. Classification according to Eschmeyer (2015).  

*Common name sensu Page et al. (2013); 1 = Fiel record, 2 = Museum recod, 3 = Literature; **Data from field surveys;  
***BA = Biogeographic affinity: AL = Aleutian province, OR = Oregonian province, SD = San Diegan province,  

CZ = Cortez province, MX = Mexican province, PA = Panamic province, PE = Peruvian province,  
POI = Pacific Oceanic Islands province, CG = Circumglobal, CT = Circumtropical, NWP = Northwestern Pacific,  

EP = Eastern Pacific, AA = AmphiAmerican. sensu Love et al. (2005) and Robertson and Allen (2015).

CLASS ORDER FAMILY Scientific name
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ACTINOPTERI (continued)
BELONIFORMES

ScombereSocidAe
Cololabis saira  
(brevoort 1856)

pacific saury 2 2 cicimAr, 
cAS, 

lAcm, Sio

np

belonidAe
Platybelone argalus 
(lesueur 1821)

Keeltail 
needlefish

2 Sio range 
extension 

north

ct

Strongylura exilis  
(girard 1854)

california 
needlefish

2, 3 lAcm, Sio or-cH

Tylosurus crocodilus  
(péron & lesueur 1821)

Hound 
needlefish

1, 2 1 uAbcS S northern 
limit

cg

HemirAmpHidAe
Euleptorhamphus viridis 
(van Hasselt 1823)

ribbon 
halfbeak

2 2 Sio tr

Hemiramphus saltator 
(gilbert & Starks  
1904)

longfin 
halfbeak

2 lAcm range 
extension 

north

tep

eXocoetidAe
Cheilopogon heterurus 
(rafinesque 1810)

blotchwing 
flyingfish

2 2 cicimAr, 
Sio

ct

Cheilopogon 
pinnatibarbatus  
(bennett 1831)

Smallhead 
flyingfish

2 2 2 cAS, 
lAcm, Sio

or-cz

Cypselurus sp. 2 lAcm

STEPHANOBERYCIFORMES
melAmpHAidAe

Melamphaes lugubris 
(gilbert 1890)

Highsnout 
melamphid

2 cicimAr Southern 
limit

nep

BERYCIFORMES
HolocentridAe

Myripristis leiognathus 
(Valenciennes 1846)

panamic 
soldierfish

1, 2 Sio S northern 
limit

tep

SYNGNATHIFORMES
centriScidAe

Macroramphosus gracilis 
(lowe 1839)

Slender 
snipefish

2 ibunAm, 
cicimAr, 
lAcm, Sio

cg

SYngnAtHidAe
Syngnathus euchrous 
(Fritzsche 1980)

chocolate 
pipefish

2 cAS, Sio Southern 
limit

Sd

Syngnathus exilis  
(osburn &  
nichols 1916)

barcheek 
pipefish

2, 3 2 cAS, Sio Southern 
limit

or-Sd

(continued)

taBle 2 (Continued)
Systematic list of fishes of Cedros Archipelago, México, Northeastern Pacific. Classification according to Eschmeyer (2015).  

*Common name sensu Page et al. (2013); 1 = Fiel record, 2 = Museum recod, 3 = Literature; **Data from field surveys;  
***BA = Biogeographic affinity: AL = Aleutian province, OR = Oregonian province, SD = San Diegan province,  

CZ = Cortez province, MX = Mexican province, PA = Panamic province, PE = Peruvian province,  
POI = Pacific Oceanic Islands province, CG = Circumglobal, CT = Circumtropical, NWP = Northwestern Pacific,  

EP = Eastern Pacific, AA = AmphiAmerican. sensu Love et al. (2005) and Robertson and Allen (2015).
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ACTINOPTERI (continued)
SCORPAENIFORMES

SebAStidAe
Sebastes atrovirens  
(Jordan & gilbert 1880)

Kelp rockfish 1, 2 1, 2 lAcm, Sio S Southern 
limit

or-Sd

Sebastes auriculatus  
(girard 1854)

brown 
rockfish

1 1 S nep

Sebastes aurora  
(gilbert 1890)

Aurora 
rockfish

3 Southern 
limit

nep

Sebastes carnatus  
(Jordan & gilbert 1880)

gopher 
rockfish

2 lAcm or-Sd

Sebastes caurinus 
(richardson 1844)

copper 
rockfish

1, 2, 3 lAcm S Southern 
limit

nep

Sebastes chrysomelas 
(Jordan & gilbert 1881)

black-and-
yellow rockfish

2 lAcm or-Sd

Sebastes diploproa  
(gilbert 1890)

Splitnose 
rockfish

2, 3 Sio Southern 
limit

nep

Sebastes elongatus  
(Ayres 1859)

greenstriped 
rockfish

1, 3 S Southern 
limit

nep

Sebastes flavidus  
(Ayres 1862)

Yellowtail 
rockfish

1 S range 
extension 

South

Al-Sd

Sebastes hopkinsi  
(cramer 1895)

Squarespot 
rockfish

1 1 S range 
extension 

South

or-Sd

Sebastes lentiginosus  
(chen 1971)

Freckled 
rockfish

2 lAcm Southern 
limit

or-Sd

Sebastes macdonaldi 
(eigenmann &  
beeson 1893)

mexican 
rockfish

2 cicimAr, 
lAcm

Sd-cz

Sebastes melanostomus 
(eigenmann & 
eigenmann 1890)

blackgill 
rockfish

3 Southern 
limit

or-Sd

Sebastes miniatus  
(Jordan & gilbert 1880)

Vermilion 
rockfish

1, 2, 3 lAcm S Southern 
limit

Al-Sd

Sebastes paucispinis  
(Ayres 1854)

bocaccio 
rockfish

2 Sio range 
extension 

South

nep

Sebastes rosaceus  
(girard 1854)

rosy rockfish 2 Sio Southern 
limit

or-Sd

Sebastes saxicola  
(gilbert 1890)

Stripetail 
rockfish

2 Sio nep

Sebastes semicinctus 
(gilbert 1897)

Halfbanded 
rockfish

2 Sio range 
extension 

South

or-Sd

Sebastes serranoides 
(eigenmann & 
eigenmann 1890)

olive rockfish 1, 2, 3 Sio S Southern 
limit

or-Sd

Sebastes serriceps  
(Jordan & gilbert 1880)

treefish 1, 2, 3 lAcm S Southern 
limit

or-Sd

Sebastes sp. rockfish 1 1 S

Sebastes umbrosus  
(Jordan & gilbert 1882)

Honeycomb 
rockfish

2 lAcm Southern 
limit

or-Sd

(continued)

taBle 2 (Continued)
Systematic list of fishes of Cedros Archipelago, México, Northeastern Pacific. Classification according to Eschmeyer (2015).  

*Common name sensu Page et al. (2013); 1 = Fiel record, 2 = Museum recod, 3 = Literature; **Data from field surveys;  
***BA = Biogeographic affinity: AL = Aleutian province, OR = Oregonian province, SD = San Diegan province,  

CZ = Cortez province, MX = Mexican province, PA = Panamic province, PE = Peruvian province,  
POI = Pacific Oceanic Islands province, CG = Circumglobal, CT = Circumtropical, NWP = Northwestern Pacific,  

EP = Eastern Pacific, AA = AmphiAmerican. sensu Love et al. (2005) and Robertson and Allen (2015).
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ACTINOPTERI (continued)
SCORPAENIFORMES (continued)

ScorpAenidAe
Pontinus vaughani 
(barnhart & Hubbs  
1946)

Spotback 
scorpionfish

1, 2 Sio S range 
extension 

north

cz-poi

Scorpaena guttata  
(girard 1854)

california 
scorpionfish

1, 2 uAbc, 
cicimAr, 
lAcm, Sio

i, S Sd-cz

Scorpaenodes xyris  
(Jordan & gilbert 1882)

rainbow 
scorpionfish

2 2 lAcm, Sio Sd-pA-
poi

epinepHelidAe
Mycteroperca rosacea 
(Streets 1877)

leopard 
grouper

1 S Sd-mX

triglidAe
Prionotus ruscarius  
(gilbert & Starks 1904)

rough 
searobin

2 cicimAr range 
extension 

north

Sd-cH

Prionotus stephanophrys 
(lockington 1881)

lumptail 
searobin

2 cAS, lAcm or-cH

PERCIFORMES 
polYprionidAe

Stereolepis gigas  
(Ayres 1859)

giant seabass 1 S Sd-cz

SerrAnidAe
Alphestes immaculatus  
(breder 1936)

pacific mutton 
hamlet

1 1 northern 
limit

tep

Epinephelus labriformis 
(Jenyns 1840)

Flag cabrilla 1, 3 1, 3 S Sd-pA-
poi

Paralabrax auroguttatus 
(Walford 1936)

goldspotted 
sand bass

1, 2, 3 lAcm S northern 
limit

cz

Paralabrax clathratus 
(girard 1854)

Kelp bass 1, 2 1, 2 1, 2 cicimAr, 
lAcm, Sio

S or-Sd

Paralabrax  
maculatofasciatus  
(Steindachner 1868)

Spotted  
sand bass

2 cicimAr or-cz

Paralabrax nebulifer 
(girard 1854)

barred  
sand bass

1, 2 1, 2 1 cicimAr, 
lAcm, Sio

S or-mX

Paranthias colonus 
(Valenciennes 1846)

pacific 
creolefish

2 1 lAcm S northern 
limit

tep

Pronotogrammus 
multifasciatus  
(gill 1863)

threadfin bass 2 cicimAr Sd-pA-
poi

Serranus psittacinus 
(Valenciennes 1846)

barred serrano 1, 3 S northern 
limit

tep

(continued)

taBle 2 (Continued)
Systematic list of fishes of Cedros Archipelago, México, Northeastern Pacific. Classification according to Eschmeyer (2015).  

*Common name sensu Page et al. (2013); 1 = Fiel record, 2 = Museum recod, 3 = Literature; **Data from field surveys;  
***BA = Biogeographic affinity: AL = Aleutian province, OR = Oregonian province, SD = San Diegan province,  

CZ = Cortez province, MX = Mexican province, PA = Panamic province, PE = Peruvian province,  
POI = Pacific Oceanic Islands province, CG = Circumglobal, CT = Circumtropical, NWP = Northwestern Pacific,  

EP = Eastern Pacific, AA = AmphiAmerican. sensu Love et al. (2005) and Robertson and Allen (2015).
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ACTINOPTERI (continued)
PERCIFORMES (continued)

ApogonidAe
Apogon atricaudus 
(Jordan &  
mcgregor 1898)

plain 
cardinalfish

2, 3 cicimAr Sd-cz

Apogon guadalupensis 
(osburn &  
nichols 1916)

guadalupe 
cardinalfish

2 lAcm, Sio Sd-cz

Apogon pacificus  
(Herre 1935)

pink 
cardinalfish

1, 2, 3 Sio S Sd-cH-
poi

Apogon retrosella  
(gill 1862)

barspot 
cardinalfish

1, 2, 3 1, 2, 3 1 lAcm, Sio S northern 
limit

tep

mAlAcAntHidAe
Caulolatilus princeps 
(Jenyns 1840)

ocean 
whitefish

1, 2 1, 2 1, 2 lAcm, Sio S ep

cArAngidAe
Caranx caballus  
(günther 1868)

green jack 1 S Sd-cH

Chloroscombrus orqueta 
(Jordan & gilbert 1883)

pacific bumper 2 cicimAr Sd-cH

Decapterus muroadsi 
(temminck &  
Schlegel 1844)

