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Surplus production, variability, and climate change
in the great sardine and anchovy fisheries

Larry D. Jacobson, Jose A.A. De Oliveira, Manuel Barange,

Miguel A. Cisneros-Mata, Roberto Félix-Uraga, John R. Hunter, Jin Yeong Kim,
Yasunobu Matsuura, Miguel Niquen, Carmela Porteiro, Brian Rothschild,
Ramiro P. Sanchez, Rodolfo Serra, Andres Uriarte, and Tokio Wada

Abstract: We used fishery and survey data to calculate annual surplus production (ASP) and instantaneous surplus
production rates (ISPR) for eight anchovy and nine sardine stocks. In addition, we calculated ASP per unit spawning
area for six anchovy and six sardine stocks. Median ASP was highest for stocks with highest median biomass (mostly
anchovies), and ASP was typically about 16% of stock biomass. ASP was often negative, more frequently for
anchovies (36% of years) than for sardines (17% of years). ISPR was less variable for sardines and autocorrelated for
longer-lived stocks (mostly sardines). Strong biomass increases tended to be preceded by short, abrupt increases in
ISPR, and declines were pronounced when catches exceeded ASP for 5 years or more. The longest “runs” of positive
and negative production were 21 and 4 years for sardine off Japan, 10 and 3 years for sardine off California, 8 and 2
years for anchovy off Peru, and 4 and 3 years for anchovy off California. ISPR is more sensitive to environmental
changes than catch, biomass, or ASP and appear to be better for identifying environmentally induced regime shifts.
Long time series show evidence of density-dependent effects on ASP in anchovies and sardines, but environmentally
induced variation appears to dominate.

Résumé: Des statistiques de péche et des données d’'inventaire nous ont servi a calculer la production excédentaire
annuelle (ASP) et les taux instantanés de production excédentaire (ISPR) chez huit stocks d’anchois et neuf stocks de
sardines. De plus, nous avons calculé 'ASP par unité de surface de frayére chez six stocks d’anchois et six stocks de
sardines. LASP moyen est maximal chez les stocks qui possedent la plus grande biomasse médiane (surtout des an-
chois) et correspond normalement a environ 16% de la biomasse du stock. L'ASP est souvent négative, plus souvent
chez les anchois (36% des années) que chez les sardines (17% des années). L'ISPR est moins variable chez les sardi-
nes et est autocorrelé chez les stocks a longévité plus grande (surtout des sardines). Les augmentations importantes de
biomasse sont normalement précédées d’'une croissance abrupte de I'|SPR; lorsque les prises dépassent 'ASP pour
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5 ans ou plus,liy a un déclin prononcé. Les plus longues « séquences » de production positive et négative ont été
respectivement de 21 et 4 années pour les sardines au large du Japon, de 10 et 3 années pour les sardines au large de
la Californie, de 8 et 2 années pour les anchois au large du Pérou et de 4 et 3 années pour les anchois au large de la
Californie. Les ISPR est plus sensible aux changements de I'environnement que ne le sont les captures, la biomasse ou
I’ASP et semblent étre plus appropriés pour détecter les changements de régime dus a I'environnement. Les longues
séries temporelles laissent croire a I'existence d’'effets de densité-dépendance sur I'ASP chez les anchois et les sardi
nes, mais la variation attribuable a I'’environnement semble dominer.

[Traduit par la Rédaction]

which include marine mammals, birds, and other fish
(Hunter and Alheit 1995). Small pelagic species provide a

Annual surplus production (ASP) is biological production large fraction of the total global catch of marine fish and
in excess of the amount required, when no fishing occurs, t§UPPOrt some of the largest individual fisheries in the world
maintain the same stock biomass level at the beginning ofiunter and Alheit 1995). Dramatic changes in ASP and
consecutive years (Ricker 1975). ASP is the net result of rePiomass due to recruitment variability, rapid somatic
cruitment, somatic growth, and mortality. It can be expresse@owth, and high mortality rates are characteristic of small
as the product of stock biomass and the rate of ASP per unRelagic fish, particularly with fishing. Thus, ASP is useful in
biomass. The rate may be density independent (constant ovB}e study of responses of anchovy and sardine stocks-to en
time or variable due to environmental factors only), densityvironmental change, such as regime shifts. We define re
dependent (variable due to stock biomass), or both. gimes as periods of high and low surplus production rates

ASP is a fundamental variable in fishery science and-fish (seg below) associated with decadal-scale variability in the
eries management. Maximum sustained yield (MSY) is- pro €nvironment (Trenberth 1990; Lluch-Belda et al. 1992;
portional to maximum ASP (i.e.5MSY = ASP,,, see Schwartzlose et al. 1999). _
below). In any year, catches larger than ABPéduce stock ~ 1he main purpose of this paper is to measure and charac-
biomass, while smaller catches increase stock biomass. |rize variability in ASP and ASP rates for anchovy
ASP is negative, then stock biomass will decline, even witl(Engraulis spp.) and sardine stock$4rdinops Sardinella
no catch. Thus, ASP is important when managers seek tBndSardinaspp.) around the world and to evaluate them as
optimize economic benefits from a fishery, adjust harves® Way to detect regime shifts (Lluch-Belda et al. 1989,
levels to attain biomass targets, prevent overfishing, or re1992). We hypothesize that ASP rates are more sensitive
build overfished stocks. than other population indicators and therefore more effective

