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Introduction

The management of coastal pe1agfc schooling fishes fs complicated
by vast changes in recruitment and avaflabilfty. 'Whfle an El Nf!fo
event can be a tragic economic event in the histary of a fishery.
ft can alsa be a natura'1 experiment for biological oceanographic
monf torfng to gather important dynamfc information. The
motfvatfon and funding to monitor an event like "El Nf fo" usually
arrives after the onset is well fn place  McGowan, 1984!. To find
a time when~ by chance, the onset of an El Nfh'a was wel 1
monftored, we must return to the 1955-9 event.

'While there seems 1fttle doubt of the magnftude of the 1983-84 El
Niffo event. the anchovy population continued to spawn eggs at the
same rate in 1983-4 as fn 1980-2  F92edler, et al.. MS!  Table I!.
Although the process of spawning is energy intensfve  Hunter and
Leong. 1981!, spawning continued as the apparent productfon of the
anchovy habitat declined  McGowan, 1984; Ffedler~ 1984!. Local
catches were also reduced for the coastal pelagfc and continental
she'I f fishes and increased for tropical and temperate tunas as
expected for these aceanfc condftfons  Table 2!. The comparable
fncrease of tropical fish catch in 1957 compared to the average of
the previous five years was barracuda 2.4 x. yel'!owtail 4.6 x.
bonito 5.6 x. yellowffn tuna 18.8 x skfpgack tuna 82.3 x. and
dol phfnff sh 876.6 x. for only the first nine months of the year.
Young sardine were noted fn the lfve anchavy baft catch along the
entire coast from San Diego to Monterey Bay far the first time fn
years.  Anan. 1958! ~

Reexamination of a Case History

The 19579 El Nfno was discussed fn the rancho Santa Fe
Symposium". The report of that meeting. and particularly the
personal contacts between quantftative and theoretical
meteorologfsts and oceanographer s, launched the discipline of
"afr-sea! fnteractfon  Sette and Isaacsi 1960!. A bfologfcal
study of great magnitude �.461 plankton observations on 20
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Table 1. Northern anchovy  E0g! ILL ~ ~! central population
reproduction parameters.

Mortality rate
Z 5/d

Spawning bi asass
'000 t g/m

Spawning area
 Sq. mi.!

PART A
Cruise

36
13
nil
15
17
16

.453

.138
ni 1

.158

. 184

.170

13 8
6 5
7 5

870
635
372
415
652
309

Mar. 1980
Feb. 1981
Apr. 1981
Feb. 1982
Feb. 1983
Mar. 1984

19000
23000
17000
24000
28000"
18000

Mean interval
days

Speci f ic fecundity
m-eggs/d/t

Fema'te weight

g
PART B
Cru1se

7 9 8 8
ll
6

30
33
34
33
24
42

17
13
16
19
11
12

Mar. 1980
Feb. 1981
Apr. 1981
Feb . 1982
Feb. 1983
Mar . 1984

"About half the area of the state of Washington.

cruises quarterly for five years separated into 18 taxonomic
groups! was begun as a result of that climatic change  CalCOFI
atlases by Isaacs> Flem1nger and Miller~ 1969; isaacsi Fleminger
and Miller, 1971; and Fl eminger, Isaacs and Wyl 1 iei 1974! and a
principle components analysis was reported by Colebrook �9777!.
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I have divided the fishes of the CalCOFI region into those which
occupy an area larger than the CalCOF1 survey; those wh1ch inhabit
the coastal currents of the eastern boundary; and those which are
mostly confined to the continental shel f. Most of the f1sh we
have studied are planktivorous so I have 1ncluded a brief section
on plankton. In the "High Seas" category, I have included the
tunas, the jack mackerel, the saury, and the mesopelagic fishes.
In the fishes of the coastal currents, I have 1ncluded anchovy,
sar dine~ and Pacif1c mackerel. The flatfishes and rockfishes are
cons1dered under the heading "continental shel'' f1shes. Hake are
included as continental shelf fishes for the purpose of this paper
because that is where most of the feeding takes place  Bailey, et
al.~ 1982!. The primary reason for d1v1ding the fishes into these
categories is to more precisely interpret the effects of E1 N A'o.



Table 2. Commerc al 1 andi ngs from Callforn a eaters.

We ght
Rank Wa ght Value ratioSpec es Rank WeIght Value

Coastal PelagIcs 117.5 18.8 59.1 12.8 0.50

Mackerel
Market squid
Northern anchovy
Pac1 f 1c bon I to
Paclflc hake
Thresher shark

54.9
16.3
42.1
2.1
1.0
1.1

10.1 1
14
10
12
17
20

48,8
1.4
4.1
3.2
1.0
0.6

9,1
0.6
0.4
1.3
0.2
1,2

0,89
D.D9
0.10
1.52
1.00
0.55

1 4
2

15
21
20

3.6
1,9
1.0
0.2
2.0

Shelf 6 Slope 76. 8 67.1 54. 5 43. 8 0.71

18.8
5.1
7.2
1.0
0.7
9.7
1.0
0.5

1D.6
1.D
1.0
5.2
3.1
2.2

Tesperate Tuna 3.4 4.7 4.5 5.7 1.67

9 4.5 5.7 1.67
unrank

Albacore tuna 13 2.7
Bluef1n tuna 24 D.7

3.9
0.8

Trop cal tuna 9.7 14.8 37.7 39.9 3,89

3.7
5.1
6.0

2 18.8 15.3 4.82
16 1.0 5.7 1.25
3 17.9 18.9 3.58

Skfp!ack tuna
Srord f  sh
Yeller f n tuna

10
23 9

3.9
0.8
5,0

Weight Is In thousands of metr c tons.
Value Is In mill ons of dollars to the f shermen.
Mackerel Is Pac1f1c mackerel and pack mackerel combined.
bm bocaccIo and ch111pepper rockf1sh.
po Peel f c Ocean shrimp.
t thornyhead rockf sh.

Nekton

Htgh seas

between the catch rate of young blueffn tuna  ~tttttg ~f1103Ua! off
Japan and the Untted States. Tn parttcular there appeared to be a

l23

Ch nook salmon
Dover sole
Dungeness crab
Engl sh sole
L ngcod
Pacl fIc herr ng
Petrel e sole
Rax sole
Rock crab
Rockf1 ah
Rockf  sh  b m"!
Rock f  sh   t< >
Sabl ef1sh
Sea orch n
Shr mp  poa!

11
6

12
18
19
5

22
25
unr ank
3

14
16
7
8

17

3.3
10. 0
3.0
1.4
1,4

10.3
0.8
0.7

21.8
2.3
2.0
9.5
8.3
2.0

25
5

18
15
19
6

23
21
22 4
11
13 8
7

24

0,4 1.8
8.4 4.1
0.9 3,1
1.2 0.8
0.8 0.5
8.0 12-5
0.6 0.8
0.6 0.5
0.6 1.1

14.0 8.6
3.5 1.8
1.7 0.8
6.1 3.2
7.2 3.3
0.5 0.9

0,12
0.84
0.30
0. 86
0.57
0,78
0.75
0.86
+

0.64
1.52
0.85
0.64
0.87
0.25



Table 3. Crude composition of zooplankton in the upper 140 m of the California Current

Weight
Ratio Change

Functional
group Rank WeightRank Weight

12
2
2

74
3
2

32.91 0.22 -117.44 100150.35TOTAL

Weight is in grams per 1000 cubic meters to 140 meters depth.
Change ls the difference in grams betueen 1956 and 1958.

is the categOry charge as a percent of sum of categories change.

low 1 ate of return of Juveniles to Japan during the El Nifl'o
per1ods. He postulated that durfng the El Nino more Juvenile
bluef fn m1grated to the Pack f ic coast of Amer f ca than usual and
then those fish migrated to the southern hemisphere off Chi'le. He
also pointed out that the Japanese sardine mfgrated out to the
albacore tuna ffshfng grounds during the recent El Niifo.

Pacific migr ants in the temperate zone. The 1957-8 El Nino was
associated with inverse trends 1n the California sport boat and
Canadian J igboat catches; between 19SS and ]959 the annual
catches of the sport boats was 577a 482. 304a 48, and nil tons
the Canadian J1gboats nil, 17~ 8i 74, and 212 tons  Laurs 1983!.
It is now thought that local water clarity may play a large role
fn determining the feeding migration patterns <Fiedler. Laurs and
Montgomeryi MS! of albacore and the catch by df fferent method,
Changes in prey distribution, vertical and geographic' and local
temperature gradients must also have an effect on ffshing success
on albacore and the dfstrfbutfon of all the ocean1c properties fs
altered by El Niffo.

f4a J or pr edator s from the tropi cs 1 nhab1 t
Cal 1 fornia Current waters warmer than 20 C. This includes
ski pJacki bfgeye. and yellorf1n tunas and the bfll fish <~~
kklki~a ~lJlkk SgUPSJJS, ~ktUlM ~a5 iLLRR, Q~L<1 /gJLf~i and
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Copepoda
Chaetognatha
SiphOnOphora
Thaliacea
Euphausiacea
Medusae
Decapoda
Pteropoda
Radiolaria
Cr'ustacean larvae
Amphipoda
Larvacea
Dstracoda
Ctenophora
Cladocera
Heteropoda
Mysidacea

2 4 5 1
3 6

10
14 9
12 7
ll
13 8
17
15
16

27.9 1. 14.2 D.51
63 2 44 070
6.1 3 3.6 0.59

91.4 3.3 0.04
71532045
3.1 6 1.2 0.39
1.2 7 0.6 0.50
0.3 8 0.6 2.00
1.4 9 D. 4 0.29
D. 8 10 0.3 0.38
1.8 ll 0.2 0.11
09 12 02 022
0.4 13 0.2 0.50
1.5 14 0.2 0.13
O.DZ 15 0.2 10.00
0.1 16 D.l 1.00
0.03 17 0.01 0.33

-13.7
-1.9
-2.5

-88.1
-3. 9
-1.9
-0.6
0.3

-1.0
-0.5
-1.5
-0.7
-0.2
-1.3
0.18

-D.02



5jyh~ gjM~!. The northerly extent of these species appears
to be lfmfted by surface temperature. Blackburn �965! found that
the existence af a suitable temperature was not always accompanied
by the presence of tropical predators. Schaeffer �960!
consfdered the chfef cause of the occurrence of tropical tunas aff
Calf for nfa to be actfve migration during warm conditions because
the warming at that time was due to heat exchange rather than
ad vect1on of w ar m water.

from an area averaged 2 per square meter in 1950-1957 to fewer
than 0.3 per square meter between 1958 and 1960  MacCal 1 and
Stauffer, 19883!. The relative recruitment strength of the stock
fn 1958 was 2 times that in 1959 and 1960. It fs obv1ous that the
abundance of larvae of this species fs not effective as an index
of spawning biomass but f s 1 nstead responsive to several
env1ronmental influences. Sfnce the outer and northern range of
spawning fs not normally encompassed by the larval surveys, the
var1at1on may signal changes fn the degree of overlap of the
survey area and the spawning area. The change of temperature>
alone, fs probably incapable of exerting more than a two-fold
1nfluence on development ratei thus the 5-7 fold change is
probably fndfcatfve of a change fn fecundfty rather than a change
fn spawnfng biomass. During the radfcal change between 1957 and
1958, the prfmary dffference appeared to be the number of samples
w fth large numbers of larvae. suggesting a change fn repraductfve
per capita output  Ahlstrom, 1969!. Cursory examfnation of the
larval mortal fty rate between 3 and 11 mm does nat reveal an
obvious change between 1957 and 1959 but this constancy could be
confounded with an abnormal growth rate.