Amberstripe 
scad

2 2 lAcm northern 
limit

tr

Seriola lalandi  
(Valenciennes 1833)

Yellowtail jack 1, 2 1 1, 2 cicimAr, 
lAcm, Sio

S ct

Trachurus symmetricus 
(Ayres 1855)

pacific jack 
mackerel

1 1, 2 cicimAr, 
lAcm, Sio

S Al-cz

Uraspis secunda  
(poey 1860)

Whitemouth 
jack

2 Sio cg

corYpHAenidAe
Coryphaena hippurus 
 (linnaeus 1758)

dolphinfish 2 1 cicimAr, 
Sio

S ct

cAriStiidAe
Caristius macropus 
(bellotti 1903)

bigmouth 
manefish

3 Southern 
limit

nep

gerreidAe
Eucinostomus dowii  
(gill 1863)

pacific spotfin 
mojarra

2 Sio Sd-cH

HAemulidAe
Anisotremus davidsonii 
(Steindachner 1876)

Sargo 1, 2 1, 2 1 cicimAr, 
lAcm, Sio

S Sd-cz

Anisotremus interruptus 
(gill 1862)

burrito grunt 1 S northern 
limit

tep

Orthopristis reddingi 
(Jordan &  
richardson 1895)

bronzestriped 
grunt

2, 3 cAS northern 
limit

Sd-mX

Xenistius californiensis 
(Steindachner 1876)

Salema 1 1 S or-pA

(continued)
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Systematic list of fishes of Cedros Archipelago, México, Northeastern Pacific. Classification according to Eschmeyer (2015).  
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***BA = Biogeographic affinity: AL = Aleutian province, OR = Oregonian province, SD = San Diegan province,  

CZ = Cortez province, MX = Mexican province, PA = Panamic province, PE = Peruvian province,  
POI = Pacific Oceanic Islands province, CG = Circumglobal, CT = Circumtropical, NWP = Northwestern Pacific,  

EP = Eastern Pacific, AA = AmphiAmerican. sensu Love et al. (2005) and Robertson and Allen (2015).
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ACTINOPTERI (continued)
PERCIFORMES (continued)

SpAridAe
Calamus brachysomus 
(lockington 1880)

pacific porgy 2 1 Sio S Sd-cH

SciAenidAe
Cheilotrema saturnum 
(girard 1858)

black croaker 2 Sio Sd-cz

Genyonemus lineatus 
(Ayres 1855)

White croaker 2 Sio or-Sd

Larimus acclivis  
(Jordan & bristol 1898)

Steeplined 
drum

3 northern 
limit

tep

Pareques sp. croaker 1 1, 2 S

Seriphus politus  
(Ayres 1860)

Queenfish 2 Sio or-cz

Umbrina roncador  
(Jordan & gilbert 1882)

Yellowfin 
croaker

2 Sio Sd-cz

KYpHoSidAe
Girella nigricans  
(Ayres 1860)

opaleye 1, 2 1, 2 1, 2 uAbc, 
lAcm, Sio

i, S Sd-cz

Kyphosus azurea  
(Jenkins &  
evermann 1889)

zebraperch 1, 2 1, 2 uAbc, 
cicimAr

i, S or-cz

Medialuna californiensis 
(Steindachner 1876)

Halfmoon 1, 2 1, 2 1, 2 ibunAm, 
cicimAr, 
lAcm, Sio

S Al-cz

cHAetodontidAe
Chaetodon humeralis 
(günther 1860)

threebanded 
butterflyfish

2 Sio northern 
limit

Sd-cH

Johnrandallia nigrirostris 
(gill 1862)

barberfish 1, 3 3 S northern 
limit

tep

Prognathodes falcifer 
(Hubbs &  
rechnitzer 1958)

Scythe 
butterflyfish

2 1, 2 lAcm, Sio S Sd-cz

mugilidAe
Mugil curema  
(Valenciennes 1836)

White mulet 1, 2 uAbc i ct

pomAcAntHidAe
Pomacanthus zonipectus 
(gill 1862)

cortez 
angelfish

2 Sio tep

(continued)

taBle 2 (Continued)
Systematic list of fishes of Cedros Archipelago, México, Northeastern Pacific. Classification according to Eschmeyer (2015).  

*Common name sensu Page et al. (2013); 1 = Fiel record, 2 = Museum recod, 3 = Literature; **Data from field surveys;  
***BA = Biogeographic affinity: AL = Aleutian province, OR = Oregonian province, SD = San Diegan province,  

CZ = Cortez province, MX = Mexican province, PA = Panamic province, PE = Peruvian province,  
POI = Pacific Oceanic Islands province, CG = Circumglobal, CT = Circumtropical, NWP = Northwestern Pacific,  

EP = Eastern Pacific, AA = AmphiAmerican. sensu Love et al. (2005) and Robertson and Allen (2015).
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ACTINOPTERI (continued)
PERCIFORMES (continued)

embiotocidAe
Brachyistius frenatus  
(gill 1862)

Kelp surfperch 1, 2 1, 2 1 Sio S Southern 
limit

Al-Sd

Embiotoca jacksoni  
(Agassiz 1853)

black perch 1, 2 1, 2 1, 2 cicimAr, 
Sio

S or-Sd

Embiotoca sp. 2 Sio

Hyperprosopon argenteum  
(gibbons 1854)

Walleye 
surfperch

2 Sio Southern 
limit

or-Sd

Micrometrus minimus 
(gibbons 1854)

dwarf perch 2 Sio Southern 
limit

or-Sd

Phanerodon atripes  
(Jordan &  
gilbert 1880)

Sharpnose 
seaperch

1 1, 2 Sio S Southern 
limit

or-Sd

Phanerodon furcatus 
(girard 1854)

White 
seaperch

1 1 S range 
extension 

South

Al-Sd

Rhacochilus toxotes 
(Agassiz 1854)

rubberlip 
seaperch

1, 2 1, 2 lAcm, Sio S Southern 
limit

or-Sd

Rhacochilus vacca  
(girard 1855)

pile perch 2 1 lAcm S range 
extension 

South

nep

Zalembius rosaceus  
(Jordan & gilbert 1880)

pink seaperch 2 cAS, 
lAcm, Sio

range 
extension 

South

or-cz

pomAcentridAe
Abudefduf troschelii  
(gill 1862)

panamic 
sergeant major

1, 2 1 1 uAbc i, S northern 
limit

Sd-cH-
poi

Azurina hirundo  
(Jordan &  
mcgregor 1898)

Swallow 
damselfish

2, 3 Ku, Sio Sd-cz

Chromis alta  
(greenfield &  
Woods 1980)

Silverstripe 
chromis

1, 2 1, 2 Ku, Sio S Sd-cH-
poi

Chromis atrilobata  
(gill 1862)

Scissortail 
chromis

1, 2 2 Sio S northern 
limit

tep

Chromis punctipinnis 
(cooper 1863)

blacksmith 1, 2 1, 2 1, 2 cicimAr, 
Ku, lAcm, 

Sio

S or-Sd

Hypsypops rubicundus 
(girard 1854)

garibaldi 1, 2 1, 2 1, 2 uAbc, 
cicimAr, 
lAcm, Sio

i, S Sd-cz

Stegastes flavilatus  
(gill 1862)

beaubrummel 1, 3 S northern 
limit

tep

Stegastes leucorus  
(gilbert 1892)

Whitetail 
damselfish

1, 2 Sio S cz-mX

Stegastes rectifraenum  
(gill 1862)

cortez 
damselfish

2 lAcm, Sio Sd-mX

(continued)
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CZ = Cortez province, MX = Mexican province, PA = Panamic province, PE = Peruvian province,  
POI = Pacific Oceanic Islands province, CG = Circumglobal, CT = Circumtropical, NWP = Northwestern Pacific,  
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ACTINOPTERI (continued)
PERCIFORMES (continued)

lAbridAe
Bodianus diplotaenia  
(gill 1862)

mexican 
hogfish

1, 2, 3 2 lAcm S northern 
limit

Sd-cH-
poi

Halichoeres dispilus 
(günther 1864)

chameleon 
wrasse

1 1, 2 Sio S northern 
limit

tep

Halichoeres melanotis 
(gilbert 1890)

golden wrasse 3 1, 3 S northern 
limit

tep

Halichoeres notospilus 
(günther 1864)

banded wrasse 1, 2 1 uAbc i, S range 
extension 

north

tep

Halichoeres semicinctus 
(Ayres 1859)

rock wrasse 1, 2 1, 2 1, 2 uAbc, 
cicimAr, 

cAS, 
lAcm, Sio

i, S Sd-cz

Oxyjulis californica 
(günther 1861)

Señorita 1 1, 2 1 Sio S or-Sd

Semicossyphus pulcher 
(Ayres 1854)

california 
sheephead

1, 2 1, 2 1, 2 lAcm, Sio S or-cz

Thalassoma lucasanum 
(gill 1862)

cortez 
rainbow 
wrasse

1 1 S northern 
limit

tep

ScAridAe
Nicholsina denticulata 
(evermann &  
radcliffe 1917)

loosetooth 
parrotfish

1, 3 1, 3 S Sd-pA-
poi

zoArcidAe
Lyconema barbatum 
(gilbert 1896)

bearded 
eelpout

2 2 Sio Southern 
limit

or-Sd

cHiASmodontidAe
Chiasmodon niger  
(Johnson 1864)

black 
swallower

2 cicimAr range 
extension 

South

cg

urAnoScopidAe
Kathetostoma averruncus 
(Jordan &  
bollman 1890)

Smooth 
stargazer

2 2 uF, lAcm, 
Sio

Sd-cH

tripterYgiidAe
Enneanectes carminalis 
(Jordan & gilbert 1882)

carmine 
triplefin

1, 2 lAcm S northern 
limit

tep

Enneanectes reticulatus 
(Allen &  
robertson 1991)

Flag triplefin 2 Sio northern 
limit

cz

(continued)
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ACTINOPTERI (continued)
PERCIFORMES (continued)

lAbriSomidAe
Alloclinus holderi 
(lauderbach 1907)

island kelpfish 1, 2 1, 2 1 uAbc, 
lAcm, Sio

S Sd

Labrisomus multiporosus 
(Hubbs 1953)

porehead 
blenny

1, 2 1, 2 uAbc i northern 
limit

tep

Labrisomus sp. blenny 2 Sio

Labrisomus xanti  
(gill 1860)

largemouth 
blenny

1, 2 1 uAbc, 
lAcm

i northern 
limit

tep

Paraclinus integripinnis 
(Smith 1880)

reef finspot 1, 2 1, 2 2 uAbc, 
lAcm, Sio

i or-Sd

Starksia guadalupae 
(rosenblatt &  
taylor 1971)

guadalupe 
blenny

2 lAcm Sd

clinidAe
Gibbonsia elegans 
(cooper 1864)

Spotted 
kelpfish

1, 2 1, 2 1, 2 uAbc, 
lAcm, Sio

i or-Sd

Gibbonsia montereyensis 
(Hubbs 1927)

crevice 
kelpfish

1, 2 1, 2 1, 2 uAbc, Sio i range 
extension 

South

Al-Sd

Heterostichus rostratus 
(girard 1854)

giant kelpfish 1, 2 1, 2 1, 2 uAbc, cAS, 
lAcm, Sio

i, S or-Sd

cHAenopSidAe
Neoclinus blanchardi 
(girard 1858)

Sarcastic 
fringehead

2, 3 lAcm Southern 
limit

or-Sd

dActYloScopidAe
Gillellus semicinctus 
(gilbert 1890)

Halfbanded 
stargazer

2 Sio northern 
limit

tep

blenniidAe
Hypsoblennius gilberti 
(Jordan 1882)

rockpool 
blenny

1, 2 1, 2 uAbc i Sd

Hypsoblennius jenkinsi 
(Jordan &  
evermann 1896)

mussel blenny 1, 2 1, 2 uAbc, Sio i Sd-cz

Hypsoblennius gentilis bay blenny 1 1 i Sd-cz

Ophioblennius 
steindachneri  
(Jordan &  
evermann 1898)

panamic 
fanged blenny

1, 2 1, 2 uAbc i, S tep

Plagiotremus azaleus 
(Jordan &  
bollman 1890)

Sabertooth 
blenny

1, 3 S Sd-pA-
poi

cAllionYmidAe
Synchiropus atrilabiatus 
(garman 1899)

blacklip 
dragonet

3 Sd-cH-
poi

eleotridAe
Eleotris picta  
(Kner 1863)

Spotted sleeper 2 cicimAr range 
extension 

north

tep

(continued)

taBle 2 (Continued)
Systematic list of fishes of Cedros Archipelago, México, Northeastern Pacific. Classification according to Eschmeyer (2015).  