According to the theory of density dependence (e.g.!n identifying regime shifts. Our research was part of a plan
Schaefer 1957), and neglecting environmental effects, fish¢oordinated by the Small Pelagic Fish and Climate Change
ing reduces stock biomass but increases the rate of produfSPACC) Program of the Global Ocean Ecosystem Dynam-
tion per unit biomass because of reduced competition folcS (GLOBEC) Program, with the ultimate objective of un-
food and habitat, removal of older, slow-growing individu- derstanding and predicting climate-induced changes in the
als, and other factors. If the increased rate of productioPreduction of small pelagic fish around the world.

exceeds the proportional reduction in biomass, then ASP for

the stock as a whole increases, and vice versa. ASP is ze[aterials and methods

at the theoretical extremes when biomass is zero (but the

production rate is maximum) and at carrying capacity when ASP was calculated for annual periods (years, usually calendar
stock biomass is high (but the production rate is zero). [Y&ars orf July—June fishing years) used by managers in assessments

theory, maximum ASP occurs at an intermediate biomasuir each stock. We restricted analyses to fish ages 1 and older (ages
X +) because anchovies and sardines spawn and recruit throughout

Ie\I/eI_ thar':_ dedpen(_js (;)n thg shape ?]f thde spaV\Ilperf—_rEr:](_:r e year (Blaxter and Hunter 1982) and recruitment is complete by

relationship, density-dependent growth and mortality, fis Ingage 1. Our calculations exclude ASP by age-0 fish (see below). All

mortality rates by age and size, and other factors,oduction calculations and biomass and catch data are in units of

(Sissenwine and Shepherd 1987). Density-dependent effegtsdy weight.

on ASP are important because fishing reduces stock biomass Catch data used in this analysis were official estimates of total

and keeps the engine of production “turned on.” Wada andatch in weight (all ages) less an estimate of the catch weight of

Jacobson (1998) suggested that density-dependent effects age-0 fish (Table 1). Age-0 fish (young of the current year) are typ

recruitment (an important component of ASP) are typical inically Ies§ than 10% of the total catch weight in most anchovy and

sardines but difficult to measure without many years of datsardine f|§her|es (Table_l). It was not always posslble to deduct the

and mocel that accommotiatc envionmentl variaion. A VMo 8920 I o bfc) coch esmates, hovever,
In contrast with denS|ty-depe.nd(.ant effects, e_nVIronment nclude age-0 fish is a positive bias proportional to catch weight of

effec'ts on ASP by small pelagl_c fish I'k? sardmes ane an age-0 fish and inversely proportional to production by older fish

chovies are often more dramatic, even in short time Se”eﬁAppendix A).

(e.g., Barnes et al. 1992), because most small pelagic fish As described above, ASP is defined as the change in stoek bio

are short-lived and planktivorous (Hunter and Alheit 1995).mass from one year to the next with no fishing. ASP by a single
Small pelagic fish are major components of large marinecohort (age group) in an unfished stock is

ecosystems where they may affect the population dynamic? N

of their planktivorous prey and predators (Cury et al. 2000), 1) Ra = Buiann~ Ba

Introduction
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ning of yeart. The asterisk is for the special case of no fishing-dur (6)
ing yeart. ASP by a cohort in a fished stock depends on catch as B
with units per year. ISPR measures the net rate of somatic growth,

well as biomass:
(2) F’t'a1 = Bt+1,a+1_ Bt,a+5t,acna rei:ruitment,' and r)atgral mortality. Y\Flith no fishing ir_l yesr
w1 = BePy; with fishing, B, = BePt~"t whereF, is the instan

where C,, is catch weight and, , converts catches to units of taneous fishing mortality rate (Appendix B summarizes the-rela
equivalent population biomass at the beginning of the next yeationships amongp;, F;, and C). In either case, ASP s
(MacCall 1978; Opsomer and Conrad 1994) to account for losseR = B(ePt—1).
and gains due to natural mortality and growth that would have oc  ISPR calculations for anchovies and sardines are useful because
curred if the catch had not been taken. For simplicity, it is assumedhey help distinguish between effects on ASP due to changes in
that the fishery operates continuously throughout the year (MacCalitock biomassB, and changes in the rate of production per unit
1978), although most anchovy and sardine fisheries are seasonal.biomass (measured ly). That is, ISPR calculations convert esti

In some cases, age-specific estimates of abundance and catofates of gross ASP (which vary among stocks due to overall stock
were not available (e.g., Jacobson et al. 1994). We therefore-modsize) to instantaneous “per capita” measures that can, like instanta

whereB, , is the biomass of the cohort at ageand at the begin | |:pt + 3}
pr=1IN| ———

fied eq. 2 to approximate ASP for ages 1+: neous fishing mortality rates, be compared for stocks of different
_ size. The logarithm in eq. 6 makes distributions of annual instanta
(3) R=B,-B+3C neous rates more symmetrical and easier to compare. Other mea