It fs not clear whether jack mackerel changes its dfstrfbutfon fn
relatfon to temperature d1rectly to fts temperature-related food.
The food of another jack mackerel specfes 1n a similar current
system off the Paci fic coast of South Amer fca,  Konchfna. 1983!
consists of primarily Euphausf fds �4%!, fish �0%!, decapods
�2%!i copepods �%!~ and cephalopods �%!. Df the fish 40% were
engraul fdsi 25% were gonostomatfds. and 2 l were normanfchthyfds.
Almost all oft he euphausf fd shrimps were 14M
The seasonal maxfmum of fish in jack mackerel was fn August
 Southern hemisphere w1nter! at 35% owing to the addition of

between hake and jack mackerel overlappfng mainly fn the feedfng

understand the effect of El Nflfo on jack mackerel one would have
to observe changes in euphausifds. and at least 3 groups of fish.

Saury spawnfng below 30' north latitude virtually ceased
between 1957 and 1960, Either the adult ffsh were not there
or they were unable gafn sufficient surplus energy to spawn. This
species exhfbfts a trans-Pacfffc dfstrfbutfon and fs thaught to be
a zooplankton feeder  Smith and Ahlstram, 1973!. There was also a
small decline fn the abundance of eggs off southern and central
California. Thfs could be explained by more rapid hatching tfme
in the warmer water. Another explanation would be that the
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zooplankton abundance was lowered which changed the per capita
rate of spawning. Also~ the northward migration of tropfcal
predatory birds. fish and mammals could be a contributing cause of
the decreased abundance of eggs by predation on the spa«ning
adults or consumption of egg masses. Off Japan saury may be
replaced by fncursfons of ~~ ' ~iJLLr~  Schaeffer ~ 1980!;
although this occurred in 1958 off Japan ft was determined whether
some oceanic boundary of the saury habitat shifted ar the Packflc
mackerel population expanded its range inta the saury habitat.

Even though the main effects of the El Nfllo
may be above the habitat of the adult mesopelaglc ffshes. the
larvae of some mesopelagfc fishes inhabit the upper mixed layer.
An examination of an atlas of the most common mesopelagfc ffshes
 Ahlstromi 1972! reveals several different responses to the onset
of the 1957-59 El Nflfa.

Three of the mesopelagfc specfes have epfpelagic �00 m or less!
larvae. One of the most massive distributional changes occurred

restricted to south of 30 N fn the antf-Nflfo period 1955-56 and ft
spread to the oceanic areas off San Francisco to 35 north latitude
by 1960. Primarily because of fts increased "overlap" «1th the
Ca!COFI survey area. the abundance of g. ~i~ increased an
arder of magnitude between 1956 and 1959. In a similar but less
extensive change of geographic distribution larvae af JZ~11J ega
   f1b~~. tripled in apparent abundance through a 240 nautical

anti-Nf Illa or Nf fo; the southern limit af distribution remained aff
San Diego through the entfre period.