*Common name sensu Page et al. (2013); 1 = Fiel record, 2 = Museum recod, 3 = Literature; **Data from field surveys;  
***BA = Biogeographic affinity: AL = Aleutian province, OR = Oregonian province, SD = San Diegan province,  

CZ = Cortez province, MX = Mexican province, PA = Panamic province, PE = Peruvian province,  
POI = Pacific Oceanic Islands province, CG = Circumglobal, CT = Circumtropical, NWP = Northwestern Pacific,  

EP = Eastern Pacific, AA = AmphiAmerican. sensu Love et al. (2005) and Robertson and Allen (2015).
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ACTINOPTERI (continued)
PERCIFORMES (continued)

gobiidAe
Acanthogobius flavimanus  
(temminck &  
Schlegel 1845)

Yellowfin goby 3 range 
extension 

South

nWp

Bathygobius ramosus 
(ginsburg 1947)

panamic 
frillfin

1, 2 1 uAbc i range 
extension 

north

tep

Lepidogobius lepidus 
(girard 1858)

bay goby 3 Southern 
limit

ep

Lythrypnus dalli  
(gilbert 1890)

bluebanded 
goby

1, 2 1, 2 1 cicimAr, 
lAcm, Sio

S Sd-pA-
poi

Lythrypnus zebra  
(gilbert 1890)

zebra goby 2 1, 2 2 lAcm, Sio S Sd-cz

Rhinogobiops nicholsii 
(bean 1882)

blackeye goby 1, 2, 3 1 1 lAcm S Southern 
limit

Al-Sd

luVAridAe
Luvarus imperialis 
(rafinesque 1810)

louvar 2 Sio cg

SpHYrAenidAe
Sphyraena argentea  
(girard 1854)

pacific 
barracuda

2 1 cicimAr, 
Sio

S nep

Sphyraena lucasana  
(gill 1863)

cortez 
barracuda

1, 2, 3 uAbcS S northern 
limit

cz-mX

tricHiuridAe
Lepidopus fitchi 
(rosenblatt &  
Wilson 1987)

pacific 
scabbardfish

2 cicimAr, 
lAcm

or-cH

ScombridAe
Sarda chiliensis  
(cuvier 1832)

pacific bonito 2 2 Sio Al-pA

Scomber japonicus  
(Houttuyn 1782)

pacific chub 
mackerel

2 cicimAr, 
Sio

tr

StromAteidAe
Peprilus simillimus  
(Ayres 1860)

pacific 
pompano

3 or-cz

COTTIFORMES
HeXAgrAmmidAe

Ophiodon elongatus 
(girard 1854)

lingcod 1 S range 
extension 

South

Al-Sd

Zaniolepis frenata 
(eigenmann & 
eigenmann 1889)

Shortspine 
combfish

2 2 lAcm, Sio or-cz

Zaniolepis latipinnis 
(girard 1858)

longspine 
combfish

2 lAcm, Sio or-Sd

(continued)

taBle 2 (Continued)
Systematic list of fishes of Cedros Archipelago, México, Northeastern Pacific. Classification according to Eschmeyer (2015).  

*Common name sensu Page et al. (2013); 1 = Fiel record, 2 = Museum recod, 3 = Literature; **Data from field surveys;  
***BA = Biogeographic affinity: AL = Aleutian province, OR = Oregonian province, SD = San Diegan province,  

CZ = Cortez province, MX = Mexican province, PA = Panamic province, PE = Peruvian province,  
POI = Pacific Oceanic Islands province, CG = Circumglobal, CT = Circumtropical, NWP = Northwestern Pacific,  

EP = Eastern Pacific, AA = AmphiAmerican. sensu Love et al. (2005) and Robertson and Allen (2015).
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ACTINOPTERI (continued)
COTTIFORMES (continued)

cottidAe
Chitonotus pugetensis 
(Steindachner 1876)

Soughback 
sculpin 

2 2 lAcm nep

Clinocottus analis  
(girard 1858)

Woolly sculpin 1, 2 1, 2 1, 2 uAbc, 
lAcm, Sio

i or-Sd

Icelinus cavifrons  
(gilbert 1890) 

pit-head 
sculpin 

2 lAcm Southern 
limit

or-Sd

Icelinus fimbriatus  
(gilbert 1890) 

Fringed 
sculpin

3 range 
extension 

South

or-Sd

Icelinus quadriseriatus 
(lockington 1880)

Yellowchin 
sculpin

2, 3 cAS, 
lAcm, Sio

or-Sd

Icelinus tenuis  
(gilbert 1890)

Spotfin sculpin 2, 3 lAcm Southern 
limit

nep

Ruscarius creaseri roughcheek 
sculpin

2 Sio Southern 
limit

or-Sd

Scorpaenichthys marmoratus  
(Ayres 1854)

cabezon 1, 2 2 1 uAbc, 
lAcm, Sio

i, S Al-Sd

AnoplopomAtidAe
Anoplopoma fimbria  
(pallas 1814)

Sablefish 2, 3 lAcm Southern 
limit

nep

AgonidAe
Agonopsis sterletus  
(gilbert 1898)

Southern 
spearnose 
poacher

2 lAcm, Sio Southern 
limit

or-cz

Odontopyxis trispinosa 
(lockington 1880)

pygmy 
poacher

2 lAcm Southern 
limit

nep

Xeneretmus ritteri  
(gilbert 1915)

Stripefin 
poacher

3 Southern 
limit

Sd

PLEURONECTIFORMES 
pArAlicHtHYidAe

Citharichthys fragilis 
(gilbert 1890)

gulf sanddab 2 cAS, Sio Sd-cz

Citharichthys sordidus 
(girard 1854)

pacific sanddab 2 cicimAr, 
lAcm, Sio

Al-cz

Citharichthys sp. 2 lAcm

Citharichthys stigmaeus 
(Jordan & gilbert 1882)

Speckled 
sanddab

2 2 cicimAr, 
lAcm, Sio

Al-cz

Citharichthys xanthostigma  
(gilbert 1890)

longfin 
sanddab

2 2 cicimAr, 
SemAr, 

cAS, 
lAcm, Sio

Sd-pA

Etropus crossotus  
(Jordan & gilbert 1882)

Fringed 
flounder

2 cicimAr northern 
limit

AA

Hippoglossina stomata  
(eigenmann & 
eigenmann 1890)

bigmouth sole 2 cicimAr, 
lAcm

or-cz

Paralichthys californicus 
(Ayres 1859)

california 
halibut

1, 2 ibunAm, 
cicimAr

S or-Sd

Xystreurys liolepis  
(Jordan & gilbert 1880)

Fantail sole 2 lAcm, Sio or-cz

(continued)

taBle 2 (Continued)
Systematic list of fishes of Cedros Archipelago, México, Northeastern Pacific. Classification according to Eschmeyer (2015).  

*Common name sensu Page et al. (2013); 1 = Fiel record, 2 = Museum recod, 3 = Literature; **Data from field surveys;  
***BA = Biogeographic affinity: AL = Aleutian province, OR = Oregonian province, SD = San Diegan province,  

CZ = Cortez province, MX = Mexican province, PA = Panamic province, PE = Peruvian province,  
POI = Pacific Oceanic Islands province, CG = Circumglobal, CT = Circumtropical, NWP = Northwestern Pacific,  

EP = Eastern Pacific, AA = AmphiAmerican. sensu Love et al. (2005) and Robertson and Allen (2015).
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ACTINOPTERI (continued)
PLEURONECTIFORMES (continued)

botHidAe
Monolene asaedai  
(clark 1936)

dark flounder 3 range 
extension 

north

cz-pA

pleuronectidAe
Glyptocephalus zachirus 
(lockington 1879)

rex sole 3 Southern 
limit

nep

Lyopsetta exilis  
(Jordan & gilbert 1880)

Slender sole 2 2 cicimAr, 
Sio

Al-Sd

Parophrys vetulus  
(girard 1854)

english sole 2 Sio Southern 
limit

nep

Pleuronichthys coenosus 
(girard 1854)

c-o sole 2 lAcm Southern 
limit

Al-Sd

Pleuronichthys decurrens 
(Jordan & gilbert 1881)

curlfin sole 2 cAS Southern 
limit

Al-Sd

Pleuronichthys ritteri  
(Starks & morris  
1907)

Spotted turbot 2 lAcm or-Sd

Pleuronichthys verticalis 
(Jordan & gilbert 1880)

Hornyhead 
turbot

2 2 cicimAr, 
lAcm, Sio

or-cz

cYnogloSSidAe
Symphurus atricaudus  
(Jordan & gilbert 1880)

california 
tonguefish

2 cicimAr, 
cAS, 

lAcm, Sio

or-pA

TETRAODONTIFORMES
bAliStidAe

Sufflamen verres  
(gilbert & Starks 1904)

orangeside 
triggerfish

1, 3 S northern 
limit

tep

tetrAodontidAe
Sphoeroides lobatus  
(Steindachner 1870)

longnose 
puffer

1 S Sd-cH

diodontidAe
   Diodon holocanthus  

(linnaeus 1758)
balloonfish 2   cicimAr   ct

taBle 2 (Continued)
Systematic list of fishes of Cedros Archipelago, México, Northeastern Pacific. Classification according to Eschmeyer (2015).  

*Common name sensu Page et al. (2013); 1 = Fiel record, 2 = Museum recod, 3 = Literature; **Data from field surveys;  
***BA = Biogeographic affinity: AL = Aleutian province, OR = Oregonian province, SD = San Diegan province,  

CZ = Cortez province, MX = Mexican province, PA = Panamic province, PE = Peruvian province,  
POI = Pacific Oceanic Islands province, CG = Circumglobal, CT = Circumtropical, NWP = Northwestern Pacific,  

EP = Eastern Pacific, AA = AmphiAmerican. sensu Love et al. (2005) and Robertson and Allen (2015).
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represents the distribution limit for 106 species (40% of 
the species reported). the distribution range extension 
for 19 species is documented.

based on these results, the archipelago has high spe-
cies richness, 50% of the known species for the entire 
San diegan province (miller and lea 1976; Horn et al. 
2006) and 15% of those in the cortez province (Hastings 
et al. 2010; palacios-Salgado et al. 2012), are reported in 
this small insular territory. the ceA might be richer 
than coastal lagoons and bays on the baja california 
peninsula (danemann and de la cruz-Agüero 1993; 
de la cruz-Agüero et al. 1994, 1996; rosales-casián 

rockpool blenny (Hypsoblennius gilberti), and the slender 
clingfish (Rimicola eigenmanni). of these, the last four spe-
cies were recorded in the field surveys at the ceA.

dISCUSSION
A comprehensive systematic checklist of the ceA, 

with a total of 269 species, is presented here. the bio-
geographic relationships of the fish assemblages from 
the ceA showed a separation from its counterparts in 
northern baja california and california. most of the 
fish community at the ceA (50%) has a temperate affin-
ity (warm-temperate and cold-temperate) and the ceA 

taBle 3
Fish species that present range extension in their distribution in Cedros Archipelago. Reference corresponds to the most 

updated geographic distribution reference for these species. *Represents field records in this study.