_ ) sures, such as production per unit biomaBgR,), are similar to
where$ was an average (see below) adjustment factor, assumepR. We also calculated production per unit spawning grea
constant over time. We considered using time-dependent catch a¢bt/A[ when estimates of spawning are&)(were available.
justment factors but found too much variability in annual growth 1o minimize the effects of measurement and estimation errors in
beginning of yeatt + 1 (part of B,;) was counted as production periso et al. 1996), we used mediai@{y,) to measure the central
during yeart. _ _ _ tendency of estimates. We used 10% and 90% quantidgs,(and

The adjustment factdy was an approximate weighted average: Q) to measure range and the difference between the median and
A 84% quantiles, = (Qgao — Qs000 as @ “robust” measure of standard
26 S deviation. The robust statistic was analogous to traditional standard
g ara deviation values because, for the normal distributi@Qgye, is 1 SD

(4) d=%%—— to the right of the mean.
C
32:1 2 Data
Biomass estimates were available for eight anchovy stocks

whereC, was proportional to age-specific catch weight per recruit(Engraulis spp.) (Table 1). Catch data were available for all an-
at average fishing mortality rates (see below). Based on a quadrat@ovy stocks with the exception of two almost unexploited stocks
regression model for the results in table 1 of MacCall (1978) (withOff Northern Patagonia and Uruguay — Buenos Aires (Table 1).
F = 0.5-year"), age-specific adjustment factors wedg,= 0.999 — Biomass anc{ catch data were available fqr nine epr0|ted.sard|ne
0.52%, + 0.089%2 whereK, = M — G, was the difference between Stocks @Gardinops spp., Sardinella brasiliensis and Sardina
instantaneous rates for natural mortality)(and growth G,) (see  Pilchardug (Table 1). _ _ _
below). We used the best available information for each stock in surplus
Average instantaneous growth rates w8e= In(W,,;/w,) with prpdu_ctlon calculatlons._Dependlng on advice fr_om t_he respons_lble
weights at agew,) from a von Bertalanffy curve (Ricker 1975). scientists, the type of biomass estimate, and situation, we omitted

We used a single von Bertalanffy growth curve to smooth the data/P to five of the most recent biomass estimates because recent esti

; ficial biomass statistics for ages 0+ were adjusted by subtracting
The term used to computein eq. 4 was the biomass of age-0 fish. Biomass estimates $orsagaxoff
~ E 5 northern Chile and southern Peru began at age 2, and we back-
() Ca= fa(l— e )Ba calculated biomass of younger age groups assuming natural mor
Zq tality with no fishing. As described above, catch weights of age-0

- _ _ ) . fish were deducted from official catch records where possible (Ta
whereZ, = F, + M - G, and F, was the average fishing mortality p)e 1).

rate for agea from stock assessment work (constant for all ages
when age-specific estimates were not available). In our calculations,
5a was approximately proportional to age-specific catch weight pelResults
recruit at average fishing mortality rates because
Natural mortality ratesNl) assumed in stock assessment
_ work for stocks in our study ranged from 0.8 to 1.2-yéar

a-1

B, = ego ' (with Z, = 0) (median 1.1-yeat) for anchovies and from 0.3 to 0.96-y&ar
(median 0.51-yedy for sardines (Table 1). For most stocks,
was proportional to age-specific biomass per recruit. average adjustment factors for catd) ere large enough
to affect production calculations. They ranged from 0.61 to
Summary statistics 0.78 (median 0.67) for anchovies and from 0.76 to 1.03-(me

To make comparisons among stocks and species, we calculatéfian 0.85) for sqrdines (Table 1). .
ASP (in kilotonnes per year), as described above, as well as the in Natural mortality rates and average adjustment factors for
stantaneous surplus production rate (ISPR): catch data were highly correlated (Fig. 1). This could be ex

© 2001 NRC Canada



epeued DHN TO0C @

7681

Table 1. Anchovy and sardine stocks and stock areas, years with biomass estimates (at the time of the analysis), years with production estimates usgyl mathislst
mortality rates 1) from stock assessments, average catch adjustment faétprar(d average percentage (by weight) of age-0 fish in catches.