Two of the mesopelaglc specfes also have mesopelagic larvae. The
number of larval ~m~lymf g ~~ declined by 6-fold between
1957 and 1958; this appeared to be caused by the decline in
spawning tn a southern center off Punta Eugenfa> Baga California
as the northern limits dfd not appear to shift.
~~ larvae doubled ln apparent abundance during the nft o
perfad> apparently by slight increases in abundance fn spawning
centers and by dra«fng closer to the coast. The larvae of
~~~ ~~, a subarctlc species. decreased slightly
during the warming apparently due to a «lthdrawal from the coast
and ta the north. The depth distrfbution of this species is not
wel 1 known.

The onset of El Nil os ln 1957-9  Ffg. 1> and 1982-3
 Table 1! had remarkably little effect on the apparent production
of eggs and larvae. In fact the "antf-El Nil a" with its colder
«aters and invasion of subarctfc fauna appears to have a negative
effect an the abundance of these planktlvorous fishes. In 1957-9
increase with the onset of El Nfffo. There were large increases in
the abundance af larvae aff central California and moderate
increases off the southern Gal 1 fornfa coast more than 300 km. In
the egg production time series from 1980 to 19884 there continued

,to be productfan rates of more than 200 eggs per square meter per
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day throughout the l os Ange'les Bight. In addition, durfng El Nfffo
fn 1983' there were mor e than 100 eggs produced per square meter
per day from 200 km to 250 km offshore. Sfmf1 ar rates were
sustained 1n 1984 out to 200 km. Therefore, the predfction of
diminished northern anchovy fecundity caused the apparent law
zooplankton volume and chlorophyll  McGowani 1983; 1984! has not
been substantiated. Similarly. fn 1957-9. the diminished prfmary
production and zooplankton volume was met wfth equal or greater
spawning of northern anchovy  Smfth and Eppley, 1982! fn the Los
Angeles Bfght area.

As with the anchovyi the sardine ,'z LCI j~ ~i~u
appears to be adversely affected by the cold "anti-El NI ro" and
favored by El Nfffo  Fig. 2!. Murphy �960! used temper ature as a
"convenfent Index" for other ocean1c properties fn hfs dfscussfon
of the sardine. He stated that "...cooler temperatures al ong the
Cal fforn1a Current are assocfated wfth accelerated southward
transport. and more vigorous upwel ling with its attendant offshore
mavement of water. Plankton densities are increased." He noted
that the warm years of the late 30's and early 40's appeared to
have been favorable for sardfne recruftment and the coaler years
1943-1956 were accompanied by a precipitous and sustained decline
In the species. The specfes reached a spawnfng biomass of 2
million tons durIng the El Nfifo of 1941. However> fn the El Nfiffo
of 1982-3 off Chile, the large $~~~ populatIon faf'led to
recover fts normal fat content in the summer and fn the next
spawning season the fat cantent of the population was again
reduced by a factor of 2  Vfdali Chfle Pesquero, December 1983 p.
13!.

~9m~. A high rate of parent per capfta recruitment accurred fn
the years 1958-60  Parrfsh and MacCal1 ~ 1978; Schaeffer. 1980!.
WhIle the catch records of Pacff1c and jack mackerel are
frequently combined for statfstical purposes. the species are
radically different. The 1 f fe span of the jack mackerel Is
several tfmes that of the Pacffic mackerel and the adult phase of
the jack mackerel Is found in transitional waters between the
Central Water Mass of the North Pact f fc and the West Wind Dr I ft
and California Current. Juvenile jack mackerel school wfth
Pacific mackerel fn the coastal currents off California but at the
age of 3 or 4 they resume the high seas distribution
char acterfstfc of their parents. There they live for about 25
years  MacCall and Stauffer. 1981!. Pacfffc mackerel live fn the
coastal current region of the subtropical and temperate zone af
the Gulf of California, Baja California and southern Cal ffornIa.
The maximum age of Pacfffc mackerel fs 11 years  Schaeffer> 1980!
and they probably remain fn the coastal currents region.

Despite the increased recruftment of Pacffic mackerel fn the 1957-
9 Nfffo the sport catch off Cal I fornf a was 1/2 normal fn this
period. The Mexfcan catch of Puef fic mackerel declfned by a
factor of 5 in 1957 and decl rned yet another factor of 5 In 1958,
These conflIcting facts are probably explafned by a more northerly
distribution of thfs species at this time so that they are
unavailable to the fishery from the traditional ports.
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Figure 1. The increase of anchovy sparrning betveen 1954 and 1960 in the southern
Ca'll fornla 'Inshore region. The circles are at the natural log of the monthly average egg
abundance for all Stations in the region. The triangles are at the natural log of the
monthly average larvae abundance for all stations In the region. The line 15 a resiatant
non-parametr1c smoother for these points IVelleman, 1980!.
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F1qure 2. The inCreaSe Of Sar dine sparr ning betWeen 1934 and 1960 in the SOuthera
Cal I fornia inshore region. The circl es are at the natural log or the monthly aver age egg
abundance for al 1 stat1ons in tne region. The tr 1 ann 1 es are at the ratural log of
monthly aver age larvae abundance for al I stations In the regl on. The line Is a r esistant
non-parametric smoother for these points.
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Detailed studies of growth have not been conducted on the Pacific
mackerel so changes in length at age which are observed for this
species  smaller during El Nifio! may be due to greater sur vival of
the sma!ler members of the cohorts or sealler members of the
population transported in from the southern, more subtropical
sectors of the distribution  Kl ingbeil ~ pers. comm.! or larger
f i s h migrating to the n or th.

Elm!Irgr}Nues,. The red crab. ~~~ g~~, is a benthic
animal of the Gulf of California and the south Baja California
continental shel f  Longhurst, 1966!. During most years the
j uvenile pelagic phase drifts back and forth in the coastal
currents over the adult habitat but important numbers of offspring
are entrained in the California Current extension and carried into
the tropics. During El Nilio~ similarly important numbers are
carried north as far as southern California in a band 160 km wide
and in a narrow coastal strip into ~aters off central California.
New data from trawling for anchovy adults shows a similar
northerly transport  Fig. 3! of red crab juveniles of fshore.
Although sightings of red crab are at the surface, it is not known
at what depth the organisms are transported. Since the adults
live in depths as great as 300 meters it is conceivable that some
transport is in the California Undercurrent. The pelagic phase of
red crab is about 2 years in duration but mature individuals have
not been collected off Alta California thus the origin of all the
young is considered to be at 25'N latitude or 1000 km south of
where many young are transported  Boyd' 1967!.

Shelf Fauna

The fishes and invertebrates of the continental borderland are
likely to exhibit some diversi ty of response to El Ni fo.
Planktivorous species or older organisms may be in part be
isolated from the immediate effects of a brief El Nitro. In
general hake are mesopel agic spawners which feed on the
continental shelf, the rockfish as a group are pelagic over
canyons and around islands and the flatfish are demersal over the
gentler slopes of the continental margin. The time series of
larval catches of these species may permit identification of some
changes associated with El Nif o.

The Pacific hake does not continuously occupy the
zone of coastal currents  Bailey et al., 1982!. During the spring
and summer, the adult population migrates 1000 km northward to
feed on the continental shel f of the north temperate eastern north
Pacific. Depending on the age structure and the temperature at
depth  Smiths 1975!t the hake migrate to various distances to the
south in the fall and spawning is conducted in winter. Since the
onset of the El Nitro was in April 1957' the first year of effect
on hake larvae was fn 1958. An index of larvae from winter
abundance in 1954-1960 was Si 8i 14' 21. Qi Z~ 3. That portion of
the larval index in the region seaward of about 300 km for the
same years is 2i 4i 11 ~ 15' 3~ ~i and .9. The survival of the
1957-9 spawn to fishabl e age was low relative to 1960 and 1961.
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Since the larval fndex was high fn 1957, the per capt ta sur vfval
of spawn must have been extremely low for that year.

Kg!~/. The f irst ef fects of the 19519 El Nfno on the
productfan af rockffsh larvae were noted fn 1958. Since the onset
of El Nf8o condftfon was fn April of 1957 after the most rockffsh
births  rockffsh bear 1 fve young! had occurred for the year. At
42'N there was an apparent increase fn the number of rockf fsh
larvae fn 1958. At 37'N there were moderate decreases fn 1958 and
1959. At 32'N the number of rockf f sh larvae per stations
decreased by more than hal f fn 1958 and again by a factor of three
fn 1959. The decl fne of larvae was similar at 27'N. There were
no obv f ous effects af El Nf Jfo on the commercial f f shery. The
decline fn larval abundance may have been caused by the decl fne of
the productivity of the waters adjacent to the cantfnental shel f.
The El Nf Jfo may have had a profound effect on the reproductive
rate of this group of species. A description of these time serfes
is found in Ahlstram. closer and Sandknop �978!. Thfs arctic to
temperate genus has 69 speci es 1 n the eastern North Pacific and
about 40 species are taken fn commercial and sports fisheries fn
Ca 1 f forni a.

Of eight kfnds of flatffshes that Ahlstrom and closer
�975! analyzed only four shawed major declines fn abundance
during El Nfffo of 1957-9. The species which decl fned less than 2-
fold  possible temperature/development rate effect! were the

Oover sale. ~LgS~ ~~r~. The species whfch appeared to

interesting to know the feeding habits of these two groups and
what mechanism df fferentfates their response to El Nfffo.

Pjankton

The plankton sampling program of CalCOFI was designed to
quantftatfvely capture the eggs and early larval stages of fishes
whfch occupy the euphotfc zone. Thus, observatfons of organisms
whfch occur fn and deeper than the 140-m depth of the Gal COFI
oblique tows must be interpreted cautiously. For example. the
adults of many euphausf fds substantially evaded the bridled rfng-
neti even at night, and most euphausfids range throughout the
upper 600 meters  Brfnton and Townsend, 1981!. Important amounts
of copepod bfomass were not retained by the .505 mm mesh apertures
of the Ca!COFI standard net. Important fractions of the
zooplankton are totally destr oyed by contact with the filtering
surface under taw and others are extruded from the mesh during
vigorous washing. That f aceans shr f nk greatly before the
dfsplacement volume fs taken fn many samples the large thai faceans
were discarded before fixation owing to the lack of adequate
containers and fixative  Thraf 1 ki 1 1, pers. comm.!. Pl anni ng and
sample design, 1 fke that conducted for the eggs and larvae of
sardine, would be a prerequfsfte for a quantitative analysfs of
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any of the 500 or so populations now captured fn the fish egg and
larva surveys. Stf'll the regularfty of the sample techniques has
perm1tted advanced analysis and fmportant conclusions about
widespread b1ologfcal oceanographfc phenomena and much of the
interpretatfon fs based on the strength of the non-seasonal
changes durfng the 1957-9 Nfffo and the cooler period which
preceded 1 t  Bernal, 1981!.

As pofnted out by Smith   197 1! most of the change fn zooplankton
valume during the El NfIfo of 1957-59 was caused by a radfca92
diminution in the volume of thaliaceans  salps, pyrosomes and
dolfolfds! and larvaceans. This category comprised 75% of the
zooplankton fn October of 1956 and by Aprf1 of 1958 thfs category
was only 7%. The crustaceans had durfng the same per1od risen
from 17% to 60%. These r el ati ve changes f n pl ankton gr oup
composftfon cannot be interpreted fn terms of productfvfty s1nce
changes fn standing crop merely represent changes fn the relative
rates of natal fty, growth and mortal fty. One would need to know
much more abaut the demographics af the planktonic populations and
the vulnerabflity of the lffe stages to sampling to make useful
inferences about zooplankton production.

Thalfaceans domfnated plankton collect1ons in the Californfa
Current region in 1956 being more than triple the quantity of
copepods and 13 tfmes the volume of euphausifds. The rank order
was thalfaceans, copepods, and euphaus1fds. By 1958 the copepods
had decreased to 50%. the euphausf ids had decreased to 45%. and
the Thalfaceans had decreased to 4% of their volumes. Table 3
lists these funct1onal groups with the other 14 for compar1son.
Following the climatic shffti copepods became the most abundant
group fn the bfomass and the thaliaceans and euphausfids were
nearly equal at fourth and fffth rank abundance. The chaetognaths
had risen from fourth to second rank and the sfphonophores had
risen from fifth to th1rd rank.

~i~if0%,. Thai iaceans were most abundant seaward of 150 km in
the main branch of the Calf farnfa Current  Figure 4! The annual
average reached a maximum of 200 grams per 1000 m fn 1956 and
decreased to less than 10 grams per 1000 m3 by 1958 and fn 1959.
The annual average temperature shifted from 14 to 16.5' degrees fn
this outer r egfon over the same per fod  F1g. 5!. Alongshor e
thalfaceans changed fram 140 cc per 1000 m fn 1956 to nfl fn 1958
and remafned there fn 1959 fn the Vfzcafno Bay region  Ffg. 6!.
There were parallel temperature rfses along the entire coast  Ffg.
7!.

Our fng the actual onset of El Nf 6'o fn Apr 1 1 of 1957, the
thai facean displacement volume declined 20-fold between April
and July. In a sim11ar period fn 1956 the thai faceans increased
5-fold fn the southern California section.

CQkeQSuis kGd. E4?hk	%1'~. Across the coastal currents and main
branch of the Cal1fornfa Current the annual average abidance of
copepods decreased from about 50 and 10 grays per 1000 m fn 1955-
57 to about 20 and 6 grams per 1000 m fn 19589  Ffg. 8!.
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Figure 4. The decrease of thai 1 acean displacement vol ume betveen 1955 and 1959. The
f fr st bar I s the vo'lume eel cul ated f rom the average of al 1 stations in the southern
California 1nshore reglOn for the entire year. The Second bar is the same value for the
southern Ca'I 1 fornI a of f shore region, The third bar I s the same value for the southern