Scientific Name Reference Extension to: Northern End Southern End

Bathygobius ramosus* robertson and Allen, 2015 north 24.55 n 06.11 S
Eleotris picta love et al. 2005 north 23.05 n 09.25 S
Halichoeres notospilus* robertson and Allen, 2015 north 26.13 n 06.93 S
Hemiramphus saltator love et al. 2005 north 26.01 n 09.25 S
Lepophidium prorates love et al. 2005 north 27.01 n 05.10 S
Monolene asaedai love et al. 2005 north 24.51 n 08.50 n
Nannobrachium idostigma love et al. 2005 north 27.20 n 35.75 S
Platybelone argalus love et al. 2005 north 26.10 n 35.75 S
Prionotus ruscarius love et al. 2005 north 26.00 n 35.75 S
Acanthogobius flavimanus love et al. 2005 South 52.10 n 32.68 n
Chiasmodon niger love et al. 2005 South 47.33 n 32.43 n
Gibbonsia montereyensis* love et al. 2005 South 53.75 n 29.05 n
Icelinus fimbriatus love et al. 2005 South 53.50 n 32.71 n
Ophiodon elongatus* love et al. 2005 South 55.00 n 29.61 n
Phanerodon furcatus* love et al. 2005 South 40.60 n 29.60 n
Rhacochilus vacca* love et al. 2005 South 53.75 n 29.03 n
Sebastes flavidus love et al. 2005 South 59.50 n 30.49 n
Sebastes hopkinsi* love et al. 2005 South 43.75 n 29.03 n
Sebastes paucispinis love et al. 2005 South 59.50 n 29.08 n

Figure 4. Distribution patterns of fish species of the Cedros Archipelago. (AL = Aleutian prov-
ince, OR = Oregonian province, SD = San Diegan province, CZ = Cortez province, MX = Mexi-
can province, PA = Panamic Province, PE = Peruvian province, POI = Pacific Oceanic Islands 
province) 
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mechanisms such as marine protected Areas, marine 
reserves, or marine refuges have not yet been imple-
mented in this region to date, excluding a small marine 
reserve at natividad island implemented by local fish-
ermen 2006 (micheli et al. 2012).

the fact that the ceA represents the distribution 
limit of 106 species (40% of the species reported) is evi-
dence of the biogeographic transition zone. it has been 
extensively documented that the biogeographic bound-
aries work diffusely and that their boundaries are mov-
able in response to climatic factors (Hubbs 1960). 

this study represents the southernmost distribution 
extension for 10 species, and the northernmost distri-
bution extension for 9 species. these findings may be 
explained by the scarcity of field studies in the region, 
but nevertheless, previous studies (Quast 1968; mearns 
1988; lea and rosenblatt 2000; pondella et al. 2005; 
palacios-Salgado and ramirez-Valdez 2011) have noted 
a trend of tropical species being recorded farther north 
of their previously recognized distribution, especially 
crossing bahía magdalena, a geographic feature tradi-
tionally recognized as a biogeographical barrier. these 
extensions of distribution range may represent an indica-
tor of the warming trend observed in this biogeographic 
province (pondella et al. 2005). 

in addition to the range extensions documented in 
this study, the record of tropical affinity species that have 
been reported in San diego or even farther north are 
included. However, most of these records have been 
associated with el niño events (mearns 1988; lea and 
rosenblatt 2000). As some of the species were abundant 
and recurrent at the ceA, the record of these species 
in the ceA would represent their northernmost stable 
populations.

it is important to highlight the presence of some spe-
cies in the archipelago that were absent in previous stud-
ies in the peninsula (danemann and de la cruz-Agüero 
1993; ruiz-campos et al. 2010). this is the case for 
Thalassoma lucasanum, Ophioblennius steindachneri, Chromis 
atrilobata, and Bodianus diplotaenia, which were recorded 
farther north in guadalupe island (reyes-bonilla et al. 
2010). the presence of fish species in islands and their 
absence on the mainland has been explained before by 
structural habitat differences rather than oceanographic 
differences (ebeling et al. 1980), and this pattern can 
be important to consider when seeking to set priority 
among conservation areas. it also highlights the record in 
the mexican coast for the Yellowfin goby (Acanthogobius 
flavimanus), a native species from the northwestern 
pacific that has been reported on the coast of california 
(Workman and merz 2007).

to our knowledge, the presence of endemic species 
has not been recognized for the ceA. the record of Gib-
bonsia norae as an endemic species of guadalupe island 

1996; galván-magaña et al. 2000) and even comparable 
with larger islands in the gulf of california (155–190 
spp.: del moral et al. 2013) and with those islands in the 
tropical eastern pacific (203–363 spp.: robertson and 
cramer 2009; erisman et al. 2011). 

the species richness found in the ceA is the result of 
a blend of species consisting of 3 large groups with pat-
terns of geographical distribution: 1) temperate species 
(warm and cold temperate) with limited intrusion into 
subtropical waters (51% of the species), 2) tropical species 
with limited intrusion into warm-temperate waters, and 
3) tropical species with extended incursion into temper-
ate waters of the eastern pacific (eurythermal species).

Field records showed greater species richness in 
cedros (78 species), followed by natividad and San 
benito islands, with 56 and 54 species, respectively. 
Although sampling effort is an important factor in spe-
cies record accumulation, the sampled area for cedros, 
natividad, and San benito is equivalent in number 
of transects, but not for sampling sites. the proximity 
between islands could assume a similarity in the fish 
assemblage, however the area of the islands may be 
an important factor. the perimeter of the island is an 
indicator of habitat availability and therefore increas-
ing potential to provide shelter for more species (planes 
et al. 2012). this relationship could not be obvious on 
islands with similar perimeters, however, the perimeter 
of cedros is 6-fold higher than natividad and 8-fold 
higher than San benito.

the resulting nmdS (based on subtidal field surveys 
from eleven north-eastern pacific islands) shows the 
qualitative differences in fish composition along the ceA 
and the Southern california bight islands. this analysis 
does not show the similarity pattern between San benito 
and some of the channel islands (california) found by 
pondella et al. (2005). A group of 24 species have the larg-
est dissimilarities contribution (78%) between sites; most 
of them have a tropical affinity (e.g., Abudefduf troschelii, 
Apogon retrosella, Caulolatilus princeps, Halichoeres semicinc-
tus, and Zapterix exasperata). the overall differences in the 
species richness between our field records and previous 
studies in San benito (i.e., pondella et al. 2005) may be 
related to the inclusion of diverse habitats in the field sur-
veys (i.e., tidepools, and soft bottom), but also by the new 
records of a these tropical affinity species to the assem-
blage. Furthermore, transitional regions may be strongly 
influenced by seasonality, where environmental conditions 
can be dominant for one of the two converging regions 
(Horn et al. 2006), therefore inducing a shift in the pres-
ence of fish assemblages. 

comparisons to other islands and coastal rocky eco-
systems highlight the importance of the ceA in terms 
of connectivity between warm-temperate and tropical 
regions. nevertheless, conservation and management 
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aBStract
this paper examines 16 years of microscopic infor-

mation about phytoplankton taxonomic composition 
and abundances from each of four regions in the cal-
cOFi area. the nE region is approximately the region 
of the Southern california bight; the SE region is the 
lower edge of the bight; the Offshore is the western-
most region; and the alley is the path between the nE 
and the Offshore through which the california cur-
rent meanders.

the nE region and the alley consistently had the 
highest phytoplankton abundances, dominated by dia-
toms. these two areas were most similar with respect 
to abundance fluctuations and species composition. the 
Offshore had the lowest abundances, dominated by coc-
colithophores. the SE region was intermediate with 
respect to both abundance and composition.

temporal patterns of abundance and composition 
differed among regions. an increase in phytoplankton 
abundance was centered in the Offshore region, but was 
not accompanied by a change in phytoplankton compo-
sition. the only detectable effect of the EnSO cycle on 
phytoplankton abundance was an increase in abundance 
during la niña events in the Offshore. however, a cycle 
of Offshore species composition with a period of five to 
eight years did not appear to be related to EnSO. Sea-
sonal cycles were strongest in the nE and alley. in both 
these regions, high abundances in spring during the early 
years of this study decreased and the annual abundance 
maximum appeared to migrate to summer and fall. these 
shifts may have been driven by decreases in the abun-
dances of the diatom phytoplankton in the spring or by 
an interaction between the present cruise schedule and 
a gradual delay in the spring bloom.

introDuction
the region of the california current off southern 

california is one of the best studied ocean areas in the 
world. the california cooperative Oceanic Fisher-
ies investigations (calcOFi) has accumulated 65-year 
data sets of temperature, salinity, ichthyoplankton, and 
macrozooplankton and more than 30 years of data for 
nutrients and chlorophyll a. based on these data, several 

temporal cycles have been defined and studied, includ-
ing the seasonal cycle (lynn and Simpson 1987; legaard 
and thomas 2006); the El niño–Southern Oscillation 
(EnSO; chelton et al. 1982; bograd and lynn 2001); 
and two decadal cycles, the Pacific Decadal Oscilla-
tion (Ebesmeyer et al. 1991; roemmich and McGowan 
1995a, b; Mantua et al. 1997); and the north Pacific 
Gyre Oscillation (bond et al. 2003; Di lorenzo et al. 
2008). information on these scales of variability pro-
vides a background against which to evaluate longer 
period changes.

routine sampling for phytoplankton species on 
 calcOFi cruises began in 1990. Prior to this, most 
phytoplankton studies in the california current that 
were conducted on a taxonomic level had been rela-
tively short term and/or local studies, difficult to extrap-
olate to a scale comparable to that of the calcOFi 
studies (allen, 1936, 1941, 1945a,b; Sverdrup and allen 
1939; balech 1960; beers 1986; Matrai 1986; busse 
et al. 2006).

Using the routine calcOFi samples, Venrick (2012) 
examined the influence of temporal scales of variabil-
ity upon the abundance and taxonomic composition 
of phytoplankton collected from the mixed layer on 
 calcOFi cruises between 1990 and 2009. Spatial vari-
ability was removed by combining all counts for each 
taxon into a single mean value for each cruise. in addi-
tion to seasonal cycles, this time span encompassed three 
El niño events and two la niña events. it also included 
a period near the year 2000 in which a shift in the signs 
of the Pacific Decadal Oscillation (PDO) and the north 
Pacific Gyre Oscillation (nPGO) may have occurred 
(Ebbesmeyer et al. 1991; bond et al. 2003; lavaniegos 
and Ohman 2003; Dilorenzo et al. 2008). the exact 
natures of the interdecadal climate events are still open 
to debate (bjorkstedt et al. 2012). these three scales and 
their influences upon the regional hydrography, chem-
istry and biology are summarized in some detail in 
 Venrick (2012).