Years with Years with
biomass estimates production estimates
Stock and stock area (first year—last year)  (first year—last yearN)) M (year?) 5 Age-0 fish in catch
Anchovies
Engraulis anchoita(N. Patagonid) 1993-1995 1993-1994 (2) 11 na na
E. anchoita(Uruguay — Buenos Aire8)  1993-1995 1993-1994 (2) 11 na na
E. capensigSouth Africal 1985-1995 1985-1994 (10) 1.2 0.62 Substantial; no adjustments
E. encrasicolugBay of Biscayy 1987-1995 1987-1993 (7) 1.2 0.61 Range 1-22%; mean 7%; adjusted
E. japonica(Japand' 1978-1997 1978-1996 (19) Mean 1.1 0.77 Range 2-40%; mean 15%; adjusted
E. mordax(Californiaf 1953-1995 1953-1990 (38) 0.8 0.71 Mean probably <10%; no adjustments
E. ringens(N. Chile — S. Perd) 1984-1993 1984-1990 (7) 1.0 0.61 range 0-12%; mean 4%; adjusted
E. ringens(Peru} 1962-1993 1962-1989 (28) Mean 0.92 0.78 Range 0-33%; mean 8%; adjusted
Sardines
Sardinops melanostictudapan 1951-1995 1951-1991 (41) 0.4 0.92 Range 0-20%; mean 5% during 1978-1999;
pre-1978 unknown; no adjustments
S. melanostictugSouth Kored) 1971-1996 1971-1992 (22) 0.51 0.85 Range 0-22%; mean 3%; adjusted
S. sagax(South Africa)
1988-1996 1988-1993 (6) 0.6 0.85 Substantial; no adjustments
S. sagax(N. Chile — S. Perd) 1974-1993 1974-1988 (15) 0.3 0.94 Zero; no adjustments
S. sagax(California}’ 1932-1996 1932-1961, 1983-1992 (40) 0.4 0.83 Mean probably <10%; no adjustments
S. sagaxGulf of California) 1972-1989 1972-1984 (13) 0.7 0.86 Range 0-3%; mean 1%; no adjustments
S. sagaXMagdalena Bay) 1981-1996 1981-1992 (12) 0.7 0.76 Range 0-28%; mean 5%; adjusted
Sardina pilchardug(Iberian Peninsuld) 1976-1996 1976-1994 (19) 0.33 1.03 Zero; no adjustments
Sardinella brasiliensigBrazil) 1977-1992 1977-1988 (12) 0.96 0.71 <1%; no adjustments

Note: na, not applicable.

#Sanchez et al. (1996).

PButterworth et al. (1993).

“International Council for the Exploration of the Sea (1996).

YHayashi (1961).

€Jacobson et al. (1994), Jacobson et al. (1995), and Methot (1989).

'Unpublished estimates (Japanese data from T. Wada, NRIFS, Japan; Chile and Peru data from R. Serra, IFOP, Chile; Korea data from J.Y. Kim, NRREa;Ssatth Africa data from
J. De Oliveira, MCM, South Africa; Iberian Peninsula data from A. Uriarte, AZTI, Spain).

9%Wada and Jacobson (1998).

"Barnes et al. (1997) and Deriso et al. (1996).

iCisneros-Mata et al. (1995).

IFélix-Uraga et al. (1996).

“Cergole (1995).
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Fig. 1. Average catch adjustment facto) (sed in production Fig. 2. Median ASP and median stock biomass for anchovy
calculations and natural mortality rates used in stock assessmen(solid circles) and sardine (open squares) stocks. Median produc
for sardines (open squares) and anchovies (solid circles). tion values near 2000 kt are f&. encrasicolugnorthern
11 Patagonia stock) anH. capensiff South Africa.
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Table 2. Median biomass and median production estimates for anchovy and sardine stocks.

Stock and stock area Median biomass (kt) Median production (kt)

Anchovies
Engraulis anchoita(N. Patagonia) 2105 -211
E. anchoita(Uruguay — Buenos Aires) 2339 390
E. capensigSouth Africa) 2050 -230
E. encrasicolugBay of Biscay) 94 9
E. japanica(Japan) 91 34
E. mordax(California) 547 -1
E. ringens(N. Chile — S. Peru) 2274 507
E. ringens(Peru) 8238 1412

Sardines
Sardinops melanostictugdapan) 237 12
S. melanostictugSouth Korea) 3880 794
S. sagax(South Africa) 172 74
S. sagax(N. Chile — S. Peru) 8549 1346
S. sagaxCalifornia) 224 21
S. sagaxGulf of California) 202 106
S. sagaxMagdalena Bay) 41 7
Sardina pilcharduglberian Peninsula) 617 146
Sardinella brasiliensigBrazil) 412 31

pected because age-specific adjustment factrsn(eq. 4) chovy stock was based on only 3 years of biomass estimates
were computed as a function of natural mortality rate (segTable 1). Larger sample sizes would likely give higher-esti
above). However, based on our results, the linear regressianates of median ASP for both stocks.
modeld = 1.05 — 0.3581 (R? = 78%,n = 15) would suffice Years of negative ISPR and ASP were common, pafticu
to approximate average correction factéror any sardine larly for anchovies, reflecting the possibility of declines in
or anchovy stock. biomass, even in the absence of fishing. ISPR (and ASP)
Median ASP was highest for stocks with high medianbio were negative in 36% of yeara € 113 for all years and all
mass, although South African and northern Patagonian arstocks) for anchovies and 17% of years< 180) for sar
chovy stocks had relatively low median ASP levels (Table 2;dines (Table 3). For individual anchovy and sardine stocks,
Fig. 2). The correlation between median ASP and mediathe percentage of years with negative ASP and ISPR ranged
biomass was 0.91. A linear regression equati®fpg., = from 14 to 60% for anchovies and from 0 to 33% for-sar
0.16B,cqian (forced through the origin) suggests that ASP isdines.
typically about 16% of biomass in exploited anchovy and For anchovies, median ISPR (all years and all stocks) was
sardine stocks. Stocks with the highest biomass were mostl§.14 and the robust measure of standard deviationoyas
anchovies. The relatively low median ASP for South African0.52 (Table 3). For sardines, median ISPR was 0.18rd
anchovy was due to a declining biomass trend during 19858.28. Production rates in consecutive years (Table 3; Fig. 3)
1994, and the median ASP for the northern Patagonian arwere positively correlated for long-lived stocks with low nat

© 2001 NRC Canada
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Table 3.ISPR (year!) summary statistics.