California seaward region.
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Figure 5. The increase of 10 meter temperatures bet«een 1954 and 1%0. The first bar Is
the 10 m temperature calculated from the average of all stations in the southern
Ca11fOrnl a InshOre regiOn fOr the ent'Ire year. The SeCOnd bar 1s the Same Value far the
southern California offshore reg1on. The third bar Is the same value for the sauthern
Ca11fornl a sea«ard region.
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FIgure 6. The decrease of thai I acean di apl acement volume betreen 1955 and 1959. The
f Irst bar Is the vol ume cel cvl ated f rois the average of al l stations in the Southern
Cai Ifor nia inshore regior for the entire year. The second bar Is the same value far the
Baja California Inshore region. The third bar Is the same value for the Sebastian
Viacaino Bay reg1an, The fourth bar Is the same value for the south Bafa Insha~e region.
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figure 7. The Increase af 1D m temperatures betreen 1954 and 1960. The first bar is the
average 10 m temperature calculated fram al 1 stations in the southern Cal ifarni a Inshore
region for the entire year. The second bar is the same value for the Bags Cal I for nia
inahOre regI On. The thIrd bar IS the Same Value fOr the Sebaati an V I ZCa inO Bay regi On.
The fOVrth bar IS the Same Value far the South Ba]a Insr Ore regIOn.
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Ffgure 8. The deCreaae Of COpepOd dISpl aCement vclume betWeen i 955 and I 959, The fir St
bar is the volume calculated from the average of all stations in the southern Californi a
Inshore region for the entire year. The second bar 'Is the Same value for the southern
Gal ifurnia Offuhare regien. The th1rd bar I S the Same value wcr the SOuthern Cal ifOrnI ~
seaward region.
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F1gure 9. The decrease of copepod displ acement volume between 1955 and 1959. The first
bar is the volume calculated from the average of all stations in the southern California
1nShcre regiOn fOr the entire year. The SeCOnd bar 1S the Same value fOr the BaJa
Gal I forn1a 1nshOre regIon. The third bar Is the same value for the Sebastian V lwcalno bay
region, The fourth bar is the same value for the scutha BaJa inshore region.
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Southward along the coast 1n the coastal currents zane the
decrease fn the southerly reg1ons was more dramatfc for the
copepods. from 140 grams per 1000 m to 20  Fig. 9!. Euphaus1fds
decreased by a factor of three <Ffg. 10 and 11!.

During the onset of El Nf ffo fn April 1957, the inshore copepods
decreased by a factor of 4 and the euphausiids decreased by a
factor of 3 by July. In the same period in 1956 the volumes were
equal over the 3 month span fn the southern Cal 1fornia inshore
area.

Presumed Secondary Production

While secandary production 1s difficult to infer from zooplankton
displacement volume, ft may be interesting to note that the slope
of the seasonal increase of zooplankton is similar tn the southern
Cali farnf a 1nshore area fn the years 1955 through 1959  Fig. 12
and 13!. One can infer from this that the r eproductfve capacity
less the predation rate favor ed tncreases in zooplankton volume
both when the system was dom1nated by thaltaceans and when
dom1nated by copepods. The second ffgure fs a d1splay of the
adjacent month d1fferences displayed as ratios. In this area one
can expect sustained increases from 10 to 60% per manth in the
wfnter and spring months whether the system fs dominated by
thaliaceans or copepods and at either the 14' temperature of the
1955-56 period or the 16.5' temperature of the Nfho period. Stnce
the currents are sluggish fn this area one would expect local
growth to dominate aver transport as a factor in this rate of
increase. transport 1n the gyre 1s largely from the south and west
with only m1nor entrafnment of the California Current as fnd1cated
from the offshare posftfon �70 km at 11ne 90! of salinity less
than 33,4%   Ber n al . 1981! .

Primary Production

Unfortunatelyi there were na primary productfon estimates at the
time of the 1957-9 El Niilo. There are no spat1al ly and
tempo ally coherent tt me ser 1 es of an area the s1ze of the
Cal 1 forn1a Current region. A coastal ttme series reported by
Smith and Eppl ey �982! did captur e one extremel y high
phytoplankton production rate of 1.41 g C per m per day tn June
of 1975 and a rel at1vely 'tow value of 0.1 g C per m per day in
October of 1976 and February 1977. Assum1ng the Seri pps Pter
Temperature Anomaly was related to primary production fn the same
way fn the years 1955-59 the annual average production declined
from 0.4 to 0.2 g C per m per day and December minima of 0.1 were
obta t ned 1 n 1957 and 1958. There appeared to be moderate
agreement fn the change in values of zooplankton volume over the
same period Table 4.

Summary and Kecommendation for Future Study

Re-exam1nation af the more thoroughly sampled transtt1on from
anti- to El Mflfa cond1tians 1n 1955-9 suggests answers to the
question wWhy was the effect on anchovy spawning so moderate 1n
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Figure 10. The decrease of euphausi ld displ acement volume between 1955 and 1959. The
firSt bar 1S the vclume CalCul ated from the average Of all StatIOnS in the Snuthern
Cali fornia 1nshore reg1on for the entire year. The second bar is the same value for the
southern California offshore region. The th1rd bar 15 the same value for the southern
Cal I fornia seaward region.
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Figur e 11. The decrease of euphausf id displacement volume between 1955 and 1959. The
f1rst bar fs the vo'Iume calculated from the average of all stationa in the southern
California inshore region for the ent1re year. The second bar Is the same value for the
Ba!a Cali fornIa inshore region. The third bar is the same value for the Sebastian
vizcaino Bay region. The fourth bar is the same value for the south Ba/a Inshore region.
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Figure 12. The time series of smal 1 zoop'1ankton vol ume between 1954 and 1960 in the
southern Gal!fornia inshore region. The Jagged line is the natural log of the average of
all stations on a monthl y interval with missing values  about 10% mostly August or
September! interpolated 1 lneariy. The smooth line ls a resistant non-para!aetriC smoother
fOr these pointS. The aim ll arity Of SeaSOnal slepes ln anti-Nlilo �954-60! and k! IIO
<1955-59! years is an indication that the growth rate per unit lnftial zooplankton volume
is similar for both conditions.

/

im

I 2 !
6

0 c

1959 1959 I m!9 1991195! !954 1955 1959 1957
YEAR

Figure L3. The time series of monthly differences of small zooplankton volume expressed as
a ratio between the displacement volume of a given month and that of the previous month ln
the southern Cal ifornia Inshore region from 1955 to 1960. Rawi interpolated and smoothed
data ln Figure 12.
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Zooplankton
stand1ng

stock
g/m2

Pr  mar y
produ~tfon
g C/m /day

Change
g/mz/qtr

1955 March
June
Septmnber
Decmnber

0.5
0.7
0.3
0.3

11
25
13
13

14
-12

0

1956 March
June
September
December

0.5
0.7
0.4
0.2

17
42
23

4
25

-19

1957 March
June

Sap tmnbsr
Dec cuber

0.3
0.5
0.3
0.1

-8
-I

1958 March
June
Septmnber
Decmnber

0.2
0.6
0.3
0.1

7
11

2 2
2
4

-9
0

1959 March
June
Septmaber

0.2
0.3
0.2

3
4

-2

1983-42" The energy required for anchovy spawning could have been
"gleaned" from local island and coastal enriched areas «hich would
be inadequately represented 1n «ide-scale oceanfc surveys.
Anchovyi Pacffic mackerels and sardines may draw substantially on
stored reserve energy from preceding seasons  Smith and Eppl ey,
1982! and may delay growth  Table lb.! Another possibi'i i ty is
that diminished populations of sal ps, dal ial fds and pyrasomes
 thaliaceans! allowed greater production of other herbfvoresi like
crustaceans which are fn the anchovy food chain.

G1ven these elements of resilience fn the anchovy, Pacf ffc
mackerel, and sardine populatfons, one can speculate on why the
spawn product1on of Jack mackerel and saury was so low following
the 1957 onset of El Nfifo. The pack mackerel spawning adults
occupy the same habitat as the thai faceans. This area fs so broad
and homogeneous that the twenty-fol d decl inc in thai faceans
signaled a similar seven-fo1d decl1ne in larval production by Jack
mackerel. This could have been mediated by the production of
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crustacea on which jack mackerel depend tn part, or by the
withdrawal of key mesopelagfc fishes toward the north without
equivalent rep'lacement from the south. I would favor the
mesopelagfc fish exp'lanat1on because the zooplankton predator,
sauryi dfd not change fts spawn production rate markedly. Thus
the mobf1 tty of the jack mackerel was not adequate to compensate
for the scale of El Ntlfo event fn the main and outer branches of
the Ca'lfforni a Current.

The responses of the hakes rockf1sh and f1 atf tsh to the onset of
the El Nflfo appear sfmilar. The hake feeds along the canttnental
shelf of the British Columbia, Washington. Oregon and northern
Calffornfa coastlines. In the 1955-59 ant1-and El Nfito transttfon
the main branch of the Cal fforn1a Current impinged on these
continental borderlands and the rockftsh and flatfish are
permanent members of that conttnenta'l border. Thus the sfmflar1ty
of response was probably med1ated by the 1nterruptfon of the usual
high rate of primary and secondary productfv1ty usually ascribed
to these coastal areas. Sfnce these fishes and the jack mackerel
all prey on the sardines and anchovies. one must assume that the
predatfon withdrawn to the north roughly counterbalanced the added
predation from the tropfcal and temperate tunas during the Nfifo.
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Introduction

El Nino events can have drastic ecological and economic consequences
for fisheries. This has been most widely recognized from fluctu-
ations in the fishery for the Peruvian anchovetta  Cushing 1982!,
but abundances of other species are affected as well. A tropical El
Nino is characterized by anomalous environmental conditions often
detectable along the west coast of North America as increases in
surface and near-surface water temperature, a rise in coastal sea
level, an increase in depth of the thermocline, and anomalous coastal
currents  Enfield and Allen 1980, Huyer 1983, Lynn 1983, Smith and
Huyer 1983, Reed 1984, Tabata 1984, cannon and Reed, this volume! .
Changes in the planktonic community also occur  McGowan 1984!.
These physical and biological changes may alter the distribution and
extent of spawning effort and the transport and survival of eggs and
larvae. To the extent that some of these conditions are extreme
compared to the range of conditions encountered by fish stocks,
particularly successful or unsuccessful year classes may result.

Unfortunately, little is known about the effects of El Kino on
subarctic  cold temperate water ! fishes. Most documentation on
subarctic effects involves records of subtropical species occurring
in subarctic regions such as reported by Squire �983> and Schoener
 this volume !. Our discussion of other possible effects therefore
must remain quite speculative' First, we present an overview of how
an El Nino event potentially influences spawning and egg and larval
stages of temperate marine fishes . These potential effects include
chanqes in: 1! distribution of highly migratory species during
spawning; 2! fecundity of spawning fish; �! physiological condition
of eggs and larvae; �! transport of eqgs and larvae; and 5! the
predator-prey community to which eggs and larval stages are exposed.
Examples are given where data are available. Since there are few
data on El Nino effects on subarctic fishes we draw heavily from
what ia known about subtropical  warm temperate> fi ches, includinq
those from the southern hemisphere. Second, we examine historical
data on recruitment of fish stocks from the eastern and northeastern
Pacific Ocean to consider possible impacts of past El Mino events,
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and we suggest general patterns which seem ta apply to these data.
Even fox' the better documented subtropical stacks, cause and
effect relationships appear equivocal. The patterns we describe
based on the limited but available data therefore must be viewed as
preliminary.

Potential Effects of L'i Nino on Reproduction and Harly Life History

Heteorological and oceanographic conditions during an El Nina event
are detailed in other papers in this volume. There is now adequate
evidence to suggest that most El Nino events are associated with
anamalously warm sea surface temperatures  SST! north of the sub-
arctic boundary  see Cannon and Reed, this volume; Tabata 1984!.
The precise combination of factors responsible for positive temper-
ature anomalies along the west coast of North America are not well
quantified and probably vary with latitude and between events. Warm
anomalies begin during autumn or winter and probably are initiated
by a coastally trapped wave with concomitant increases in poleward
flow of water  Enfield and Allen 1980; Smith and Huyer 1983!. After
this, several factors may be equally important in maintaining or
increasing the positive SST anomalies. These include the following:
�! poleward flow of watex may continue due to unusually persistent
southex'ly winds; �! coastal upwelling may become established later
than usual, may be weaker than usual, or may not develop; �! even
if upwelling becomes established, the &ermacline may be deep enough
that upwelled water is warmer than usual. Finally, at some latitudes,
there may be shoreward movement of oceanic water. Salinity may
provide a clue to the source of surface water along the coast, but
interannual changes are generally small and may be masked by local
modifications due to climate. The source of apparent warming and
attendant rates and direction of transport are important in consid-
ering the interactions of early life stages with their environment.

The El Nino of 1983 is summarized as an example of the physical
anxxxalies along the west coast of North America. Off California,
SST was elevated up to 4~ C  HcLain 1984! and salinity increased by
0.1-0.2 ppt above normal  Lynn 1983!, Sea surface temperature was
2 C above norxxal off Oregon, where salinity possibly was lower than
average  Huyer 1983!. Shelf waters off Canada were up to 5~ C
warmer than usual, and positive temperature anomalies were observed
down to 150 m  Tabata 1984!. Rayer and Xiang �984! report positive
