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Seabird—fishery trophic
s nteractions in eastern Pacific
boundary currents: California and

1 Peru

1. Abstract

The nature of seabird~fishery trophic interactions is

investigated by comparative and simulation studies. Peru
.nd California have very similar fish communities. but the
<eabird communities are less similar, The relationship be-
aween seabirds and fisheries cannot be considered outside
the context of natural patterns of forage availability. The
forage base (s characterized by extreme vartability, sertal
correlation over years, geographic expansion and contrac-
Gon with changes in abundance, and species replicement |
events. El Nino presents specia reproductive ind survival
problems to Peruvian seabirds. Seabird impact on tish
abundance may have been significant in Peru, but is prob-
ably small in California, Fishertes mav reduce food availabil-
ity to seabirds with subsequent decrease in reproductive
success. A simulation model suggests that a variable fo il
supply results in variable seabird abundance. Fishieries may
reduce tood to levels below those necessary o sUstain
seabird populations, but patteras ot decline may easily be
misinterpreted due to long trends of population inerease
and decrease.

2. Résumé

{'auteur examine la nature des interactions trophu-
(ues existant entre les oiseaux de mer et fia pi‘*vlw par cles
étucles comparatives et sitntilées. Le Pérou et fa Calitornie
comptent des communautes cle poissons LHEs VOISINES, (¢ (Ui
n'est pas le cas pour celles des oseaux de mer. 1l estimpos-
sible d'étudlier t:r;tppm‘t entre les oiseaux de mer et ke
péche sins tenir compte des modes de distribution naturels
et de la disponibilité de la nourriture, La source de nourti-
ture se caractérise par une extreme varinbilité, une corvéla-
tion périodigue au Ol des ans, une expansion et une con-
traction géographiques sclon ley Auctuations dabondance et
certains cas de remplacement d'especes, {.¢ courant Kl Nino
pose des problémes de reproduction et e survie speciales
ment chez les oiseaux de mer péruviens. La predation des
oiseaux de mer peut avoir eu un etfet important sur
I'abondance du poisson au Pérou, mais ¢t ettet est pro-
babletment modeste en Californie. En revanche, i peche
peut réduire la disponibilité de nourriture pour les otseaux
de mer suivie d'une baisse de la réussite de b reproduction.
L'application d'un modele de sitnulation révele quun |
approvisionnement de nourtittire variable entraine des
fluctuations d'abondance chez lev viseaux de mer. La péche
peut réduire la disponibilité de nourriture i des niveaux
Inférieurs A ceux nécessaires pour soutenir les populations

by Alec D. MacCall | :
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Loiseaux de mer, nais les courbes de dechin des populitions
peuvent étre facilement il IREeTpretces d canse des en-
dances 2 long terme daugimentation et de bitisse des
populations. |

3. Introduction

Fisheries can perturb rophic relationsinps man
ceoNystem Lo an extent far exceeding the stope of con-
ventional ecological experiments. Honever, nterpretation
of fishery eftects is very ditficult due to Lk of repheanon o
experimental control. Two methods of contronting these |
problems are comparative studlies and simudition model-
ling. Comparison of fisheries andd components of ecosvstems
may aidd ouy understanding of those entitivs to the extent
that they are similar. but the consequetices of ther dif-
ferences must also be recognized. Sinmulstion mocdetling s a

compiementirs tool of great potential. especially 1t supr

ported by sound empiricd basis of matural history, The
model may grossty simphty tishery and coosvstent cont- |
ponents, but the range of possibilities withan that rodel can
be fully explored by means of perfectiy replivated and |
contyolled "t.'w:pt'l'ilnt‘n{t" THest two approa hes are used
here o CNInIne seabird--fishery Ijt'ialiil tllﬁiliph in southern
Californid and Peru. |