% negative Lag 1 auto

Stock and stock area Q10% Median Qoo  Qoows — Qo O years correlation

Anchovies
Engraulis anchoita(N. Patagonia) na -0.11 na na na 50 na
E. anchoita(Uruguay — Buenos Aires) na 0.20 na na na 50 na
E. capensigSouth Africa) -0.45 -0.07 0.64 1.09 0.42 60 0.07
E. encrasicolugBay of Biscay) -0.20 0.16 0.88 1.09 0.67 43 -0.63
E. japanica(Japan) -0.01 0.41 0.80 0.81 0.74 16 0.27
E. mordax(California) -0.41 0.01 0.76 1.17 0.68 50 -0.12
E. ringens(N. Chile — S. Peru) 0.06 0.27 0.67 0.60 0.66 14 -0.37
E. ringens(Peru) -0.24 0.17 0.66 0.90 0.48 25 0.02
All anchovies -0.37 0.14 0.75 1.12 0.52 36 na

Sardines
Sardinops melanostictugdapan) -0.30 0.10 0.49 0.79 0.48 27 0.54
S. melanostictugSouth Korea) 0.09 0.21 0.42 0.34 0.41 0 0.85
S. sagax(South Africa) 0.11 0.43 0.66 0.55 0.58 0 0.17
S. sagaxN. Chile — S. Peru) 0.07 0.16 0.24 0.17 0.24 0 0.46
S. sagaxCalifornia) -0.15 0.18 0.59 0.74 0.46 33 0.23
S. sagax(Gulf of California) 0.12 0.45 0.80 0.68 0.66 0 0.38
S. sagaxMagdalena Bay) -0.09 0.12 0.63 0.72 0.50 25 0.09
Sardina pilcharduglberian Peninsula) 0.12 0.22 0.30 0.18 0.29 0 0.17
Sardinella brasiliensigBrazil) -0.06 0.08 0.37 0.43 0.28 33 0.16
All sardines —-0.08 0.18 0.51 0.59 0.28 17 na

Note: Q.4 and Qqqy, are the 10 and 90% quantiles aadis a robust measure of standard deviation. na, not applicable.

Fig. 3. Autocorrelation (lag 1 year) in ISPR for anchovies (solid Fig. 4. Qqgo, — Q109 (2 Mmeasure of range) for ISPR and number

circles) and sardines (open squares). of years of production data for sardines (open squares) and an-
chovies (solid circles). The two points with higDgge, — Q100
o values at 8 and 10 years of data are EbrencrasicolugBay of

Biscay) andE. capensigSouth Africa). Data for twdE. anchoita
stocks with only 2 years of production data are excluded.

c
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© 1.8
< ]
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Natural mortality rate (M, ear’ o =
y (M, year™) 021 ® -
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ural mortality rates (mostly sardines) and uncorrelated or
negatively correlated for shorter-lived stocks with high ratu Number of production estimates
ral mortality rates (mostly anchovies).

Long time series two anchovy stocksH. encrasicolusn the Bay of Biscay
About 30 years of data may be required to measure thaith 8 years of production data arte. capensisoff South

full range in ISPR for anchovy and sardine stocks. TheAfrica with 10 years of production data). In the exceptions,

Qoo — Qu00, Values (a measure of range, see above) for twdigh values 0fQqq., — Q100, Were observed despite relatively

sardine stocksS. melanostictusff Japan andS. sagaxoff low numbers of years with production estimates.

California) and two anchovy stockg ( ringensoff Peru and Stocks with at least 28 years of ASP estimates included

E. mordaxoff California) with at least 28 years of produc two anchovy stocks and two sardine stocks. There were 38

tion data were generally higher th&yq,, — Qq00, Values for  years of ASP estimates fdeE. mordaxoff California, 28

stocks with fewer years of production data (Tables 1 and 3years forE. ringensoff Peru, 41 years foS. melanostictus

Fig. 4). However, this generalization did not hold true for off Japan, and 40 years f&. sagaxoff California. We ana
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Fig. 5. Left panels: catch data (open circles), biomass (solid circles), and ASP (solid triangles) estimates. Right panels: ISPR estimates
for (a and b) Japanese sardin®. melanostictys(c and d) Californian sardineS. sagax (e andf) Peruvian anchovye. ringens and
(g and h) Californian anchovyE. mordax
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Fig. 6. Probability distributions of annual ISPR foa)(E. mordax(California), @) E. ringens(Peru), €) S. melanostictugJapan), and
(d) S. sagaxCalifornia). Bar plots are histograms rescaled so that frequencies sum to 1. Smooth lines are nonparametric density esti
mates (Venables and Ripley 1999) based on the same data.
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Table 4. Schaefer surplus production modéls= o B+ pB? fit to biomass B,) and ASP P,) estimates by simple linear regression
forced through the origin.