temperature anomalies of 2 C in the northern Gulf of Alaska during
summer 1983. Extremeiy strong northward currents were observed
along the California and Oregon coasts during summer 1983  Smith and
Huyer 1983!.

The potential mechanisms of impact of El Nino conditions on recruit-
ment success of fishes can be considered first by grouping species
according to migratory behavior. Far sedentary or "homing" species
 Table 1!, which remain in, ar return to, the same area regardless
of El Nina, there can be a direct physiological impact of temperature
on spawning effort involving effects on fecundity, timing of spawning
and condition of spawned eggs. There will be direct physiological
impacts on eggs and lax'vae involving rates of development, metabolism,
etc . Changes in abundance, species composition and/ar temporal
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dynamicsof the prey community can be expected, due either to the
intrusion of a different water mass or to the effect of increased
temperature on local species assemblages. This could affect spawn-
ing effort of fish, depending on the nature of the adults' diet and
patterns of energy storage and mobilization for reproduction.
After spawning and hatching of eggs, the quantity and type of prey
would affect larval feeding conditions' planktonic predators also
may change because of a new water mass or because of local warming,
and these changes have the potential to affect egg and larval stagese
Also, it is well documented that migratory vertebrate predators
 fish, birds! change in response to ocean warming  e.g., they travel
further north than customary!; thus a new cast of vertebrate pred-
ators may be present as a result of El Nino.

Table 1. Summary of potential effects of Fl Nino conditions on
sedentary or "homing" species.

1 ~ Impact of elevated temperatures on spawning effort
-fecundity
-timing of spawning
-condition of eggs

2- Effect of changes in food abundance on spawning effort
 depends on nature of prey and spatial and temporal pattern of
energy storage and mobilization for spawning!

3. Elevated temperature effects on eggs and larvae
-physiological tolerance
-development time
-metabolism

4. Indirect ef fects of elevated temperatures on eggs and larvae:
predator and prey communities
� abundance
-species composition
-t inung

5- Effects of new water mass on eggs and larvae
-same as above

6. Ef fects of migratory vertebrate predators that follow ocean
warming, and which may feed on eggs and larvae

-timing
-new species

For highly migratory species of fish  Table 2!, physiological impacts
of temperature can be minimized or avoided hy migrating with appro-
priate conditions, but spawning then would take place in a different
water mass and/or at different latitudes than usual. The planktonic
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and nektonic communities encountered by the spawned eggs and larvae
of these species may or may not be unusual depending on whether the
migration occurred within a water mass or followed temperature pat-
terns which propagated faster than the advective rate of poleward-
moving water. The latter condition would result in an overlap of
communities which ordinarily remain more distinct, and both
conditions would result in a temporary, northward expansion of
range for spa~ning. The new territory thus encountered provides
opportunity for colonization  successful recruitment! but could
also prove hostile to the egg, larval or post-larval stagese

In contrast to the species considered above, adult fishes inhabiting
deeper slope waters may be isolated from El Nino conditions in the
upper water column. Nonetheless, shallow pelagic eggs and larvae of
such species still would be exposed to anomalous conditions of
temperature, predators and prey, At present, neither the extent of
biological change nor its likely consequences are adequately
understood.

Table 2. Summary of potential effects of Ei Sino corditions on
highly migratory  nomadic ! or mobile species.

These species may minimize adverse physiological impacts of
elevated temperatures on adults, but there are costs, including.

1. Extra energetic expenditure on migration which may affect
spawning effort
-fecundity
-timing of spawning
-condition of eggs

2. Spawning may take place in a different water mass than usual
-predator and prey communities may be difterent  abundance

and species composition!
-local dynamics  timing! may be different

3 ~ Spawning may take place further poleward
-opportunity for "colonization" or "expansion" may be

successful or unsuccessful
-new interspecific interactions
� colonized area may be physically inhospitable after El Nino

conditions subside

Finally, for all species, anomalous transport of planktonic stages
is likely to be a factor in recruitment success. Transport processes
are considered important in recruitment of several subarctic and
subtropical stocks  Hayman and Tyler 1980; Parrish, et al. 1981;
Methot 1984!.
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Effects of El Nino Conditions on Reproduction
And Early Life History: Examples

Reproductive physiology.

The influence of El Nino events on egg production by adult sub-
tropical fishes is fairly well documented. Nost of the examples we
present are for anchovetta or sardine, but many similar effects can
be expected for subarctic stocks when the event extends its influ-
ence inta their ranqe ~ The most immediate effect on reproduction
appears to be a decline in reproductive output. This may happen as
a result of fewer fish in the population maturinq their gonads
 Tsukayama and Alvarez 1980!, a shortened spawning season  Tsukayama
and Alvarez 1980! or a failure to utilize fat reserves for the
production of gonads  Santander 1980!. A recent example for a North
American species is from the 1983 KL Nina, when blue rockfish
  :1 t a t  '  lot yhyl t 'ght dhal go dr
output  D. VenTresca, Calif . Dept. Fish and Game, Nanterey, CA,
pere. comm.!.

Several examples of altered spawning times exist. During an El Nina
anchovies and sardines appear ta spawn earlier than during other
years  Ahlstram 1967; Santander 1980! . However, English sole
 Kruse and Tyler 1983! and Pacific hake  Bailey, unpublished data!
appear to experience delayed spawning. The effect of unusually
early or Late spawning an survival is unknown, but either presumably
influences the match or mismatch of larval food availabilty to
feeding readiness, a condition conceivably critical to larval
survival and ta recruitment success of many species  Cushing 1975!.

Distributional changes.

Changes in spawning distribution of adults during El Nino are well
documented. Several species shift spawning locations poleward
during such events, including hake  Bailey and Francis, in press!,
anchovetta  Santander 19807 Welsh et al. 1980; Fiedler 1984! and
sardine  Ahlstrom 1967; MacCall 1979; Anon. 1984!, For stocks
which spawn in localized habitats or that are homing and spawn in
specific locations, such as salmon, possibly herring  Blaxter and
Hunter 1982! and some rockfishes  D. Ventresca, Calif. Dept. Fish
and Game, Monterey, CA, pere ~ comm.!, EL Nino conditions might
prevent return of spawning fish to their home habitat during a
period or in physiological condition which favors success for their
progeny.

Changes in the geographical distribution of eggs and larvae during
El Nino conditions result either from displacement of spawning adults
out of their normal spawning region or from advection of eggs and
larvae by anomalous current patterns. There is ample documentation
for changes in spawning range of adults  e.q., Fiedler, 1984!, but
little documented evidence of changes in ichthyoplanktan distribution
due to advection. One possible exception involves the observed
hi.gb abundance of larval anchovy, normally found offshore, at
samplinq stations near the Oregon coast during 1983, which Brodeur
et al. �984! speculate was due to anomalous onshore transport.
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Changes in community structure and productio~.

A major effect of El Nino events is altered production of food for
planktivorous life stages of fish- This is best documented for the
California Current system, where El Nino results in reduced plank-
tonic production. During the 1983 El Nino off California, nutrient
concentrations were low, primary productio~ was reduced and the
chlorophyll maximum layer deeper than normal. ln the normal area
of peak zooplankton abundance, approximately 150 km offshore,
zooplankton biomass was about 5% of normal  mcGowan 1984!. Nost
fish larvae eat capepod nauplii early in their feeding history.
Since naupliar production depends largely on the abundance of adult
copepods and the phytoplankton standing crop, it appears a safe
conclusion that naupliar abundance was extremely low off California
during 1983 compared with most other years. The decrease in zoo-
plankton production was translated into little or no growth for
adult fishes such as anchovy and rockfish  Parrish, cited in NcLain
1984; Mais 1983a,b; D. VenTresca, Calif. Dept. Fish and Game,
Nonterey CA, perse comm.!. NcLain   1984 ! hypothesized that even
though El Nino caused a decrease in production off California,
production in subarctic waters may have been enhanced due to
warming, increased stability and reduced offshore transports This
hypothesis is supported in part by a 23 year time series of zoo-
plankton biomass at Ocean Station P in the Gulf of Alaska, showi~g
that 1958-60 had anomalously high biomass, with 1958 showing the
maximum biomass in the time series  Frost 1983! . By contrast,
1958-59 were years of extremely low zooplankton biomass off the
California coast  Bernal and HcGowan 1981! . However, Frost �983!
points out t'hat while the subarctic Pacific and California Current
systems appear from existing data to be aut of phase with respect
to zooplankton biomass, this contrariety is not necessarily linked
to a common cause.

Community species composition differs between offshore and nearshore
areas in the subarctic Pacific  Lebrasseur 1965!, Bering Sea  coaney
and Coyle 1982, Smith and Vidal 1984! and off Peru  Walsh et al.
1980; Santander 1981!. Latitudinal changes also occur, such as
between subtropical waters off California and subarctic waters
farther north. Santander   1981! reported striking changes in the
species composition of copepods during the 1976 El Nino in Peru.
Changes in the prey community due to enhanced poleward flow and/or
onshore transport during an El Nino event could be important tn
fishes. For example, Cushing   1982 ! attributed changes in growth,
maturity and recruitment of herring in the North Sea to a shift in
the dominant copepod species from small calanaids to larger species.
Such shifts would be important to larval fishes that depend on
certain species or sizes of microzoopiankton for food  e, g., Lasker
1975; Chec'kley 1982!. However, El Nino may nat always be bad far
larval feeding conditions. Barber and Chavez   1983! reported a
dl *d dy d' Ol d fd d d *' g dd 1976 dd N'
and this dinoflagellate appears to bs suitable food for larval
anchovy  Lasker 1975!-

Changes in predator communities also have been documented. Onshore
transport during El Nino can result in increases of several species

148



of predators, such as siphonophores and euphausiids, in the larval
nursery  Santander 1991!. Some siphonophores  Purcell 1981! snd
euphausiids  Theilacker and Lasker 1974! are important predators on
fish larVae. During the 1972 El Kino, blOoming pcpulationS Of
medusae and voracious pelagic crabs  ~Eu hilax dovii!, probably
originating from the north and west, occurred in the anchovetta
nursery grounds off Peru  Valdivia 1978!. In addition to planktonic
predators, which are transported, many larger pelagic predators
may invade subarctic or coastal waters during El Nino. Examples are
squid, which prey on young anchovy, and rockfishes, such as Canary
rockfish and boccacio  Henry, cited in NcLain 1984!, which eat
small fishes  T. Echevarria, Southwest Fisheries Center, Tiburon,
CA, pere. comm.!. Another COneideratiOn iS that if zOoplanktOn are
less abundant, pelagic predators may switch from their normal prey
to feed on greater numbers of fish larvae. Finally, El Nino some-
times results in a collapse of some important predator populations,
such as birds and pinnipeds  Barber and Chavez 1983!, the former
being important predators on early life stages of some fishes.

Physiology of eggs and larvae.

Eggs and larvae of subarctic fishes that are spawned or entrained
in waters with subtropical or oceanic characteristics are subject
to new conditions that can influence physiological processes.
These conditions include increased temperature and salinity, and
possibly decreased oxygen concentrations. Little is known about
the ambient oxygen concentrations required for normal development
of eggs and larvae of most temperate Pacific fishes . Alderdice
and FOrreSter �971a! give 2-3 ppm oxygen as a lower limit for
development of cod eggs and larvae, which seems low relative to
ambient concentrations of 4 � 5 ml 02/1 �-7 ppm! in subtropical
waters off Peru reported by Nalsh et al ~   1980! However, Santander
�981! reports concentrations of 1 mi 02/I  about 1.5 ppm! during
an El Nino. Since oxygen demand increases with higher temperature
and oxygen concentrat.ions decrease with warming, Santander   1980!
noted that oxygen concentration during an El Nino could influence
survival of anchovy larvae. Brett   1970! commented that even at
100% saturation, oxygen may limit performance of salmon fry when
temperature and activity are high.

The hatching success of fish eggs with changes in temperature and
salinity varies by species, many species, such as herring, are
euryhaline and eurythermal  Fig 1a, from Aiderdice and Velsen
1971!, By contrast, Petrale sole is stenothermal and stenohaline
 Fig. 1b, from Alderdice and FOrreSter 197 lb! and PaCifiC Cod is
stenothermal and euryhaline  Alderdice and FOrreeter 1971a!.
Consequently, larvae of sensitive species such as Petrale sole that
are spawned or entrained in warm and saline water should have
reduced survival in habitats that are impacted by El Kino.

Increases in temperature  below lethal limits! result in shortened
egg hatching time, higher metabolic rates and faster utilization of
yolk reserves by recently hatched larvae. Herring eggs, fcr example,
developing under warmer conditions hatch larger larvae, but at the
expense of their yolk reserves. Larger larvae have larger mouths,
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Fig. 1. A coraparison of calculated iaopleths of percent total hatch and
percent viable hatch in relation to salinity and temperature of
incubation for eggs of herring and petrale sole  from Alderdice