During the 1990–2009 study, there was a slow 
increase in both chlorophyll a and phytoplankton abun-
dance, accompanied by a decrease in the number of phy-
toplankton species per cruise. there was no evidence 
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a weakness of this first study is the lack of spatial 
resolution. the calcOFi area is a dynamic, heteroge-
neous system and it is not known whether the tempo-
ral patterns revealed in Venrick (2012) reflect the entire 
region or whether they are merely a composite of sev-
eral dissimilar, smaller-scale patterns. the present paper 
extends the observations of temporal scales to the spatial 
dimension, using the four regions defined by hayward 
and Venrick (1998; fig. 1). the northeast region (nE) 
is approximately the region of the Southern california 
bight (Scb). the Southeast (SE) region often contains 
the southern, shoreward-flowing limb of the quasi-per-
manent Southern california Eddy, which entrains both 
california current water and Offshore water, moving 
them toward the coast at the southern boundary of the 
Scb. the Offshore region is the easternmost central 
Pacific, which is influenced by the california current. 
the alley is the region between the nE region and the 
Offshore through which the southward-flowing cali-
fornia current meanders and generates eddies; where 
it approaches the coast, as at Point conception, it may 
entrain locally upwelled water. 

these four regions were initially defined on the basis 
of the similarity of temporal patterns of chlorophyll a 

for a major change in biomass or composition near the 
year 2000; however there was an unexplained increase 
in the temporal heterogeneity of phytoplankton com-
position after 2000.

During the 1990–2009 study, the response of phyto-
plankton abundance to EnSO events was similar to that 
of zooplankton, with reduced chlorophyll a and abun-
dance during El niño events and increased values dur-
ing la niña events. however, the relative magnitudes 
of changes were smaller than those of zooplankton. the 
effect of the EnSO cycle on phytoplankton abundance 
was not statistically significant.

During the 1990–2009 study, there was a clear sea-
sonal cycle in both chlorophyll a and phytoplankton 
abundance. however, during the study period, the annual 
peak appeared to shift from spring to summer; this was 
accompanied by a change in composition of the peak, 
especially by a decrease in the abundance of hyalo-
chaete species, a large subgroup of the diatom genus 
Chaetoceros. Venrick (2012) hypothesized that the shift 
reflected the change in nutrient source from wind-
driven coastal upwelling in the spring to wind-stress-
curl-driven upwelling in the summer (rykaczewski and 
checkley 2008). 
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CalCOFI Protocol
calcOFi surveys have been conducted since 1949. 

Since 1984, cruises have occurred quarterly, and the basic 
sampling grid has consisted of 66 stations arranged in 
six lines spaced 40 nm apart (fig. 1). Within the quar-
terly framework, cruise dates and durations vary (fig. 2). 
in this study, seasons are defined as winter (Dec–Feb), 
spring (Mar–May), summer (June–aug) and fall (Sept–
nov). a cruise is assigned to a season on the basis of its 
mid-date. between 1996 and 2012, there were no cruises 
in June, or Dec, and only one in May.

Each station includes a large number of measurements 
and samples. these data and the methods by which they 
were acquired may be found on the calcOFi website 
(http://www.calcofi.org/) and in individual data reports 
(http://www.calcofi.org/ccpublications/calcofi-data-
reports.html).

Environmental Conditions
EnSO periods are defined as strong or moder-

ate events lasting three months or longer based on the 
 Oceanic niño index (Oni: http://ggweather.com/

at groups of stations between 1984 and 1996 ( hayward 
and Venrick 1998). Groups of stations with similar tem-
poral patterns of chlorophyll were associated with simi-
lar physical forcing factors. later, these groups of stations 
were shown to be characterized by different phytoplank-
ton assemblages, with the exception of the alley, which 
was characterized by the lack of a stable association 
(Venrick 1998a; Venrick 2009). the alley appears to 
represent a meandering boundary between the nE and 
the Offshore. the phytoplankton assemblage in the Off-
shore, as defined here, has been shown to be more simi-
lar to that of the central Pacific to the west than to that 
of the rest of the calcOFi area (Venrick 1992, 2009).

the present study is based upon 16 years of quarterly 
data between summer 1996 and spring 2012 from each 
of the four regions; thus, there is a 13 year overlap with 
the previous study. the primary goal of this study is to 
add a spatial dimension to the temporal patterns and 
to examine on a regional basis the long-term increase 
in phytoplankton abundance, the phenological shift in 
the seasonal cycles, and compositional changes associated 
with both. in addition, these data may provide quantita-
tive parameters of local phytoplankton that may be use-
ful in future models of this region.
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chlorophyll a concentration and number of cells, modi-
fied by practical constraints such as volume of sample 
available, settling chamber size, and available time. Dur-
ing this study settled volumes varied from 1 to 100 ml. 
there were no consistent changes in volumes settled or 
in number of cells counted.

Taxonomic Considerations
the phytoplankton taxa in this study include all cells 

that could be identified to a specific taxon. this criterion 
includes most phytoplankton larger than 2–3 in diam-
eter, but excludes picoplankton. the data set consists of 
abundances of 364 taxa in ten major taxonomic catego-
ries: diatoms, thecate dinoflagellates, athecate dinoflagel-
lates (including heterotrophic species), coccolithophores, 
and silicoflagellates. in addition, there are nine species 
in five categories which are very rare and which have 
been combined into a single “miscellaneous” category. 
Most taxa were species or small groups of similar species, 
but for completeness, unidentified species were included, 
lumped into the lowest taxa possible. the genus Pseudo-
nitzschia was subdivided into two categories according to 

enso/oni.htm). the strength, timing, and influence in 
the calcOFi area have been refined by local informa-
tion (table 1).

Phytoplankton Sampling
Phytoplankton samples for this study were collected 

from summer 1996 through spring 2012. they were 
water samples collected from the second depth at 34 
of the 66 standard stations, spaced approximately evenly 
across the grid (fig. 1). the calcOFi protocol places 
the second sample within the mixed layer, whenever a 
mixed layer exists, generally between 5 and 15 meters. 
the samples were 30 ml water samples, preserved with 
1% buffered formalin, and returned to the lab for enu-
meration. in the lab, equal aliquots from all samples from 
the same region were pooled into one sample, which was 
settled and counted under an inverted microscope. all 
larger cells were counted at 100X magnification; 17% 
of the sample was examined at 250X to enumerate the 
smaller cells. an attempt was made to count between 
1,000 and 1,500 cells per sample. the volume of sam-
ple needed was determined by a relationship between 

taBle 1
Summary of El Niño and La Niña dates, sampling cruises, and general characteristics in the CalCOFI area. 

Equatorial Event Dates in CalCOFI region Cruises Comments References

1997–98 El niño June 1997 to July 1998 9707
9709
9802
9804
9807

conditions relaxed somewhat during the spring; 
in 1998, zooplankton biomass the lowest on record; 
chlorophyll not noticeably reduced in field samples 
but remote imagery indicated a reduction in the 
extent of eutrophic waters.

lynn et al. 1998; hayward 
et al.1999; hayward 2000;  
kahru and Mitchell 2000; 
bograd and lynn 2001.

1998–00 la niña nov 1998 to June 2000 9901
9904
9908
9910
0001
0004

two la niña pulses at the equator were not 
distinguishable in the calcOFi area; record high 
chlorophyll values recorded during spring and 
summer 1999, subsequently returning to lower 
concentrations but generally continuing above the 
long-term mean; zooplankton biomass elevated 
throughout 1999, subsequently declining but 
remaining above low pre-1997 values.

hayward et al. 1999; bograd 
et al. 2000; bograd and lynn 
2001; Durazo et al. 2001;  
Schwing et al. 2002; Venrick 
et al. 2003.

2002–03 El niño n.a. a moderate equatorial El niño did not  
significantly impact the calcOFi area and is  
not considered in this study.

Venrick et al. 2003.

2007–08 la niña July 2007 to Feb 2009 0707
0711
0801
0804
0808
0810
0901

cool conditions in the calcOFi area appeared  
to precede this equatorial event by two months; 
most parameters did not respond strongly; satellite 
imagery indicated elevated chlorophylls, but these 
not apparent from the ship data.

Mcclatchie et al. 
2008, 2009.

2009–10 El niño “Fall” 2009 to “Early” 2010 0911
1001

Strong impacts seen north of Pt. conception; 
relatively weak in calcOFi; SSh was elevated,  
but most physical and biological parameters  
near normal.

bjorksted et al. 2010; 
Pacific coast Ocean 
Observing System 2010.

2010–11 la niña July 2010 to Jan 2012 1008
1011
1101
1104
1108
1110

Strong impacts off baja and inconsistently north  
of Pt. conception;  response in calcOFi area  
mixed; SSh elevated and SSt reduced but  
biological parameters near normal. relaxation 
during summer 2011.

bjorksted et al. 2011, 
2012; Pacific coast Ocean 
Observing System 2010 
2011. Wells et al. 2013.
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population. two nonoverlapping bars (table 2, Offshore 
and SE) indicate samples likely to be from two discrete 
populations; a bar under two or more samples (table 2, 
nE and alley) indicates that discrete populations can-
not be detected.

the study is focused on the strength of the relation-
ships between the different regions. correlation matri-
ces are used where, under other circumstances, a single 
concordance test might be more appropriate.

Principal component analysis (Pca) was used to 
decompose the variability of the abundance data of the 
major taxa and to examine the importance of different 
scales. input data were the log-transformed and normal-
ized abundance data of four major taxa in each sample. 
to determine the acceptance criterion for the princi-
pal component, i ran 600 Monte carlo simulations on 
the data, with the observed counts of the taxa associ-
ated randomly with samples (modified from ledesma 
and Valero-Mora 2007). resulting eigenvalues are more 
conservative than the commonly accepted value of 1.0.

With more than 350 taxa, examination of species 
composition and changes over time requires extreme 
reduction of data. i have used species correlation pro-
files, which plot the similarity of species composition 
of all pairs of samples as a function of their separation 
in time. Similarity was measured by Spearman’s corre-
lation (ρ) between rank orders of abundance. a corre-
lation profile is analogous to a variogram through time 
using a measure of similarity rather than a measure of 
variance. like a variogram, it detects temporal pattern. 
Unlike a variogram, peaks of a correlation profile repre-
sent greater similarity rather than greater variance (dis-
similarity). to remove variability at the smallest scales, 
curves were smoothed with a 21 point running average. 
this represents an average interval of 26 days.

this study compares and contrasts characteristics 
of phytoplankton in four regions at three time scales. 
the resulting labyrinth of tests (“multiple testing”) and 
statistical interdependencies negate the use of classical 
hypothesis testing. however, tabulated probability lev-
els correct for sample size and give a yardstick for com-
parisons, even though the underlying assumptions have 
been violated. in the following study i present statistics 
and classical alpha errors (critical values) at p = .05 and 
indicate in bold, results that exceed critical values. the 
results, however, must be judged on the basis of the mag-
nitude and consistency of the patterns over all analyses. 

reSultS

Phytoplankton Abundance
Regional patterns. cruise-mean abundances were 

consistently higher in the alley and nE, lower in the 
SE region and lowest in the Offshore (table 2, fig. 3). 

whether cell width exceeded four microns. both “slim 
Pseudo-nitzschia” and “robust Pseudo-nitzschia” are com-
posites of several species, some overlapping. the athe-
cate dinoflagellate species were more poorly resolved 
taxonomically than the species of the other major taxa, 
giving the “unidentified athecate” category a dispro-
portionate weight in analyses of individual taxa. conse-
quently, athecate dinoflagellates have been retained only 
in the discussion of major taxa. 

the absence of picoplankton data will produce a nega-
tive bias in the total number of cells, especially in the more 
oligotrophic regions. to the extent that picoplankton fluc-
tuations are not coherent with fluctuations of other taxa, 
the results of this study will be biased toward larger taxa. 