Stock and stock area Residual df o P for o B P for B Multiple R? (%)
Sardinops melanostictudapan) 39 0.29 0.041 -1.5 x%0 0.10 16
S. sagaxCalifornia) 38 0.28 0.011 -9.2 x 19 0.014 16
Engraulis ringens(Peru) 26 0.46 0.046 -1.4 x 10 0.25 32
E. mordax(California) 36 0.31 0.11 2.3 x 1b 0.052 11

Note: P values test the hypothesis that a parameter was zero.

lyzed the time series of catch data, ASP, ISPR, and biomadikely to be underestimated in some cases because time se
estimates for these stocks in detail. ries began or ended in the middle of a run.

Results for stocks with long time series show that declines Density-dependent relationships between ASP and biomass
in biomass tend to be pronounced whenever catch exceeti¢ere explored by fitting crude Schaefer (1957) surplus pro
ASP for 5 or more years (Fig. 5). Strong biomass increaseguction modelsP, = a.B +BB? to annual production and
and highly productive regimes appear to be preceded bpiomass estimates by linear regression forced through the or
abrupt increases in ISPR. Statistical distributions for ISPRgin (Table 4; Fig. 7). Residuals from regression models for
were skewed with relatively long tails over positive valuessardines were autocorrelated, with runs of years with ASP
and with modes around zero (Fig. 6). higher or lower than predicted by the model (Fig. 7).

Periods with positive ASP and ISPR were longer than pe
riods with negative values (Fig. 5). Consistent with the auto Production per unit spawning area
correlation results (see above), long-term time series plots ASP per unit spawning area was higher for sardines than for
(Fig. 5) of ISPR for sardine stocksS( melanostictusff anchovies. Median ASP per unit of spawning area was 0.66 t-
Japan andS. sagaxoff California) were smoother and less km2.yeat for anchovies (all years and all stocks) and 5.3 t-
variable than for anchovy stock& (ringensoff Peru and km2year® for sardines (Table 5). Median ASP per unit
E. mordaxoff California). The longest “runs” of positive spawning area for individual stocks ranged from —2.3 to 8.7 t-
ASP and ISPR were 21 years f8r melanostictusff Japan, km~2year? for anchovies and from 1.4 to 16 t-kfryear? for
10 years forS. sagaxoff California, 8 years forE. ringens sardines. Median ASP values per unit spawning area for
off Peru, and 4 years foE. mordaxoff California (Fig. 5). E. ringensand S. sagavoff northern Chile and southern Peru
The longest runs of negative ASP and ISPR were 4, 3, 2were relatively high but calculated using spawning area esti
and 3 years (Fig. 5). ASP and ISPR were positive in allmates based on general knowledge about spatial distribution
years for five other sardine stocks, but the time series werduring the spawning season rather than annual ichthyo
shorter €22 years) (Tables 1 and 2). Duration of runs isplankton or acoustic surveys (Table 5).
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Fig. 7. ASP and stock biomass foe) E. mordax(California), @) E. ringens(Peru), €) S. melanostictugJapan), andd) S. sagax
(California). Solid lines are Schaefer surplus production models fit by quadratic linear regression forced through the origin. Broken
lines connect ASP and biomass estimates for consecutive years and the earliest year is identified in each plotSDatsydeoff
California are missing for the years 1962-1982. Some points are obscured due to overlap.
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Table 5. ASP per unit spawning area (1000 kt-yeamt?) for anchovy and sardine stocks.

Stock and stock area n Qio% Median Qoo% Type of spawning area estimate
Anchovies
Engraulis anchoita(N. Patagonid) 2 -3.4 -1.8 -0.060 AIS
E. anchoita(Uruguay — Buenos Aire8) 2 0.62 4.9 9.2 AIS
E. capensigSouth Africaf 10 -16.0 2.3 24.0 AAS, AIS
E. encrasicolugBay of Biscayy 6 -0.28 0.66 3.8 AIS
E. mordax(California) 5 -3.0 —-0.030 11.0 AlS
E. ringens(N. Chile — S. Pert) 7 2.1 8.7 35.0 AD
All anchovies 32 -4.7 0.66 20.0
Sardines
Sardinops melanostictugdapan) 14 -11.0 6.0 18.0 AIS
S. sagaxSouth Africa¥f 6 0.76 3.6 9.1 AAS, AIS
S. sagaxN. Chile — S. Perd) 15 5.0 11.0 21.0 AD
S. sagaxCaliforniayf 7 1.6 2.0 4.0 AIS
Sardina pilcharduglberian Peninsulg) 2 15.0 16.0 16.0 AIS
Sardinella brasiliensigBrazil)® 5 -1.3 1.4 53 AIS
All sardines 49 -1.9 5.3 17.0

Note: Spawning areas were estimated either by annual ichthyoplankton surveys (AIS) or annual acoustic surveys (AAS) or from average distributions
during the spawning season (AD).

#Sanchez et al. (1996).

Barange et al. (1999).

‘Unpublished data (Chile and Peru data from R. Serra, IFOP, Chile; Bay of Biscay and Iberian Peninsula data from A. Uriarte, AZTI, Spain, and
C. Porteiro, Instituto Espafiol de Oceanographia, Spain; Japan data from T. Wada, NRIFS, Japan; Brazil data from Y. Matsuura, Universidade de Sao
Paulo, Brazil).