4.1, Fastern boundary currents

southerts Galiforam is strongh mtluenced by the
Calitornia Current, which is one ot four SHITAIREEVT
currents in the workl, The other thiee ol these “eastern
boundary currents are the Peru urrent, the Canany
Carrent. and the Benguela Current ott southwest A
These currents are sinlar m i respets, both phivsical
and biological. They represent the castein fimbs of magor
oceanic gyvres,and are characterized by awide and mead
erately stow equatorward How. Characteristioably the nea-

shore vegions of these currents aie sites of coastal upwellng,

whoreby witid parterns combime with the etieviy of the
carth's rotation to cause deep cold. putrient-rich water 1o be
brought to the surtace as large plumes. The npwelled water
often supports high primiary procduction of phvtoplankton.
with subsequent secondary production of «coplirtkton. |
These in turn supportan abundance of higher predators
«ich as fish and squid, and tinally Lirger fishes, matine
mammals, and seabirds, Usetul reviews of castern boundary
current characteristics are given by Bakun and Parrish
(1980, and Woaoster and Reid (1963). The California
Current has been the most thoroughly statied exaunple,
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and is reviewed by Hickey (1979) and by Reid et al. (1958).
Upwelling itself is the subject of a recent symposium edited
by Richards (1981),

3.2, Species assemblages

Eastern boundary currents are characterized by re-
matkably consistent assemblages of pelagic tishes (Table 1).
As pointed out by Bakun and Parrish (1980), this similarity
suggests that the environmental processes which determine
the reproductive success of these fishes are similar as well.
Except for the hake (Merluccius spp.) and in some cases the
larger jack mackerel (Trachurus spp.), all of the fishes in
Table I tend to be the object of surface tisheries utilizing
purse-seine technology. The collapse of the fishery for each
of these surface fishes has occurred in at least one of the
tour current systems (see Clark 1977, Murphy 1977, New-
man and Crawford 1980, Troadec et al. 1980, Radovich
1981). The reason tor these collapses has tended to be
excessive growth of fishing capacity combined with extreme
natural variability of the resource. The latter subject will be
~discussed in the following section.

The assemblages of guano-producing scabirds
breeding in eastern boundarv current areas also tend to be
siintar, although not as similar as assemblages of fishes.

- Seabirds are particularly influenced by the quality of breed-
ing sites, which may explain the paucity of species breeding
‘n the Canary Current. The assemblages in the two areas in
the southern hemisphere bear the greatest similarity, in that
they share penguins and sulids (boobies and gannets). The
Calitornia Current lacks these two groups, but teatures a
large assemblage of alcids (auks, puffins, murres, guille-
mots) whicli closely pavallel the penguins in many respects
(Storer 1960). Pelicans are abundant off California and
Peru, but the spectes vesiding off South Africa seems to have
atfinity for freshwater fishes rather than for coastal pelagic
fishes (Burger and Cooper, this volume). Cormorants are
perlaps the quintessential guano bivd, the name itself being
associated with the Guanay Cormorant (Phalacrocorax
Dougamuilier ot Peru. Although the dominant cormorants
. off Peru and South Africa feed mainly on pelagic fishes,
those ott Calitornia feed more on fishes associated with the.
bottom (Amlev et af. 1981). In addition to the species listed
in Table 1, gulls and terns (Laridae), shearwaters (Pro-
cellarndae). and storm petrels (Hydrobatidae) commonly
are assoclated with eastern boundary currents, as well as
many other coastal habitats. Although seabirds would seem
to be more geographically mobile than fishes, the fish
assemblages are more consistent among the eastern bound-
ary CUrrent svstems. ,

- The preceding discussion has purposcfully excluded
oftshore archipelagoes. The Canary Islands . .:d the Galapa-
gos Islands are similarly situated at offshore ¢nd equator-
ward ends of their respective currents, Botl «are rich in

Table | . |
Comparnison of pelagic fish species in three major eastern boundary
currents (from Bakun and Parnish 1980) )

California Peru South Africa
Anchovy Engraulss mordax E. ningens E. rapensis
Sardine Sardinops sagax S. sagax §. ocellatus
Jack mackerel  Trachurus symmeltricus T. symmetricus T, trachurus
True' mackerel  Scomber juponicus 3. juponicus 3. japornicus
Bonito Sarda chiliensis §. chiliesisis S. sarda
Hake . Mer{uceius productus M. gayt M. capensis
137

tropical and open-occan seabirds, but are not likely to be
impacted by coastal pelagic fisheries due to their relative

isolation from the mainland.