Statistical Procedures
Most statistical procedures in this study are nonpara-

metric, which do not assume that the data are from a 
normal distribution, and which use the median as a mea-
sure of central tendency (tate and clelland 1957; Sprent 
1993; conover 1999). i present the mean as well as the 
median, because of its general familiarity. the difference 
between the median and the mean is an indication of 
the skew of the population distribution. trend lines are 
least squares fits. as descriptive tools, neither the mean 
nor the least squares line assumes normality. 

Procedures used include Spearman’s nonparametric 
correlation (ρ), the kruskal-Wallis one-way analysis of 
variance (anOVa), and Friedmann’s 2-way anOVa. 
a significant anOVa suggests that samples are not all 
from the same population. Following a significant result, a 
posteriori tests may indicate samples, or groups of samples 
that are likely to be from distinct populations ( nemenyi 
1963; Sokal and rohlf 1969). a posteriori results are 
indicated in tables by bars linking samples from the same 

taBle 2
Regional abundances. Differences among regions  

are assessed by the maginitude of the χ2 large sample 
approximation for the Friendman 2-way ANOVA statistic, 

which removes temporal variability. Subtending bars 
indicate median differences according to a  

Nemenyi a posteriori procedure.

the critical value of χ2 under  the assumption of the  
null hypothesis at p = 0.05 is 7.82. Were the assumptions fulfilled,  

the result would be highly significant. 

χ2 (observed) = 86.3

Region

Alley NE SE Offshore

abundance
(cells/ml)
 median 243 210  95 57
 mean 369 331 158 72



Venrick: PhytoPlankton SPecieS in the california current SyStem off Southern california: the SPatial DimenSionS 
calcofi rep., Vol. 56, 2015

173

Interannual changes. Phytoplankton abundances in 
both the SE region and the Offshore increased during 
the study period, in spite of one very high early value 
in each (fig. 3). in the Offshore, this peak occurred dur-
ing the spring of the 1998-2000 la niña, a period with 
record high chlorophyll a across most of the calcOFi 
area (table 1). in the SE, however, the peak was ear-
lier, more closely associated with the 1997–98 El niño, 
and  it appears to have been a more local phenomenon. 
Phytoplankton abundances in the two eutrophic regions 
were more stable during the study period.

ENSO effects. the EnSO signal was greatest in 
the Offshore (table 4). however, this was driven only 
by high abundances during la niña conditions; reduc-
tion of abundances during El niños was undetectable. 
although the EnSO signal was weaker in other regions, 
they showed the expected pattern of abundances with 
abundances lower during El niños and higher during 
la niñas. an influence of EnSO cannot be disproved 
with these data, but the effects on phytoplankton abun-
dance were relatively weak.

Seasonal patterns and phenological changes. Only 
the alley and the SE region had consistent (detectable) 
seasonal cycles (table 5). in spite of differences in the 

Four of the six correlations between regions, over all 
data (table 3), were strongly positive, suggesting that abun-
dance fluctuations in most regions were related. the only 
regions that appeared independent were the nE and SE 
regions and the nE and the Offshore. Most of the over-
all concordance among regions was driven by similar 
seasonal cycles. When the seasonal cycle was removed 
(table 3), most correlations decreased. longer-period fluc-
tuations remained correlated only in the nE and alley.
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Figure 3. Temporal changes of phytoplankton abundance (excluding athecate dinoflagellates) in the four regions of the CalCOFI area. El Niño periods are shaded 
red; La Niña periods are shaded blue. Months of maximum annual abundance are indicated. Values of ρ indicate correlations of abundance and time (increase or 
decrease in abundance). The critical value of the statistic under the assumptions of the null hypothesis at p = 0.05 is 0.25. Were all assumptions fulfilled, the bold 
statistics would be significant.

taBle 3
Pair-wise comparison of phytoplankton abundances. Values 
are Spearman’s nonparametric correlation (ρ). Values above 

the diagonal are correlations across all samples; values 
below the diagonal have had the seasonal cycle removed.

critical values of ρ under the assumptions of the null hypothesis at  
p = 0.05 are 0.25 (n = 64; above diagonal) and 0.52 (n = 15; below).  

Were assumptions fulfilled, bold correlations would be significant. 

Region

NE Alley SE Offshore

se
as

on
al

cy
cl

e 
re

m
ov

ed

nE 0.46 –0.12 0.11

al
l 
da

taalley 0.60 0.32 0.44

SE –0.02 –0.35 0.42

Offshore 0.32 0.31 0.38
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occurred in the spring; after 2006 peaks occurred in 
summer and fall.

these shifts in the timing of the annual peaks resulted 
from interaction between a decrease in abundance in 
spring samples and changes in other seasons (fig. 4). 
in the nE, the spring decrease was accompanied by 
increases in fall and winter abundances. at the start of 
the study, spring abundances exceeded those of other 

amplitudes of the cycles, all four regions showed agree-
ment in that higher abundances tended to occur in sum-
mer or spring and lower abundances in winter or fall. 

During the study, the timing of the annual peak in 
the nE and alley regions shifted toward later months 
(fig. 3). in the nE, before 2004, all annual peaks but 
one occurred in spring becoming irregular thereaf-
ter. in the alley, before 2006, every peak except one 
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Figure 4. The long-term changes of annual peak abundance in the NE region and the Alley. Regression lines describe abundance 
trends within seasons. 
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as declining spring abundances approached and over-
lapped those of summer, the regular spring peaks shifted 
to peaks in summer and occasionally autumn. in both 
regions, the abundance declines in spring were offset by 
increases during the other seasons, so the annual aver-
age remained stable.

Major Taxa
the most abundant major taxa were diatoms, thecate 

and athecate dinoflagellates, coccolithophores, and silico-
flagellates; the first four taxa were present in at least one 
region on 63 or 64 of the 64 cruises. in addition there 
was a small category composed of nine infrequent spe-
cies that belong to various other major groups. 

the abundances of all major taxa were least in the 
Offshore region (fig. 5). Diatoms dominated the flora in 
the nE, alley, and SE; coccolithophores dominated in 
the Offshore. this result changes very little when abun-
dances are expressed as percentages of the total.

Principal component analysis (Pca) was used to 
examine the relative importance of spatial and tem-
poral variability to the composition of major taxa. 
Descriptors are abundances of the four most frequent 
taxa: diatoms, thecate dinoflagellates, athecate dino-
flagellates, and coccolithophores. a single meaningful 
component emerged, which explains 61% of the vari-
ability (table 6). the first principal component is highly 
correlated with chlorophyll a (Spearman’s ρ = 0.59; 
critical value [0.05] = 0.12; data not shown) and may 
be viewed as an abundance axis. the most important 
attribute separating samples along component 1 is the 
regional abundance; this is followed by  seasonal abun-
dance and interannual abundance (table 7). the EnSO 
scale is relatively weakly expressed. Samples with high 
scores along this principal axis are summer samples 
from the alley and nE regions. among the highest 

seasons and the annual maximum was stable. Decreas-
ing spring abundances progressively fell into the range 
of abundances in other seasons, and the timing of the 
annual maximum became variable, no longer a predict-
able cycle. a similar interaction can be seen in the alley. 

taBle 4
Summary of the changes of the total number of cells  
in the three ENSO states. Changes are assessed by the 
magnitude of the Kruskal-Wallis 1-way ANOVA (H). 
Subtending bars indicate differences according to a 

Nemenyi a posteriori test.

the critical value of h under the assumptions of the  
null hypothesis at p = 0.05 is 5.99. Were assumptions fulfilled,  

the bold statistic would be significant. 

 
Region

H 
(observed)

Abundance 
(cells/ml) Enso State

La Niña Neutral El Niño

nE 1.62 median 
mean

235 
354

196 
346

181 
187

La Niña Neutral El Niño

alley 2.75 median 
mean

301 
366

220 
375

195 
303

La Niña Neutral El Niño

SE 3.82 median 
mean

143 
192

 83 
103

 70 
209

La Niña El Niño Neutral

Offshore 10.31 median 
mean

102 
103

 62 
 57

 50 
 58

taBle 5
The seasonal variability of phytoplankton abundances. 
Changes are assessed by the magnitude of the χ2 large 

sample approximation for the Friedman two-way ANOVA. 
Subtending bars indicate differences according to a 

Nemenyi a posteriori procedure.

the critical value  of χ2 under the assumptions of the  
null hypothesis at p = 0.05 is 7.8. Were assumptions fulfilled,  

the bold statistics would be significant.

 
Region

χ2 
(observed)

Abundance 
(cells/ml) Season

Spring Fall Summer Winter

nE 6.20 median 
mean

300
580

218
249

197
286

164
212

Spring Summer Fall Winter

alley 14.84 median 
mean

439 
625

332
501

175
204

168
175

Summer Winter Spring Fall

SE 24.2 median 
mean

176
304

105
150

 95
150

47
44

Spring Summer Winter Fall

Offshore 6.92 median 
mean

71
83

62 
77

56 
69

43
55

taBle 6
Summary of principal component analysis on  

major phytoplankton taxa. Input data are the abundances 
of each major taxa in each sample. Only the eigenvalue  

of the first component exceeds the critical value  
(estimated from Monte Carlo simulations).

Principal 
component Eigenvalues Cumulative %

Critical 
eigenvalues  
(p = 0.05)

Pc1 2.44 61.0 1.17
Pc2  0.714 78.9 1.02

loadings of major taxa on principal component 1

Taxon Loading

coccolithophores 0.53
athecate dinoflagellates 0.53
diatoms 0.46
thecate dinoflagellates 0.41
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variability that affects all taxa similarly through time and 
across the calcOFi area.

Single Taxa
Over the entire study, there are 364 taxonomic cat-

egories. athecate dinoflagellates were excluded from 
the following analysis because of their low taxonomic 
resolution, leaving 165 diatoms, 115 thecate dinoflagel-
lates, 55 coccolithophores, three silicoflagellates, and nine  
species from five other taxonomic groups. total num-
bers of species and abundances per cruise were inversely 
related, with more species found in the SE and Offshore 
regions (table 8a). approximately half of the taxa (193) 
were found at least once in all four regions, while only 

25% of the scores, there are no samples from the Off-
shore. Samples with low scores along the axis are sam-
ples from the SE and Offshore regions.  

all taxa have positive loadings on the first component, 
indicating that fluctuations of the four major taxa were 
correlated. this concordance is unexpected. Several char-
acteristics of phytoplankton tend to sort along a eutro-
phic-oligotrophic axis, including taxonomic affiliation 
and cell size (Margalef 1978; Malone 1980;  Goericke 
2011), predicting a greater separation between, for 
instance, diatoms and dinoflagellates; or between small-
celled groups, such as coccolithophores; and predomi-
nantly large-celled groups such as diatoms. instead, the 
first component appears to express one large scale of 
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over 2000 and 2001, was compared with the average of 
2010 and 2011. the earlier period was used to minimize 
the influence of the preceding El niño and la niña 
events. Offshore phytoplankton abundance increased 
from a mean of 42.4 cells/ml to a mean of 87.2 cells/
ml, while the number of species decreased from 173 to 
155. as predicted by the principal component analysis 
(table 6), all major taxa increased in abundance. relative 
to their abundances in 2000–01, diatoms, athecate dino-
flagellates and the miscellaneous category increased by 
about 150%; thecate dinoflagellates by 85%; and cocco-
lithophores by 60%. Eight of the ten dominant species 
were common to both periods. there were no major 
shifts in abundance other than the expected general 
increase. there is no evidence that a significant species 
change accompanied the interannual abundance increase.

correlation profiles provide a means for detecting 
long-term changes and repeating patterns of species 
composition. the profile incorporates changes in spe-
cies number, but is independent of total abundance. in 
all regions, the correlation profiles show a decrease in the 
similarity of species composition of sample pairs sepa-
rated by longer time intervals, evidence for a slow evo-
lution of species composition and/or dominance order 
(fig. 6). 

changes in species composition across the postulated 
interdecadal shift in 2000 were examined by partitioning 
the species correlation profiles into three sets: compari-
sons between samples before 2000, comparison between 
samples after 2000, and comparisons across the shift. a 
species shift would appear as a lower correlation between 
pairs of samples that span the shift.