and Forrester 1971, and Alderdice and Velsen 1971!, A. Isopleths
of percent total hatch of herring, B. isopleths of percent viable
hatch of herring, G. isopleths of percent total hatch of petrale
sole, D. isopleths of percent viable hatch of petrale sole.

which increases the size spectrum of prey which can be ingested;
they swim faster and have more advanced visual ability, which
increases food searching and capture potential compared with smaller
larvae <Blartter and Hempel '19631 Blaxter and Hunter 1982!. Conse-
quently, the feeding abi lities of larger larvae should be improved
over small larvae. Studying larval turbot, Rosenberg and Haugen
�982! found that smaller larvae do appear to be more vulnerable to
starvation compared with larger larvae reared under the same con-
ditions. Larval growth rates are temperature dependent  Laurence
1978; Hunter and Kimbrell 1980! with faster growth and higher RNA!
DNA ratios  Buckley 1982! at higher temperatures. However, growth
rates also depend on food availability and decline when metabolism
consumes too much of the daily ration  Brett et al ~ 1969!. Ryland
and Niehols   1967 ! showed a temperature dependent optimum in growth
of larval plaice ~ At low temperature, metabolic rates were low,
but enzymea required fOr digestiOn were not effiCient. At high
temperature, most energy was used in respiration. Finally, given
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ample food and faster growth rates in higher temperatures, the time
to metamorphosis is decreased  Laurence 1978! ~ Other things being
equal, this should reduce losses to predation.

Effects of the 1958 � 59 El Nino on Recruitment of Subarctic Stocks
Data on recruitment of 38 fish stocks along the west coast of Worth
America have been compiled by Hollowed, Bailey and Wooster  unpub-
lished manuscript! ~ Relative values of recruitment f rom 1955 � 65 are
available for 23 stocks  Figs. 2-5! . These estimates of recruitment
strength are derived from cohort analyses or from age frequency
analyses, and reflect relative year class strength when entering
the fishery. The data originate from published and unpublished
literature, and from numerous personal communications. The various
pitfalls and assumptions involved in using these data, as well as
the complete time series for each stock and sources of data, are
given in the above manuscript- In the present analysis, the 23
stocks have been divided into three geographical regions: the
California coast, the Oregon-washington coast, and the Canada to
Gulf of Alaska coast. Very little information is available from
the Bering Sea during thiS time period,

Off California, information is available for four pelagic stocks.
The 1958-59 El Wino resulted in relatively strong recruitment of
the 1958 year class to stocks of Pacific sardine and Jack mackerel.
In fact, these were the strongest year clasees recorded for the 11
year period. For Pacific mackerel, '1958 was a stronger than average
year class, markedly stronger than either 1956 or 1957, but also
not as strong as the 1960 year class. For the anchovy, 1958 was a
weak year class, whereas 1959 was a strong one ~

Off the Oregon-Washington coast there is recruitment information
for three stocks. For all three coastal. stocks: Pacific Ocean
Perch, Dover sole and English sole, the 1958 and 1959 year classes
were below average in strength.

Nore historical data on stack dynamics is available from Canada due
to the early pioneering efforts of Retchen, Forrester- Alderdice
and Stevenson. Petrale sole, for which only a few years of data
are available, was the only demersal stock showing an increase in
recruitment during the 1958-59 El Wino. The 1958 and 1959 year
classes of halibut, POP, cod and rock sole were poor in this region.

Further to the north in the Gulf of Alaska, the 1958 year class was
strong for both halibut and POP, whereas 1959 resulted in moderate
to weak year classes.

The largest coll. ection of data on year class strengths for any
species exists for Pacific herring off Canada. Herring spawn in
the near cOaatal ZOne. Of 9 StOCkS, 5 had StrOng year Claaaee in
1959 and one had a strong 1958 year class. Of the three remaining
stocks, '195* and 1959 were moderate year classes, except for 1958
in the middle east stock, which was weak.

It is interesting to note that 1961 stands out in the above statis-
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tice for many stocks ~ For the 12 stocks not demonstrating strong
year classes from the 1958-59 El Nino event, 10 showed exceptionally
stronq year classes in 1961. According to McLain and Thomas �983!
this was a year of a deepened mixed layer and onshore and northward
transport that was apparently unrelated to disturbances in the
tropics.

Some discernable patterns exist in these data' For example, stocks
showing strong 1958 and/or 1959 year classes are those towards the
northern end of their geographi cal ranges. These stocks include
Petrale sole off Canada, and anchovy, sardine and Jack mackerel off
California. This pattern also is seen with POP and halibut in the
Gulf of Alaska, which had relatively strong 1958 and 1959 year
classes compared with stocks of these species further south off
Canada, Stocks at the southern end of their geoqraphical range
tended to have relatively poor recruitment of the 1958 and 1959
year classes! these include halibut, Dover sole, POP. English
sole, rock sole and cod from Oreqan to Canada. Either adults from
these stocks spawned north of their normal range, or eqg and larval
survival was poor in their normal resident habitats. Host of the
above stocks, possibly excluding Dover sole, have fairly narrow
temperature and salinity tolerance for survival of egqs and larvae,

Data for herring tend to conform to the above patterns Host herring
stocks off Canada exhibited unusually strong year classes in 1958
or 1959, and strong 1958 and 1959 year classes of herring also
appeared in the Gulf of Alaska. Favorite and HcLain �973! related
these strong year classes in the Gulf to warm water conditions. The
'1958 year class of herring in the eastern Bering Sea also was the
strongest in a 21 year time series  Wespestad 1982!. At the southern
end of the range of herring, off central California, catches declined
markedly durinq the early 1960's  Spratt 1981! indicatinq that
recruitment failures probably resulted from the 1958-59 El Nina and
later warming which occurred through '1961. Preliminary evidence
 J. Spratt, Calif. Dept. Fish and Game, Monterey, CA, pere. comm.!
indicates that the 1983 year c!ass of herring in central California
appears to be of moderate to weak strength, and 1984 may be a weak
year class. Whereas the other species considered above may be
relatively nomadic, spawninq within wat.er of certain characteristics,
herring may exhibit some location-specific homing behavior  Blaxter
and Hunter 1982!. Since herring eggs and larvae are eurythermal,
direct temperature impact on these stages may not have been the
critical factor.

Same preliminary data from research surveys for juvenile fishes of
several stocks are available to examine the effects of the 1982-83
El Nino. These data indicate that the 1983 and 1984 year classes of
sardine and Jack mackerel are strong but the 1983 and '1984 year
classes of Pacific mackerel and 1983 year class of anchovy are
moderate to poor  mais 1983a, 1983b!, Data from these same surveys
indicate that the '1983 El Nino resulted in a year class failure for
hake. Hayes  Northwest and Alaska Fisheries Center, Seattle, WA,
pere. comm.! reported an unusually high abundance of juveniles of
the 1983 year class of Pacific cod around Kodiak Island, Alaska.
lt still is tao early to determine strengths of the 1983 year
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classes of groundfash stocks off Canada  A, Tyler, Pacific Biological
Station, Nanaimo, B.C., pers ~ comm. ! .

Discussion

Rl Nino-like warming eve~ts appear to have significant effects on
production of some fish stocks via effects on early life stages.
Conditions that eggs and larvae encounter depend partly on the
response of spawning adults to warming and other environmental
changes. These responses range from adults being nomadic, either
miqrating with the advancing subtropical water mass or away from
it, to adults being sedentary, releasing eggs or larvae into ambient
conditions. Other variations on adult responses include homing
adults, deep living adults that may not detect pelagic conditions
that their larvae will encounter, and slowly migrating stocks.

The most important inluences of El Nino on early life stages are
warming, altered food production and changes in transport regimes.
We expect that the most significantly affected stocks are sedentary,
homing or slowly migrating ones; nomadic stocks are able to search
for better conditions  Sharp 1980>, Some stocks, such as herring,
seem able to overcome large natural changes ir local conditions by
their tolerance of chanqes in salinity and temperature, adaptations
to livinq in an environmentally variable coastal zone. We speculate
that populations of Oover sole and sablefish, reflecting their
ubiquitous distributions, are also tolerant of changes in environ-
mental conditions' However, like herring, they may be sensitive to
altered food production.

El Nino events appear to have disastrous effects on recruitment of
some stocks in some areas, especially those livinq near the southern
end of their geographical range, such as cod off the Canadian coasts
Cod eggs are stenothermal, and temperature increases of up to O' C
could be lethal. Cod eggs spawned in these waters may die, or
alternatively, adult cod migrate northward into cooler water to
spawn. Consequently, recruitment in southern areas would be low,
but recruitment could be higher in newly colonized areas' As we
noted earlier, the 1983 year class of cod around Kodiak Island
appears to be stronq. There also is some evidence for stronger year
classes from El Nino years in northern stocks of halibut and Pacific
Ocean perch.

Strong year classes of herring from several stocks off the Canadian
coast, in the Gulf of Alaska, and in the Bering Sea resulted from
the 1958-59 El 'Nino, whereas herring off the California coast seem
to have experienced year class failures. Several alternative
rationales exist. First, the 1958-59 El Nino off California resulted
in drastically reduced zooplankton abundance there  Bernal and
NcGowan 1981!. In contrast, northern areas, such as the Gulf of
Alaska had high levels of zooplankton biomass in 1958-59  Frost
1983!. Thus, warm water combined with increased production in
northern areas may have been beneficial to feeding and growth of
larvae in the northern part of their range. Second, herring might
have migrated northward to colonize more favorable nursery areas.
Third, the normal zugratory patterns of birds, some of which are
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important predators on herring eggs  Palsson 1984!, may have been
disrupted, resulting in lover predation pressure.

El Nino sometimes appears to be good for some subtropical stocks
spawning at the northern end of their range, such as sardine and
Jack mackerel off California during both 1958-59 and 1983 EL Ninos.
On the other hand, El Kino often, although not always, causes poor
year classes in anchovy. This same pattern is sometimes observed in
other areas of the world, for example, the 1972 El Nino resulted in
recruitment failure of Peruvian anchovetta, but that year was highly
successful for sardines  Csirke 1980! ~ During that year sardine
spawning expanded from the usual small area on the northern Peruvian
coast to include the entire coast  Santander 1980!. NacCaLL �979!
reported that the strong 1958 year class of sardine off California
resulted from higher than average spawning by stocks normally
living to the south' However, it appears that the 1983 El Nino
resulted in recruitment failures for both anchovy and sardine off
Peru  Anon. 1984!. Zn contrast, there are preliminary indications
that the 1983 year class of sardine off south Africa may be strong;
however, warm events do not always result in strong year classes of
sardines in the region  Shannon et al. 1984!. Santander   1984!
hypothesizes that El Kino is favorable for larvae of warm water and
offshore species such as mackerels, and is less favorable for
coastal species like anchovy.

Differences in recruitment strength of anchovy and sardine in the
same year may result from subtle differences in the spawning response
of adults to El Nina conditions or possibly from physio!.ogical
requirements of larvae ~ For example, Smith  '1981! states that the
NOrthern anChOVy can withetand Colder temperaturea than the PaCifiC
sardine. NacCaLL   1963! commented that the anchovy/sardine species
replacement off California probably was due to large scale environ-
mental influences, This is somewhat consistent with long-term
recruitment patterns for sardines in northern Japan. Kondo   1980!
notes that the warm water year 1972 was a year of anomalously good
recruitment for the Japanese sardine and also the mackerel. Off
Japan, sardine spawn in a region of the warm Kuroshio current
bordering the coastal water mass ~ Kondo hypothesized that in 1972,
larval sardines were able to colonize favorable inshore nursery
areas because the Kuroshio meandered northward and close to the
coast of Honshu. Conversely, he says that the collapse of the
sardine occurred in the 1940's probably was because the Kuroshio
was far offshore, and the colder Oyashio intruded into the coastal
areas. In these years sardine spawned offshore and larvae starved
under poor feeding conditions.

Representative of stock responses to environmental anomalies are
examples from the eastern North Atlantic, similar to the responses
we have noted off our own coast. These examples are from Cushing
�975, 1982!, and include observations that, in the North Sea,
recruitment of gadids, herring, and plaice, all at the southern end
of their range, increased during cooling periods and declined
during warming periods. However, in the colder waters off Iceland,
strong year classes of cod  at the northern end of its range!
appeared during warm years, as did strong year classes of cod and
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herring in Horway, Pilchards  sardines!, at the northern end of
their range in the Horth Sea, increased during warzu.ng years around
Britain, and mackerels declined during cooling years.

Environmental changes associated with El Hino have important conse-
quences for regional stocks; while for scientists El Hino provides
a rare opportunity to observe response to an extremity in the range
of environmental conditions experienced by marine fishes ~ Hany