4,  The forage base

The remainder of this paper will focus on Peru and
southern California. In these systems only the anchovy is
small enough to be a universal forage item for seabirds.
However, younger individuals of the other surface species
appear in seabird diets, and of course larger seabirds can
consume larger prey, Clupeoids (anchovy and sardine) are
the dominant forage items, and the following discussion will
treat the variability of these species as well as their inter-

relationships.
4.]1. Temporal variability

The northern anchovy (Engraulis mordax) otf Califor-
nia has been monitored closely since 1950 by the California
Cooperative Oceanic Fisheries Investigations (CalCOFI)
even though a substantial commercial fishery for it did not
develop until the mid 1960s. The dynamics of the stock
have been sufficiently studied so that satistactory population
models have been developed (Huppert ¢f al. 1980, MacCall
1980q). The anchovy stock has shown large fluctuations in
the 30 years it has been monitored by CalCOF1, but the
nature of its probable variability is better demonstrated by
time segment from a long-term simulation model (Fig. ).

The anchovy simulation model is described by Hup-
pert ¢t al, (1980). Simulated “actual” abundances ate gener-
ated by random variability about the historical stock-stock
relationship of CalCOFI anchovy abundance estimates.
Simulated “observed” abundances include another random
variable representing relative measurement error. The sim-
ulation includes effects of fishery harvest, which is governed
by a quota of one-third of the excess over one million metric
tons “observed’ hiomass.

Two properties of this time-series are especially
important. The first property is extreme variability in
abundance: simulated biomass varies over a 30-fold range
from smallest to largest values in this segment of the
simulation. Actual estimates of anchovy abundance off
California increased 30-told from 1952 to 1965 (MacCall
1980a), suggesting that the simulation model may even be
conservative in its variability, MacCall showed the long-term
vartability of anchovy abundance by means of probability
distributions (Fig. 2), which suggest that abundance is
approximately log-normally distributed over time.

The second property of anchovy abundance is its
year-to~year serial correlation. Huppert et al. (1980) ex-
amined the serial-correlation propertizs of the simulation
model, and found sequential biomasses to have a correlation
coetficient (r) of about 0.6. Abundant years tend to be
followed by abundant years and scarce years tend to be
followed by scarce years. Approximately 40% (%) of the
variance in abundance can be explained by the previous
year’s abundance, and indeed this is very near the annual
survival rate of anchovy biomass, which is about 45%
(MacCall 1980q).

The Peruvian anchoveta (Engraulis ringens) also
appears to be quite variable in abundance, but the extent of
that variability is not clear, The anchoveta sustained adult

biomasses of 10-25 mitlion metric tons despite intense
harvesting during the 1960s. However, after the collapse of
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§ g also appear Lo : : , , .
& recruitment in the California sardine to be highly variable,

the resource in the early 1970s, biomasses have fluctuated
% petween 2.5 and 6 million metric tons under greatly re-
2 Juced fishing pressure (T'sukayama and Alvarez 1980,

% 1981),

Sardine (Sardinops sagax) stocks in Peru and Califor-
he volatile, MacCall (1979) showed

'y

serjally correlated, and to show little compensatory fer capita
crease at depressed stock sizes. Sardines in Peru increased
from negligible abundances during the decade of the
.nchoveta fishery to a large fishery in the early 1980,

19. Geographic variability

As Murphy (1977) points out, clupeoid fish stocks
typically expand andl contract with changes in abundance.
For example, the range of the northern anchovy oft Calitor-
mia. as indicated by the occurrence of larvae, expanded
from 1952 to 1965 (Fig. 3). Asa result of this expansion, the
density of anchovies spawning in the nearshore region ot
«wuthern California changed relatively little with respect to
overall abundance. Similar patterns have been observed in
Peru, where the anchoveta has contracted into local pockets
along the coast, and sardines have expanded otfshore
(Santander 1980, 1981),

In view of the tendency of the torage bhase to expind
nd contract, location may be an important factor in pro-
ductivity and stability of seabird colonies. Colonies located
near the centre of the fish stock will tend to hitve atnore
constant food supply than will colonies located toward the

Figure 1
Sirmnulated time series of “actual” and “observed” notthern anchovs
sbundance (from Huppert et al. 1980). Dashed line is “ohserved ™ abun-

dance below which fishery quota is zero. Sce texd for detatls
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periphery. Examples of this geographic aspect of scabird -

fishery interactions are provided by the ( ulifornia sardine
fishery, which contracted southward into southern Califor-
nia during the mid 1940s (Murphy 1960). Ainley and Lewis