Fiedler et al. (1986).

*Barnes et al. (1997).
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Table 6. ASP at age over the life span of a hypothetical cohorSofkagaxoff California based on
data from Butler et al. (1993).

Age Annual natural Individual body Cohort Cohort ASP
(years) mortality rate (year) weight (g) number weight (g) (g-year?)
0 13.4 0 1.000 0.0000 0.0810
1 0.4 53 0.00154 0.0810 0.0148
2 0.4 93 0.00103 0.0958 —0.0109
3 0.4 123 0.00069 0.0850 -0.0146
4 0.4 152 0.00046 0.0704 —-0.0176
5 0.4 170 0.00031 0.0528 -0.0126
6 0.4 193 0.00021 0.0402 —-0.0120
7 0.4 202 0.00014 0.0282 —0.0090
8 0.4 205 0.00009 0.0192 —0.0063
9 0.4 205 0.00006 0.0128 —0.0042
10 0.4 205 0.00004 0.0086 —0.0028
11 0.4 205 0.00003 0.0058 —0.0019
12 0.4 205 0.00002 0.0039 —0.0013
13 0.4 205 0.00001 0.0026

Discussion unit of spawning area during the 1993 season, which ex

tended from the beginning of July 1993 to the end of June
A total of eight anchovy and nine sardine stocks were-stud1994.
ied, including populations from the southeast, southwest, and Higher variability in anchovies may be due to shorter life
northeast Atlantic Ocean and the southeast, northeast, a@@an and h|gher natural morta“ty rates that reduce the num-
northwest Pacific Ocean. Results provide a comprehensivger of age-classes in anchovy relative to sardine stocks (e.g.,
overview of the interannual and interdecadal variability inBarange et al. 1999), differences in geographic distribution,
ASP and ISPR for anchovies and sardines around the worlgyr other differences in life history. Higher variability in an-
Medians of annual ASB/ ratios were 0.15 for anchovies chovies has important practical and scientific ramifications.
and 0.20 for sardines. As described ab@vealues were 0.67 Based on available data, fishery managers should recognize
for anchovies and 0.85 for sardines. These results suggest thtagat years with negative ASP occur in both anchovies and
median ASP harvest rates of about 10% for anchovies ansglardines but more commonly in anchovies. In addition, man-
17% for sardines would give increased and decreased sto@gers should expect periods with positive ASP to last longer
biomass levels in the next year with equal probability. How-in sardines than in anchovies. Scientists should recognize
ever, these calculations ignore differences among individuahat differences in life history may make sardine and an-
stocks. The relative benefits of median ASP harvest rate polichovy stocks in the same general area respond differently to
cies are unknown and should be a topic for future researcthe same climatic signal. For example, trends in ISPR for
through simulation. E. mordaxand S. sagaxoff California are not similar. In
Median average adjustment factérfor catch in ASP calcu ~ general, ISPR rates are less variable for sardines than for an
lations (Table 1) were 0.67 for anchovies and 0.85 for sardineghovies, and sardines appear better able to buffer short-term
This suggests thd. t of foregone catch under prevailing condi €nvironmental variability.
tions in anchovy and sardine fisheries would result in 0.67 t of Instantaneous production rates for stocks with long time se
additional anchovy biomass or 0.85 t of additional sardine biories were skewed to the right with a few relatively large values.
mass after 1 year. Increases in biomass due to foregone catSkewed distributions for ISPR with more positive values than
would be in addition to gains from recruitment. negative values would be expected in exploited stocks due to
In the absence of better information, estimates of ASP peflensity dependence. In addition, distributions of ISPR should
unit spawning area for anchovy and sardine stocks may beesemble distributions for recruitment, which are usually
useful in setting management quotas based on annual esfikewed to the right (Hilborn and Walters 1992). In the worst-
mates of spawning area or in estimating the potential yielfase scenario of no recruitment, distributions of ISPR are
of unfished sardine and anchovy stocks based on estimat®9unded below by the sum of instantaneous rates for (negative)
of spawning area. However, it is important to remember thapatural mortality and (positive) somatic growth (i.e., in an un
the spawning area and ASP estimates used in our analysished stockp > -M + G becaus¢ = -M + G + Rand the re
were 1 year out of phase because Spawning in yeesuns cruitment rateR > O) The hard lower bound at-+ G and the
in recruitment of age-1 fish at the beginning of seasen2  absence of a hard upper bound likely contribute to skewed dis
that was recorded as production in seagom 1. Also, tributions in ISPR.
spawning area estimates were usually for periods near the ISPR may be better for identifying the onset of unfavor
peak spawning season that did not coincide in any fixed wable and, particularly, favorable regimes (Luch-Belda et al.
to annual seasons used for productivity calculations. Fol989, 1992; and defined above) than many other measures.
S. sagaxoff California, for example, spawning area data for Estimates of stock biomass are slower in reflecting regime
February—March 1994 were used to estimate productivity peshifts to unfavorable conditions because stock biomass in
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cludes age-classes that may persist for several years- Sini(® t, respectively. In contrast, Wada and Jacobson (1998)
larly, stock biomass may take time to build after the onset odetermined that carrying capacity (aBgsy) changed by a
favorable conditions. ASP estimates respond slowly to fafactor of about 75 following regime shifts in Japanese sar