authors have recently proposed conceptual models linking variability
in recruitment to environmental conditions, including such conditions
that occur during an Bl Kino event. For example, Cushing �975,
1982! attributes recruitment variations to large-scale changes in
the timing and magnitude of the production cycle. This is somewhat
similar to Lasker's   1975! hypothesis that food abundance and
quality, as influenced by environmental factors are critical to
larval survival. Skud �982! pointed out that stock abundance
responds to changes in the physical environment, but interspecific
interactions also need to be considered. The preceeding examples
deal more with temporal interactions of environmental events and
larval survival. Several other authors consider interactions on
spatial scales. For example, Walsh �978! proposed that changes in
fish abundance during El Wino events and other transient climatic
events are a result of spatial shifts in geographic patterns, or
latitudinal ecotones, and that marine communities engaged in these
shifts are responding to global oscillations in climate. On a
smaller scale, Iles and Sinclair   1982! hypothesized that larval
habitat size can restrict the size of stocks via survival of early
stagese parrish, et al.   1981! state that in the California Current,
appropriate spawning habitat is limiting, and that the apparent
dependence of spawning strategies upon regional transport character-
istics suggest that variations in recruitment of zmny species in
the California Current region result from surface drift anomalies.

In an insightful review, Sharp   1980! combines many of the above
ideas in a conceptual model that includes spatial and temporal
considerations. He hypothesizes that successful colonization  or
recruitment! depends on availability of suitable larval habitat.
Species restricted to reproducing in small home ranges are seriously
affected if the larval habitat area ceases to be appropriate,
whereas nomadic species have the advantage of colonizing areas
quickly. When suitable larval habitat boundaries shift due to
environmental conditions, either an increase or decrease in local
population size subsequently occurs. Therefore, larval distribution
as influenced by the oceanographic environment is the initial
condition and is mediated by adult migrations or by planktonic
transport of early life stages; successful larval colonization
occurs as a result of temperature and properties of community
structure and production within the habitat.

Sharp's �980! model is consistent with observations of recruitment
resulting from the 195B � 59 El Hino, as noted in the preceeding
discussion In e warming event, areas can be opened up for colon-
ization by nomadic subtropical stocks through an extension of their
spawning range. This assumes that. suitable larval habitat exists
poleward of their normal range  cf. walsh et al. 1980! . Subarctic
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Table 3. Partial list of fish and shellfish stocks currently
monitored for populaton abundance by region.

California Washington-Oregon Canada

Bering SeaGulf of Alaska Oceanics

Albacore
Bluefin tuna
Bonito
Yellowtail tuna
Skipjack tuna

stocks at the northern end of their range also benefit from warm
conditions because of an increase in physiologically suitable
larval habitat, which may include increased planktonic production.
Stocks at the southern end of their range have reduced recruitment
in those areas during warming. A test of this conceptual model of
El Nina effects on fish recruitment will be possible as information
on the 1983 year classes of fish stocks accumulate. For pelagic
stocks the effects of the recent El Nino will be known within a few
years; however, for most of the demersal species, indices of recruit-
ment may not be available for 3-8 years. Nevertheless much more
information should be available than ever before, with good infor-
mation on recruitment now accruing for 58 stocks in the northeastern
Pacific  Table 3!.

Throughout all of the above discussion we have stz'essed events and
conditions affecting adult spawning migrations and reproductive
physiology as well as transport and survival of ear1y life stages.

Sardine
Anchovy
Jack mackerel
Pacific mackerel
Herring
Ling cod
Chilipepper
Boccacio
Dungeness crab
Shrimp

Pacific cod
Halibut
Pacific Ocean perch
Flounder
Sablefish
Pollock
Atka mackerel
Herring
King crab
Sh rimp

Hake
Dover sole
English sole
Petrale sole
Halibut
Sablefish
Herring
Pacific Ocean perch
Ling cod
Yellowtail rockfish
Canary rockfish
Widow rockfish
Dungeness crab
Shrimp

Pacific cod
Pollock
Pacific Ocean perch
Halibut
Herring
Yellowfin sole
King crab
Tanner crab
Shrimp

Hez'ring
Pacific cod
Hock sole
English sole
Dover sole
Petrale sole
Halibut
Pacific Ocean perch
Ling cod
Sablefish



We emphasize these as initial conditions important in determining
the potential for particularly large ox small year classes, Sub-
sequent processes, notably predatory and other losses of juveniles,
can be expected to play occasionally important roles as interannually
varying modifiers of year class strength.
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El Nino 1983 in the Southern
California Bight

John A. McGowan
Scripps Institution of Oceanography

Introduction and Hackground

The population sizes of pelagic organisms vary greatly in both time
and space on a broad spectrum of scales. Hany oceanographers and
fishery biologists wish to understand the causes of these varia-
tions. It can be argued that much of the population variability is
primarily of biological origin. Experimental and theoretical
studies show that competitive contests can first favor one species,
then another, with only small changes in environmental or model
parameters, Predator-prey populations can be made to "cycle" in
both experiments and models, disease epidemics can cause popula-
tion crashes, and nutrient recycling within systems can be reallo-
cated in a variety of ways, including stochastically. Finally
man's activities such as overfishing can be evoked as a disturbance
which affects the entire ecosystem.

On the other hand there is also general agreement that variations
or heterogeneity in the physical environment can strongly influence
carrying capacities. Everything from small-scale physical turbu-
lence to global climatic shifts have been implicated in the
regulation of populations.

1 recognize the dangers of attempting to characterize a phenomenon
so complex as natural population variability in simplistic ways,
for such variations are, no doubt, due to multiple causes, some of
which may be independent. 6ut it is possible, by comparing popu-
lation and physical time series, to ask, ''To what degree are
population trends and physical trends related in time and space2n
and thereby, through statistical inference, get some appreciation
for the role of physics in natural population biology. Of course
lack of correlation could mean that the wrong phys ical parameters
have been measured, or the wrong scales are being compared, or it
could also mean that the state of the populations in question is
chiefly influenced by biological rather than physical processes.
Since this is the issue to be resolved, it is important that
serious attention be paid to the choice of properties to be mea-
sured and the time-space scales on which to measure them. There
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are additional reasons for wishing to know the degree to which
physical changes affect populations or communities, Such changes
may perturb the organization of the biological system in such a way
that diversity may be enhanced or even induce a new set of domi-
nance reiationships between populations  Holiing, 1973!.

Populations of marine organi sms general I y have spatial I y extensive
ranges, but within these there are large variations in abundance
in localized areas or patches  Haury et al., 1978!. Locally there
may be rapid growth, declines or even extinctions. While what
happens at these individual locales may be interesting, it is not
necessarily indicative of what is happening to the entire popula-
tion on the larger scale. One can therefore be misled in attempt-
ing to compare the results of a local  and often short-term! set
of measurements to a I arger-scale phenomenon such as E I NiBo .
Therefore even to describe population variability on something
near the "correct" scales, one should have a large, space-averaged,
time series of measurements to account for the problem introduced
by patchiness where such patches may be out of phase with one
another, Such a series is essential if the amplitude of the popu-
lation event is to be measured. This is genera>ly expressed as a
departure from, or an "anomaly" of, the long-term mean. Further
the frequency of the anomalies should be estimated if we wish to
compare them to environmental or c'Iimatic events which themselves
have characteristic frequencies and amplitudes. Both of these
objectives require temporally extensive sets of measurements.

Biologists seldom have such measurement programs or data available.
The large-scale population estimates from commercial fisheries
catches can be and have been used in this way  Gushing, 1982!, but
the results are always equi vocal because the response of fish
populations to disturbances or perturbations is slow due to their
long generation times and because man's interference, i.e. the
catch itself, is frequently a large, added source of mortality
that may obscure natural processes. Of the few appropriate time
series programs, the California Cooperative Fisheries Investiga-
tions in the California Current has provided a data set which can
be used for the study of the effects of the 1983 El Nillo on the
plankton of the Pacific coast of North America.

This time series of zooplankton, temperature, salinity and oxygen
began in 1949 and covered a large spatial domain at monthly inter-
vals until 1961, at which time the sampling frequency was reduced
to quarterly intervals. In 1969 the plan reverted to one of semi-
monthly coverage, but only every th i rd year  fig� . I! . In spite of
the changes in sampling frequency  due mainly to financial con-
straints!, the program has provided a time series for the study of
low-frequency biological events, as indicated by macrozooplankton,
and physical events as indicated by temperature, salinity and the
parameters that can be derived from them.

The data have been analyzed in this way  Bernal, 1979; Chelton,
1981; Bernal and IIcGowan, 1981; Cheiton et al., 1982!, and it is
evident that there are I arge-scale, Iow-frequency biological and
physical variations which are spatially coherent over the entire
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Figure 1. The Cal ifornia Cooperative Fisheries Investigations'
sampling scheme showing the most frequently sampled stations in
the four major subdivisions of the area. The Southern California
bight is within Area II and the circled station positions on line
90 are those used in this study, The inset shows the number of
months in a year that measurements were made at these stations
from 1951 to 1984.

current system. These biological and physical anomalies from the
long-term mean are highly intercorrelated in the low-frequency
part of the spectrum. Further, the spectrum appears to be very
red, that is, the low-frequency variability  and variance! is large
 Bernal, 1979j. One of the outstanding features of this time series
is the very large anomalies in all properties from mid-1957 through
1959: the "years of warming'' which coincided with a major equa-
torial Ei Nifio  fig . 2! .

The salient features of that event in California were: a signifi-
cant rise in sea level, anomalously high SST over large areas, a
depreSsion Of the thermOCline, a vaSt reduction in maCrozoOplanlc.ton
abundance and, nearshore, the widespread occurrence of some nekton,
normally found well to the south' off central Mexico  viz., Red
Crabs, p1 re c d ~!a 1 ~ s! � tte d 1 acs, 1660!.
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In the autumn of 1982 it was evident that monthly mean sea level at
San I!iego had increased signif icantIy above the Iong-term mean
 Fig. 3!, that there were "blobs" of water offshore where SST was
well above the long-term mean  fig . 4! and there was a very large
El NiPIo developing along the equator. In the next few months,
sea level continued to increase, the blobs began coalescing into
larger blobs  fig. 5!, the equatorial El h!IPIo intensified and
pelagic "red crabs," tuna, marlin and other warm-water fish,
normally found far to the south, began appearing nearshore off
southern California, In spite of all of these early warnings
which so resembled the 1957-59 California El NiPIo, it wasn't until
PIarch of 1983 that we managed to schedule a ship, obtain funds and
recruit help to study the rapidly developing event.



SCRIPPS PIER MONTHI Y IIIIEANS
Figure 3. Sea level at Scrlpps

pier. The 1982 and especially
1983 sea level was much higher
than the long-term mean. Sea
levels at Scripps pier are
correlated with offshore
steric heights, indicating a
much reduced southward com-
ponent to the transport
within the bight in 1983.
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Our tactics were to make a series of measurements on a line of
stations which had been very frequently occupied during the previ-
ous 30 years � ine 90, station 90.28 to 90.65, f ig. 1! . We mea-
sured the same properties  T, 5, Oz, macrozooplankton!, in the same
way as in the time series but added a suite of nutrients  NO3, NOz,
POA, Si03!, chlOrophyli a, and "phaeophytin" to the routine.
Other additional measurements such as net phytoplankton were also
done on some stations.

There have been 16 patterned CalCOFI cruises on which water column
chlorophyll and nutrients have been measured as a matter of routine
on line 90. These are too few to ''establish" a long-term mean from
which creditable anomalies may be derived analyzed and compared to
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However, the question arises as to the degree to which measurements
taken at these nine locales are representative of the larger system.
The mean zooplankton volume  all months, n=140! from stations 90.28
through 90.65  n=9! is 191.2 mI/1000 m', while that of Area II
 fig� . I! is 205.9  n=l 40, mean stations per month, n=47! . The
correlation coefficient, 0.86, is highly significant I''g. 6! .
Thus, in this case, the mean zooplankton abundance on line 90
 stas, 90,28 through 90,65! and the month-to-month variations in
that mean are good indices of zooplankton variability throughout
the Southern California "Bight''  Area II! . No such comparisons
have been done for the other properties, but there are good reasons