79 were found in a single region. the highest num-
bers of species unique to a single region were found in 
the Offshore and SE regions (table 8a), which were the 
lower biomass regions (table 2). comparisons of species 
composition between regions (table 8b) suggest the tax-
onomic compositions of the nE region and the alley 
were similar, as were those of the SE region and the Off-
shore. least similar were the compositions of the nE 
region and the Offshore. the top ten dominant species 
in all four regions consisted of 17 taxa (table 9); four 
taxa were dominant in all regions, but two of these, slim 
Pseudo-nitzschia spp. and hyalochaete species in the genus 
Chaetoceros are taxa with many similar species, and the 
dominant species may have changed among the regions. 

Interannual patterns. a decline in the number of 
species per cruise was observed between 1990 and 2009 
(Venrick 2012). this decline continued between 1996 
and 2012 and was strongest in the Offshore (table 8a), 
coincident with the greater increase in abundance there 
(fig. 3). to look for interannual changes in taxonomic 
composition, the Offshore species composition, averaged 

taBle 7
Influence of four sources of variability in  

the scores of samples along principal component 1. 
Differences are assessed with the Kruskal-Wallis  

one-way ANOVA (H). Subtending bars indicate differences 
according to a Nemenyi a posteriori test.

also shown is the critical value of h under the assumption of  
the null hypothesis at p = .05: c.v. (0.05). Were the assumptions fulfilled,  

the bold statistics would be significant.

 

Region 
h = 52.7; c.v. (0.05) = 7.81

NE Alley SE Offshore

median score 0.59 0.47 –0.45 –0.82
mean score 0.76 0.50 –0.50 –0.77

 

Season 
h = 24.1; c.v. (0.05) = 7.81

Summer Winter Spring Fall

median score 0.40 –0.05 –0.18 –0.71
mean score 0.93 –0.17 –0.19 –0.58

 

Years 
h = 23.1; c.v. (0.05) = 7.81

2008–12 2004–08 1996–00 2000–04

median score 0.38 –0.13 –0.28 –0.77
mean score 0.52 0.06 –0.24 –0.34

 

ENSO State 
h = 6.23; c.v. (0.05) = 5.99

Neutral El Niño La Niña

median score –0.39 –0.06 0.16
mean score –0.11 –0.10 0.25

taBle 8
Overview of the phytoplankton parameters  

in the CalCOFI area.

a)  General statistics: total numbers of species, mean numbers of species per 
cruise (n), the number of species unique to each region,  and the changes 
of the number of species over time (ρ). the critical value of Spearman’s  
ρ under the assumption of the null hypothesis at p = 0.05 is 0.25.  
Were the assumptions fulfilled, the bold correlation would be significant. 

Number of species
NE  

Region Alley
SE  

Region Offshore

total 269 246 296 293
n  48  47  56  59
number unique  18  10  25  26
change over time (ρ) –0.01 –0.10 –0.02 –0.26

  b)  correlations between species compositions of different regions.  
Values are the mean correlations (ρ) between each pair of the 64 cruises. 
there are no critical values tabulated  for mean statistics. 

Alley SE Offshore

nE 0.32 0.17 0.09
alley 0.15 0.16
SE 0.25
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Figure 6. Correlation profiles for the four regions. Each plot is the correlation of rank order of abundance of species composition (ρ) between sample pairs as a 
function of their separation in time. Points are 21-point running means. Arrows indicate the first two annual peaks.

taBle 9
Dominant species in the regions of the CalCOFI area. Species are listed according to their median abundances.

median 
(cells/ml)

mean 
(cells/ml)

median 
(cells/ml)

mean 
(cells/ml)NE region SE region

slim Pseudo-nitzschia spp. 24.6 74.1 Emiliania huxleyi 16.2 24.9
Emiliania huxleyi 23.0 31.7 slim Pseudo-nitzschia spp. 5.0 32.6
Chaetoceros spp. (hyalochaetes) 15.4 42.2 unidentified coccolithophores 4.8 9.5
Chaetoceros radicans 12.0 19.2 Fragilariopsis pseudonana 4.4 7.4
Fragilariopsis pseudonana 11.0 17.3 Chilomonas marina 3.4 4.9
cf. Nitzschia closterium  6.4 17.4 cf. Nitzschia closterium 3.0 7.8
unidentified coccolithophores  5.6 13.2 Gephyrocapsa spp. 1.0 2.5
robust Pseudo-nitzschia  2.8 16.8 Chaetoceros spp. (hyalochaetes) 0.8 15.9
Chaetoceros socialis  0.3 18.2 Mastogloia woodiana 0.1 3.9
Chaetoceros debilis  0.1 42.3 Phaeocystis pouchetti <<0.1 3.6

median 
(cells/ml)

mean 
(cells/ml)

median 
(cells/ml)

mean 
(cells/ml)Alley Offshore

Emiliania huxleyi 31.1 38.6 Emiliania huxleyi 12.7 19.0
slim Pseudo-nitzschia spp. 24.1 62.3 unidentified coccolithophores 5.3 8.8
Chaetoceros spp. (hyalochaetes) 15.8 46.4 Chilomonas marina 3.4 4.7
unidentified coccolithophores 10.9 14.1 slim Pseudo-nitzschia spp. 2.5 8.3
cf. Nitzschia closterium  5.5 11.2 cf. Nitzschia closterium 1.6 3.2
Chaetoceros debilis  5.2 42.9 Fragilariopsis pseudonana 1.2 2.1
robust Pseudo-nitzschia  4.5 16.2 Umbilicosphaera hulburtiana 0.7 1.4
Chaetoceros radicans  2.8 18.5 Gephyrocapsa spp. 0.6 2.1
Dactyliosolen fragilissima  1.2 12.4 Chaetoceros spp. (hyalochaetes) 0.2 2.4
Chaetoceros socialis  0.3 14.2 cf. Phaeocystis sp. <<0.1 2.6
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be apparent from the makeup of the individual points. 
instead, the highest 5% of the points defining the Off-
shore peak at five to eight years includes no sample pairs 
between two El niño or two la niña periods. More-
over, the points defining the trough at 2.5–3.5 years have 
more low correlations between two El niño samples 
and two la niña samples than low correlations between 
one of each. More data is needed to verify this pat-
tern and determine causal mechanisms. at present, these 
data show no evidence for a shift in species composition 
directly related to the EnSO cycle.

Seasonal cycles and phenological shifts. all four cor-
relation profiles show an annual peak indicative of a sea-
sonal cycle of species composition (fig. 6). in all regions 
the magnitude of the annual peaks decreased over time 
and their regularity tended to erode. the cycle of species 
composition was most regular in the SE and least regu-
lar in the Offshore, consistent with the seasonal cycle of 
abundance (table 5).

there is no evidence for a shift in composition within 
any of the regions near the year 2000 (fig. 7). an increase 
in heterogeneity after 2000 can be seen in the Offshore, 
the alley, and in the SE region (where it is partially 
masked by a strong peak at a two-year interval). in con-
trast, the stability of species composition in the nE 
region was unchanged, apparently buffered from what-
ever changes occurred near the year 2000.

ENSO effects. the Offshore correlation profile 
(fig. 6) suggests a periodicity of species composition of 
about five to eight years. there appears to be a trough 
at 2.5–3.5 years, a broad peak between five and eight 
years, and a trough between 9.5–12.5 years, a periodic-
ity of approximately 5 to 7 years. an echo of this pat-
tern is apparent in the SE region. the periodicity of 
the EnSO cycle varies between three and seven years. 
however, there is no direct evidence that EnSO is the 
underlying driver. if the peaks represent pairs of samples 
from El niño periods, or la niña periods, this should 
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Figure 7. As for Figure 6 but data are divided into comparisons between sample pairs collected before 2000, comparisons between sample pairs collected dur-
ing or after 2000, and comparisons between sample pairs one before 2000, one during or after 2000. 
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in the abundances of diatom species (table 10), which 
underwent an 18-fold decrease in the nE and an 8-fold 
decrease in the alley. in the nE, the diatom decrease was 
dominated by decrease of hyalochaete species. this was 
not the case in the alley where hyalochaete Chaetoceros 
species decreased less than diatoms as a whole. the high 
variability between the two early spring samples and 
between the two recent spring samples may mask long-
term changes in the other phytoplankton components. 
because of the reduction in the diatom abundance, the 
compositions in recent years tended to shift toward a 
greater dominance of coccolithophorid taxa.

Data from both the nE and the alley suggest phe-
nological shifts in abundance (figs. 3, 4). between 1990 
and 2009 (Venrick 2012), a long-term shift in the sea-
son of the annual peak abundance was accompanied 
by a shift in the dominant species, especially a decrease 
in the hyalochaete species of the genus Chaetoceros. to 
examine this within regions, the taxonomic composition 
of two early spring samples in the nE region and the 
alley (1997 and 1999, skipping the depressed El niño 
spring of 1998), were compared with the composition 
of the two most recent springs, 2011 and 2012. in both 
regions, the decrease in abundance was due to decreases 

taBle 10
Composition of spring flora in 1997 and 1999 (the annual peak) and spring flora in 2011 and 2012 (not the annual peak). 