vorable regime shifts when biomass is low because evedine. Similarly, Jacobson and MacCall (1995) found that
high ISPR gives little ASP under low biomass conditions.B,,sy for California sardine changed from about 270 000 to
Catch data are the least sensitive indicator of regime shiftd800 t when 3-year average temperatures changed by 0.8°C.
because economic factors, policy, and fishery management Based on recruitment success in Japanese sardine and Cal
procedures affect catches. For example, catches may remafornia sardine, Wada and Jacobson (1998) hypothesized that
high after regime shifts from favorable to unfavorable cendi density-dependent effects on recruitment (an important-com
tions, even after biomass falls, because of market demand @onent of production) “typically exist foardinopsspp. but
lack of fishery management or because policies for settingan only be measured using long time series of data with
total allowable catch limits aim to maintain stable catchedarge (thousand fold) changes in abundance.” By analogy
from year to year. with recruitment, we hypothesize that density-dependent ef
ISPR values are more sensitive than other measures, bfficts on ASP and ISPR are best measured, even in long time
sensitivity comes at the cost of more variability. ISPR in anyseries, using relatively complex models that accommodate
particular year during an unfavorable regime may be as higlgnvironmental variability.
as typical values during favorable periods, and vice versa. There are difficulties in using fisheries data to track envi
For example, compare ISPR f&. melanostictusff Japan ronmental changes that are difficult to circumvent and not to
during 1958 when conditions were generally not favorablede ignored. Most time series of production estimates are
with ISPR during 1974-1980 when conditions were genershorter than required (about 30 years) to completely appreci
ally favorable. ISPR is more sensitive and better for identify ate variability. Catch data are often available for longer-peri
ing the timing of regime shifts retrospectively, but severaIO(_jS of time but, as shown above, are relatively insensitive to
years of high or low ISPR might be required to determineclimate change.
whether a regime shift has just taken place. Another disadvantage is that fishery data provide little in-
For example, a shift to favorable regime conditions is evi-formation about ages younger than taken in the fishery (e.g.,
dent in ISPR forS. melanostictusff Japan by 1970 but not ©€99S, larvae, and juveniles). A quick calculation (Table 6)
reflected in biomass and ASP estimates until at least 1979ased on “best” estimates of natural mortality rates and
and not evident in catch data until at least 1976. A shift toStage durations for age-0 fish and weight at age data (all
unfavorable conditions in the same stock was evident in thd/Om tables 2 and 3 in Butler et al. 1993) wilh = 0.4-yeat
ISPR and ASP by 1986 but not evident in biomass estimate!" 8ges 1+ (assumed in stock assessment work) shows that
until at least 1990 and never clearly evident in the catcH SF IS negative for a an unexploited cohort®f sagaoff
data. ForS. sagaoff California, a favorable regime during C@lifornia after age 2 and that the bulk of positive produc-
the 1980s and 1990s is clearly evident in the ISPR estimatin occurs at age 0 (as individuals grow from eggs to stage-
but not evident in biomass, ASP estimates, or catch data. FA}l juveniles at age 1). Thus, ASP in our study due to a
E. ringensoff Peru, a period of unfavorable conditions is ev Strong or weak recruitment of age-1 fish might have resulted
ident in ISPR and ASP estimates for 1970, while catched’om environmental factors during the previous year (while
and biomass were at maximum levels. ISPR increased th'€ cohort was age 0) or 2 years previous (during gameto
near normal levels by 1975, long before stock biomassdenesis). The same calculation shows that the effect of a
catches, and ASP showed substantial increases. Finally, t&/9€ Persistent year-class on ASP is negative after age 2.
period of high biomass and apparently productive conditions
for E. _mordaxoff California during the 1973-1977 was due_ Acknowledgements
to a single year of high production and production rates in
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Appendix B tuting terms for Bf; gives p, = R + G, — Mand

* o F

, , Bi1= :
~ The instantaneous annual surplus production rate (ISPR) The relationship between ISPR,, and catch is given by
is the sum of rates for recruitmerRR], somatic growth@,),  Baranov’s catch equation (Ricker 1975):
and natural mortalityN1). Following MacCall (1978):

_ R, .z
(B1) B,, = BeR*G-M-F (B3) ct_ﬁ(l )R

where F, is the fishing mortality rate. MacCall (1978) -as whereZ, = F, —p,. The adjustment factd¥ converts units of
sumed that recruitment was a seasonal “pulse.” We assumgatch to units of ASP (see above) so t&dt; — B = 5C.

that recruitment is a continuous process (because most sar

dines and anchovies recruit throughout the year), but th@ppendix B references

difference in convention is not important. With no fishing MaccCall, A.D. 1978. A note on production modeling of popula

during yeart: tions with discontinuous reproduction. Calif. Fish Gante;
225-227.
(B2) Bi;=BeR+*&M Ricker, W.E. 1975. Computation and interpretation of biological sta

. . . tistics of fish populations. Bull. Fish. Res. Board Can. No. 191.
As shown aboveB;,; = Beft, wherep, is the ISPR. Substi
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