to assume that variables such as T, S, and nutricline depth are
much more spatially coherent  i.e. less patchy! than zooplankton
and therefore that our line 90 data are representative of a larger
area, Ten-meter temperature anomalies From the mean on line 90
stations seem very similar irI amplitude and frequency  by visual
inspection! to those of the bight  Area II! in general  CalCOFI
Atlas No, I, 1963; Chelton et al., 1982! .



those of other properties. However, since these are the only back-
ground, non-El Nfno data available, they will serve as the "histor-
ical" basis for chlorophyll and nutrient averages to which our Ef
Nino data is compared. We do not, of course, know, nor can we now
determine the degree to which va riations in integrated water column
chlorophyll concentration or nutrient patterns, as measured on line
90, are indicative of the rest of the bight. There are strong
reasons to believe, from remote-sensing studies, that in normal
years part of this area has generally lower "surface" chlorophyll
concentrations than more offshore areas, but the entire southern
California sector of the California Current is quite heterogeneous
and on a broad spectrum of scales  Pel fez-Hudfet, 1984! .

The following is a summary description of events in the California
Current during the spring, fall and early winter of 1983 as deter-
mined by data collected at nine stations on Ca!COFI fine 90. It is
not the full story of the present El Nino because at the time of
writing the bio-physical system has not yet returned to its "normal"
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Figure 4. Sea surface tempera-
ture anoma I i es   in F! for I 6
to 31 Oct. 1982 showing
patches or biobs of anoma-
lously warm  by 2 F! surface
water, both nearshore and
offshore.

Figure 5. Sea surface tempera-
ture anomal ies for the second
hal f of Jan. 1983, three
months after F ig. 4. Much of
the California Current sur-
face water is now anomalously
warm by 2 F, and nearshore in
the south and north +4 or
even +6' anomalies were
present.
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Figure 6. The mean monthly biomass from stations 90.28 through
90.65  n=9! from the years 1950 through 1983 as a function of the
mean monthly biomass of Area I I  as shown in Fig. 1! . The regres-
sion line departs significantly from a slope of zero. Units on
axes are natural logarithms of the biomass in ml/1000 m

Findings

By early March of 1983 sea surface temperarure  SST! in the South-
ern Cal ifornia bight was systematically wei I above the long-term
seasonal mean, especially nearshore  fig. 7!. But this warming was
even more spectacular in the subsurface waters where anomal ies of
4'C occurred at depths of 50 m or more  fig. 7!. The normal ther-
mocl ine was depressed, and the nearshore  but not offshore! T-S
curves departed very much from normal  fig, 8!. By late March the
thermocl ine was depressed along the entire section from the coast
seaward 300 km  and no doubt farther! wi th 4 C anorral ies at 70 m
offshore, a core of water 8 to 10 standard deviations above the
mean at depths of more than 100 m  f ig. 9! . By now the T-S curves
departed from normal almost everywhere, and i t seemed evident that
the area was flooded wi th a large intrusion of anomalously warm but
anomalously fresh water, i.e., there were significant negative
sal inity anomaiies both offshore and nearshore  fig. 10! . Simpson
�984! has attributed these changes in structure to a displacement
shoreward of low-sal ini ty water masses more typical I y found 600 km
or so offshore. Whi le this does exp]a in the deepened thermocl ine
and negative salinity anomaly, this offshore water is thought to
originate from the Subarctic or Transition Zone  Sverdrup et al.,
1942; Dodimead et al., 1963; Reid et al., 1958! . If so, then those
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state. A more complete description including a relaxation phase is
necessary before an analysis of this great natural ecological exper-
iment can yield substantial insight into how a perturbation of this
kind affects the state of the biological system and how, and if the
system returns to its former state.
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Figure 8. Nearshore  90.37! and offshore  90.60! T-S diagrams from
Feb,-Har. data as compared to the historicai �0-yr! mean.

areas must have been anomalously warm as well. This strongly im-
plies that El hlifio '83- is very different from El IiiI30 '57-'59I
because during that event both temperatures and salinities were
anomal ousl y high   fig . 2! .

Although these physical changes were very cfear and large, the bio-
logical response, at this time, was quite modest. The departures
From the historical norms in the shape and depth of the nutricline,
chlorophyll and phaeophytin maxima were not great and probably not
significant. The spring nutricllne normaIly is at depths of about
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section, line 90 for 17-19
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9b. Temperature anom-
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50 m in the offshore sector and tilts upward to depths of less than
20 m very nearshore. But in larch-April 1983 it had deepened con-
siderably  >80 m! offshore while still retaining an onshore upward
slope  fig, 11! . In spite of this structural change, plant abun-
dance was not greatly altered.

Spring chlorophyll in the upper layers  �0 m! is normally high
very near the coast and there is a strong secondary offshore maxi-
mum  fig. 12 and Pelaez-Hudlet, 1984!. In Narch-April of 1983 the
nearshore pattern was normal, but offshore  !90 km! the offshore
maximum had all but disappeared.

The long-term �949-1984! series of macrozooplankton data from line
90 shows that a clear seasonal increase does not begin until April
but is quite strong by Nay  fig. 13! . Presumably such a "bloom" of
macrozooplankton  00 !jm! would depend on the primary productivity
of the previous few months. Zooplankton biomass for 1983 was well
below the long-term monthly means for the area and significantly
less than the long-term monthly medians  fig. 13! . While the non-
seasonal anomalies were negative, they were not the lowest values
recorded for the spring months.

By August 1983 there was a very strong biologicai signal. The
nutricline was quite deep everywhere and sloped downward from a
depth of 75 m nearshore in a very unusua'I pattern as compared to
that of previous years  fig. 14! . The spatial patterns and charac-
teristic c large-scale features of plant biomass were very different
from those of the more normal years. The expected summer pattern,
based on about 20 spatially extensive sampling grids  CalCOFI
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Thus although the spring physical signals were strongly indicative
of rather large changes which appeared to be due to intrusions of
structurally different water masses, the biological response, while
evident, was not great. This, however, changed dramatically by
late suIT6IIer.
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cruises! and an extensive satel I ite, remote-sensing study  Peiaez-
Hudlet, 1984; Guan et al ., I985!, i s the presence of a narrow band
very nearshore, high in surface chlorophyll, typical ly about 1 to
2 mg/m' and 10 to 15 km in width, a second zone about 100 km wide
wi th low surface values of about 0.25 to 0,5 mg/m and then a broad
offshore maximum about 100 km wide wi th sun face values similar to
those of the narrow, coastal strip. Beneath this coastal, surface
feature is a wider, subsurface maximum. The broad offshore surface
feature has a subsurface secondary maximum. Both the surface and
subsurface maxima are spatially separated by an ol igotrophic zone
 fig. 15! . During the summer of 1983 this picture was greatly
al tered. Surface values of chlorophyl } were very low everywhere
 �.16 mg/m ! on 1 ine 90, but the subsurface maximum persi sted.
This maximum, however, was deeper than normal and coincided with
the top of the nutricline, Judging from our monthly series cf mea-
surements, this transition from the early spring  Harch! situation
to that of midsummer  August! was not gradual but happened rather
suddenly sometime in July. Thus the broad offshore band that occu-
pies most of the photic zone and is so evident in both maps and
satellite pictures from normal years disappeared in the summer of
1983 and was replaced by a deep, subsurface maximum that extended
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over most of the section. This situation persisted until  at
least! December 1983  fig. 16! . This biolobical "response" lagged
far behind the original physical signals but developed rapidly once
some critical point was reached.

By late summer the pycnocline and nutricline depth, gradient and
slope became "stuck" in the August position, and the chlorophyll
and zooplankton patterns followed suit, There were very few
changes in any of these properties for the next four months, a
season when we normally expect a shift to winter conditions.

Discussion

This is a brief account of the onset of E I Niilo in the Southern
Cal ifornia bight as observed from a single, rather short, line of
stations. Although we have evidence that variations in properties
measured at these stations are representative of a much larger
area, the lack of greater spatial coverage is clearly a disadvan-
tage. We do not, of course, have much evidence for the coherence
of our line 90 data with the California Current north of Pt.
Conception or south of Pta. Descanso, Baja California. But it is
clear from a large number of sources that this El NiBo was wide-
spread along the entire Pacific coast of North America, that it
had a very large spatial component.

Beginnilng In January of 1984 seven spatially extensive CaICQFI
cruises  SIO Refs. 84-18, 84-23, 84-25, 84-30, 1984; SIO Ref, 85-1,
1985! were done, and in 1985 a new quarterly time series on lines
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By midsummer the macrozooplankton biomass was greatly reduced.
There was a depression of the normal summer bloom  fig. 13! and the
offshore maximum  Bernal and McGowan, 1982!, that coincides so well
with the offshore chlorophyll high, was totally missing  fig. 17!.
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Each point represents the mean of five to nine stations on line
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medians  open circles! . The dashed line connects the monthly
means  open triangles! . Arrows point to the overall median �32!
and mean �86! . The 1983 and 1984 data are marked by squares.
Vertical bars show the 954 confidence limits of the median.

77, 80, 83, 87, 90, and 93 was begun. These cruises should provide
the data necessary to describe the relaxation phase of El Nitio and
a return to normal conditions in the California Current. Taken
together with the 1983 results, described here, we should have a
set of data and samples which will allow an analysis of the effects

178



IVOR AUGUST 83
65 60 55 53 45 42 37 35 32 30 28

100

Li "--�

HISTORICAL MEAN
 JUL, AUG, SEPT!

60 53 45 39 32 33 32 26

500
E

Z I-
Q.4J
o 0

1 00

200

g Jf
Figure 14. Nitrate concentra-

tions mg-at/m along line 90
in Aug. 1983 as compared to
the historical summer mean.

500 J

of a major perturbation on a large, complex but wel I known  or at
least wel 1 measured! pelagic ecosystem. Episodic ''perturbations"
are thought to be one of the ma in organizing forces for ecosystems
 Hol I ing, 1973; Hay, 1976; Paine and Levin, 1981!, but there i s
very little observational information on this subject or even spec-
ulation on the magnitude and direction of perturbation necessary to
cause a reorganization or reorientation of the system. The 1984
and 1985 data have not as yet been analyzed to the degree necessary
for use in such a study but should be helpful in testing these
theoretical expectations.

The main attributes of El Nino 1983 were a pronounced deepening of
the thermocline, the timing of which differed inshore and offshore,
accompanied by  or preceded by! a significant warming of the mixed
layer. While it is tempting to attribute this to an intensifica-
tion of water transport from the south, the presence of water of
anomalously low salinity throughout our section, and presumably the
entire bight, argues against this. Simpson �984! has suggested
that this relatively fresh water nea rshore i ndicates an onshore
intrusion of the offshore California Current low-salinity "core."
One might have expected to see the larger nutrient loads and plant
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and animal biomass normally associated with such water �ernaI and
HcGowan, 1981; Chelton et al., 1982!. However, this did not occur;
instead, all nutrient concentrations were extremely low in the
euphotic zone, the plant biomass was spatially redistributed and
zooplankton biomass reached record lows for the 30-year history of
measu rement. If intrusions, transport and/or advection of waters
normally found well to the south or west was responsible for these
changes, then their Flora and fauna, especially their plankton,
should give us some hint of this, since southern water and western
water do dif'fer in species list and relative abundances. If, on
the other hand, the west coast CI IIIFlo was primarily an in situ
phenomenon  i.e. local heat exchange problem!, then we should
expect little or no change in the planktonic biota. The local
indigenous species may have decreased, increased, changed domi-
nance structure or undergone other in situ changes due entirely to
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local forcing . On the other hand, intrusions of exotic water from
the south or west should bring planktonic flora and fauna which are
also exotic, The invasions of the bight by tuna, marlin and ot.her
warm-water fish are uncertain indicators of such water movement
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because of the great mobility and relatively sophisticated
behavior of these and other nekton.

Since Sector Il of the California Current normally has a mixed
fauna with northern, southern and western species present, the
determination of an intrusion by use of indicator species will
depend on our ability to detect a significant change in propor-
tionss. Although this may be difficult, it is an important point .
The issues are twofold: whether or not there was an intrusion,
and whether the disturbance or perturbation forced a change in
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local biolog ical "state variables''  Hol I ing, 1973! or merely repre-
sents a shift in biogeographical species boundaries that might
accompany an intrusion.
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