Also shown are the abundances of the Chaetoceros subgenus hyalochaete. 

nE region

early spring (peak) recent spring (not a peak)

1997 1999
mean

(cells/ml) (%) 2011 2012
mean

(cells/ml) (%)

major taxa major taxa
 diatoms 1954 1282 1618 94.7  diatoms 144  38  91 42.7
  (hyalochaete Chaetoceros)  (358)  (746)  (552) (32.3)   (hyalochaete Chaetoceros)  (37)   (9)  (23) (10.8)
 coccolithophores    7  120   64  3.7  coccolithophores 104  50  77 36.2
 thecate dinoflagellates    4    0    2  0.1  thecate dinoflagellates  40   7  24 11.3
 athecate dinoflagellates   11    5    8  0.5  athecate dinoflagellates   9  17  12  5.6
 other taxa   22   11   16  0.9  other taxa  13   5   9  4.2

all species 1997 1418 1708 all species 310 117 213

dominant taxa dominant taxa
 slim Pseudo-nitzschia spp.   1073  161  617 36.1  coccolithophorid spp.  46  28  37 17.3
 Chaetoceros debilis    95  278  186 10.9  Emiliania huxleyi  50  19  34 16.0
 Dactyliosolen fragilissimus  343    1  172 10.1  slim Pseudo-nitzschia  spp.  63   5  34 16.0
 Chaetoceros radicans   57  271  164  9.6  Fragilariopsis pseudonana   7  19  13  5.6
 Chaetoceros spp. (hyalochaete)   95  121  108  6.3  athecate dinoflagellate spp   9  17  13  5.6
 Skeletonema costatum    4  169   86  5.0  Chaetoceros debilis  19   2  10  5.0

alley

early spring (peak) recent spring (not a peak)

1997 1999
mean

(cells/ml) (%) 2011 2012
mean

(cells/ml) (%)

major taxa major taxa
 diatoms 1353 1097 1225 91.1  diatoms 276  36 156 70.9
  (hyalochaete Chaetoceros)  (170)  (736) (435) (33.7)   (hyalochaete Chaetoceros) (211)  (15) (106) (48.0)
 coccolithophores  134   54 94 7.0  coccolithophores  34  60  47 21.3
 thecate dinoflagellates    5    5 5 0.4  thecate dinoflagellates   5   3   4  1.8
 athecate dinoflagellates    1   16 9 0.7  athecate dinoflagellates   1  13   7  3.1
 other taxa   16    6 11 0.8  other taxa  11   1   6  2.7

all species 1509 1178 1343.5 all species 327 113 220

dominant taxa dominant taxa
 slim Pseudo-nitzschia  spp.  521  133  327 24.3  Chaetoceros debilis 153  10  82 37.2
 Dactyliosolen fragilissimus  538    1  270 20.1  Emiliania huxleyi  20  38  29 13.2
 Chaetoceros debilis   52  284  168 12.0  Chaetoceros spp. (hyalochaete)  36   5  21  9.5
 Chaetoceros radicans   35  209  122 0.0903  coccolithophorid spp.  13  19  16  7.2
 Chaetoceros spp. (hyalochaete)   26  135   80 0.0598  slim Pseudo-nitzschia  spp.  14   3   8  3.6
 Emiliania huxleyi  112   44   78 0.0576  athecate dinoflagellate spp  13  19   7  7.4



Venrick: PhytoPlankton SPecieS in the california current SyStem off Southern california: the SPatial DimenSionS 
calcofi rep., Vol. 56, 2015

181

position with a period of five to eight years, which does 
not appear to be related to the EnSO cycle and remains 
unexplained. a seasonal cycle of abundance is not appar-
ent (table 5), although there was some repetition of taxo-
nomic composition on an annual scale (fig. 6).  

the SE region was sometimes similar to the Offshore, 
and other times intermediate between the Offshore and 
the more eutrophic nE and alley. the SE had the high-
est number of species (one more than the Offshore) but 
no evidence for a decrease in species number over time 
(table 8a). abundances in the SE region were intermedi-
ate (table 2), and increased during the study (fig. 3). the 
SE had a clear seasonal signal (table 5), but there was no 
evidence for a phenological change. like the nE and 
alley it was dominated by diatoms and coccolithophores 
although the proportion of diatoms was lower (59%) and 
that of coccolithophores was higher (28%) (fig. 5). 

these four regions were initially defined by tem-
poral averages of cruise-derived parameters (hayward 
and Venrick 1998). the geographical correspondence 
between the regional boundaries and the local currents 
suggest that the boundaries are strongly influenced, per-
haps defined, by the currents. however, the currents are 
not static, and the use of mean regional boundaries has 
resulted in an unknown amount of hybridization of 
regional characteristics across boundaries. the differences 
that have emerged from this study are strong enough to 
be detected in spite of that hybridization. ideally regions 
should be defined in real time not by long-term aver-
ages so that the regions would more accurately reflect 
in situ conditions.

Temporal Patterns
two of the temporal patterns will not be discussed fur-

ther: the five to eight year repetition of species composi-
tion in the Offshore (fig. 6), and the increase in variability 
of composition in all regions except the nE after the 
postulated interdecadal climate shift near the year 2000 
(fig. 7). Explanations for these patterns are not immedi-
ately forthcoming, but should similar patterns in other 
parameters appear, the phytoplankton data can be revisited.

two temporal patterns warrant further consideration: 
the long-term increase in the phytoplankton abundance 
seen in the SE region and the Offshore, and the changes 
in the timing of the annual peak seen in the inshore 
region and the alley.

Interannual changes. an increasing trend in average 
chlorophyll a concentration in the calcOFi area has 
been recognized for more than a decade (Schwing et al. 
2002; Goericke et al. 2005), and several physical mecha-
nisms have been proposed to explain this increase, either 
in the calcOFi area (aksnes and Ohman 2009; rykac-
zewski and checkley 2008; rykaczewski and Dunne 
2010) or directly north, from where it is potentially 

Summary anD DiScuSSion 
this study evolved from a study of the temporal vari-

ability of phytoplankton in the calcOFi area (Ven-
rick 2012), which covered the period 1990 to 2009 but 
lacked information about regional differences within 
that area. the present study between 1996 and 2012 
includes the same stations but partitions the phytoplank-
ton into four regions to address the question of regional 
heterogeneity and to examine temporal patterns within 
and across regions.

Spatial Patterns 
On the largest scale, there is connectivity across the 

entire calcOFi region that is seen in the positive correla-
tions among regional phytoplankton abundances (table 3), 
in the positive loadings of all major taxa on the first axis of 
the Pca (table 6), in the high number of taxa abundant 
in all regions (table 9), and in the positive correlations of 
species composition between regions (table 8b).

the large-scale concordance indicated by these 
observations, however, tends to mask rather than negate 
regional differences. a principal component analysis, 
with the abundances of the major taxa as input vari-
ables, suggests that the spatial dimension was the stron-
gest source of variability. throughout this study, the nE 
region and the alley have been more similar to each 
other and least similar to the Offshore. the nE region 
and the alley were the most eutrophic regions, with 
highest abundances (table 2), fewest species (table 8a), 
and most similar species composition (table 8b). both 
regions were dominated by diatoms (77%) with cocco-
lithophores making up an additional 12%–16% (fig. 5). 
neither region showed evidence for an increase in abun-
dance over the study period (fig. 3). neither region 
showed a response to the EnSO cycle (table 4). ini-
tially, the two regions had clear seasonal cycles of abun-
dance with high values in spring. Data from both regions 
indicate a progressive decline in the magnitude of the 
spring maximum and a deterioration of the regular cycle  
(figs. 3, 4).

the Offshore was the most oligotrophic region with 
the lowest abundances (table 2) and a high number of spe-
cies (table 8a). there was an increase in abundance during 
the study (fig. 3), accompanied by a decrease in the num-
ber of species (table 8a). the Offshore was dominated by 
coccolithophores, which accounted for 46% of the total 
cells; diatoms accounted for an additional 34% (fig. 5). the 
Offshore was the only region with a detectable response to 
the EnSO cycle (table 4); this may reflect a relatively low 
level of local variability in the Offshore, making EnSO 
perturbations more easily detected, or it may indicate 
something fundamental about EnSO effects on phyto-
plankton in the calcOFi area. the species correlation 
profile in the Offshore suggests a cycle of species com-
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cruise schedule and a slowly shifting seasonal peak. Dur-
ing the study, 12 of the 16 spring cruises were centered 
in april, three in March, and only one in May (fig. 2). it 
is possible that the seasonal peaks in abundance have not 
diminished but have shifted a few weeks earlier or later 
in the season, outside the sampling window. in this case 
the phenological change may be due only to a shift in 
time and may not involve decreasing peak abundances.

Some evidence for this hypothesis comes from the nE 
region. the latest spring cruise (May 7, 2010) directly 
followed the earliest spring cruise (March 16, 2009; 
figs. 2, 3). in the nE region, the May abundance was the 
second-highest spring abundance (and fourth-highest 
annual abundance) in the entire series (fig. 3), while the 
March cruise had the fourth-lowest spring value. this is 
consistent with a spring peak delayed slightly beyond the 
usual cruise schedule. not sampling a delayed abundance 
peak could cause the calcOFi data to underestimate 
the mean annual phytoplankton abundance and might 
resolve the discrepancy between the long-term increase 
in chlorophyll a shown in satellite data and in ship-based 
data. however, the data from the alley are less support-
ive. the May 2010 abundance in the alley was higher 
than that of March 2009, but both values were near the 
middle of the data set and did not indicate a relationship 
between abundance and sampling date.

Predictions of the effects of climate change, sug-
gest that spring productivity will move earlier, not later. 
Most evidence from the marine environment supports 
this. (Poloczanska et al. 2013; Edwards and richardson 
2004). however, based on direct examination of along-
shore wind stress between 1967 and 2007, bograd et al. 
(2009) estimated significant variability in both onset 
and duration of wind driven upwelling in the califor-
nia current large marine ecosystem (33˚–48˚n). a delay 
in upwelling was detected in the northern part of the 
area. although a change was not detected in the vicinity 
of the nE region, a mechanism for a progressive delay 
in the seasonal cycle has been identified. 

a shift in phenology, whether driven by a decrease 
of the spring abundance or a delay in peak date, has 
implications both for the subsequent responses of the 
zooplankton and fish as well as for our understanding 
of the physics and chemistry of the nutrient input into 
the euphotic layer and predictions of climate change. it 
is important that this ambiguity be resolved. if our sam-
pling schedule has become uncoupled from the seasonal 
cycle, we risk misinterpreting the system entirely. 
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linked by advection (Garcia-reyes and largier 2010; 
bograd et al. 2015). 

regional differences in chlorophyll a trends in the 
calcOFi area were identified in 2011 (bjorkstedt et al. 
2011). Shipboard chlorophyll a extractions, integrated 
through the water column, indicated an increase in chlo-
rophyll a in the offshore stations and in the california 
current, but a decrease in the nearshore stations. although 
neither sampling scale nor spatial subdivisions are identical 
to those used here, those chlorophyll trends are consistent 
with the trends of phytoplankton abundance. 

On the other hand, satellite observations have been 
pooled into a time series from late 1996 through 2011 
(kahru et al. 2012). in this case, the chlorophyll a increase 
was highest near the coast—the opposite of the abun-
dance trends. analysis of calcOFi secchi disk depth esti-
mates from 1969 to 2007 (aksnes and Ohman 2009) 
showed a decrease in euphotic zone depth across the 
entire calcOFi area, implying an increase in chlorophyll 
and phytoplankton abundance both inshore and offshore. 
a long-term increase in nearshore chlorophyll a has been 
documented off the end of the Scripps pier (kim et al. 
2009) and a diatom increase is implicated in the recent 
increase in export of biogenic silica in the Santa barbara 
channel (krause et al. 2013). thus, a long-term increase 
in phytoplankton has been documented from several per-
spectives, but there is little consensus about regional pat-
terns or the geographical center of phytoplankton increase.

Phenological changes. On a coarse temporal scale, 
there were seasonal cycles of phytoplankton abundances in 
all regions except the Offshore. however, in the nE and 
alley, the annual peaks, initially in spring, appeared to 
shift progressively later in the year (figs. 3, 4), apparently 
driven by a strong decrease in the diatom component 
of the spring flora (table 10), which greatly reduced the 
spring amplitude of the cycle.  Venrick (2012) hypoth-
esized a change in nutrient source from coastal wind-
driven upwelling in the spring to wind-stress-curl-driven 
upwelling in the summer (rykaczewski and checkley 
2008).  coastal upwelling is maximal during the spring 
in the nE region and the alley.  Wind-stress-curl-driven 
upwelling is centered further offshore and later in the 
year. Evidence for a shift in importance of the two 
mechanisms would be decreasing phytoplankton abun-
dance in the spring in the nE region and the alley and 
an increase in abundance in the alley later in the year.

results of this study are partially consistent with the 
original hypothesis. Spring abundances decreased in both 
the nE and alley, but increases in summer abundances 
were small, if present at all (fig. 4). thus the relative 
but not the absolute magnitudes of spring and summer 
abundances have changed in the direction predicted.

an alternate explanation for this phenological shift is 
an increasing mismatch between a rather static calcOFi 
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