(1974) have smcula‘l'ed that the larger seabirds breeding at

the Farallon Islands near San Francisco were severely
impacted by the disappearance of sardines. Unfortunately,.

seabird activity at the Farallon [slands was not consistently

Figure 2 | | | | -
Long-term probishility distritniinns for observed northern an oy
abundance under two levels of exploitanon Hrom Mo (ol JsUa):

iy Cnfished: 11 Quota of one-third of the observed adult Bross o

excess of one million metsi tofis (cf Fag. 1)
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Geographic distribution and abundance of northern anchovy larvae at two
tevels of stock abundance (from Kramer and Ahlstrom 1968}
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monitored until recently. A somewhat better case can be
made for the Brown Pelican, (Pelecanus occidentalis caltforna-

"~ cus) which has sporadically nested at Point Lobos, near
Monterev (Fig. 4). Baldrvidge (1973) has compiled a fairly
continuous history of pelican breeding activity at that loca-
tion since 1933, Pelican nesting activity, reproductive ettort,
and success roughly coincide with local sardine abundance
as indicated by central California sardine fishery harvests.

~ Although the sardine fishery continued for several years in
southern California, the 1944-45 season was the last pros-
perous vear for both the Monterey sardine fishery and the
Point Lobos pelican colony. Notably, an extreme warming
of the waters off California occurred during 1957-60, the
so-called “warm water” period. The southern California
sardine fishery briefly improved during these years, and
~many marine organisms extended their ranges northward
(Radovich 1960, 1961). The pelican breeding attempts at

~ Point Lobos during the late 1950s were probably associated
with this warm period. The very poor success of the nesting
activity was most likely due to the combination ot DD'T
pesticide contamination (Anderson et a/. 1975) and in-
sufficient forage. Keith (1978) has shown that these two
factors combine synergistically to severely reduce reproduc-
tive success. |
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4.3.  Anchovy-sardine relationship

The decline of the California sardine population was
followed by a large increase in anchovy abundance in

‘southern California and to a lesser extent in central Califor-

nia. Murphy (1966) interpreted these trends as competitive
replacement, and on the basis-of goodness-of-tit, Silliman
(1969) claimed to have used these data to substantiate the
Lotka-Volterra competition theory. On the other hand,
evidence of sardines and anchovy abundance from scale
deposition rates in anaerobic sediments of a southern
California basin indicated that the two species have varied
similarly, rather than inversely, over the past 150 years
(Soutar and Isaacs 1974). Reviews of the anchovy—sardine
replacement hypothesis are given by Daan (1980) and
MacCail (1980a). |

The recent decline of anchoveta and increase of
sardine in Peru has tended to strengthen the idea of
replacement as a characteristic phenomenon among
clupeoid fishes. Still, the mechanisms cuusing these changes
have not been determined. Both anchovies and sardines are
filter feeders, and cannibalism of their own eggs and larvae
is probably the main density-dependent mechanism regulat-
ing their abundance {MacCall 19806). If these two fishes
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Figure 4
Brown Pelican reproductive activity at Point Lobos (Baldridge 1973) i

celation to central California surdine catch (Murphy 1966} and toval adult
surdine biomass (Murphy 1966, MacCall 1979). Symbols: N = nests,

g = broods, Y = young, + = some activity, 0 = no activity, * = no
observations made
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inhabit the same arca, they are certain 1o also be predators
on each other's spawning products. Given the refatively tow
degree of compensation in the stock-recruitment rela-
tionships of these fishes, interspecitic predation rather than
competition is probably the mechanism governing thetw
interaction. Such a mechanism would be expected to result
in a relatively unstable relationship betweer the two hishes,
Differential responses to exogenous influences stchas
environmental variability and selective fisheries may further
destabilize the relationship.

Given the slow response time characterist ic of
anchovy-sardine replacement events. seabirds and other
predators may not benefit trom the relative stability usuiliy
attributed to a diverse forage base. However, the seddi-
mentary scale record of Soutar and Isaacs (1974) suggests
that maintenance of sardine—anchovy diversity may be a
viable management objective. Sardine scitles were present 1)
all but one 5-year time segments in the [40) years up to 1950,
but in only one segment in the 20 vears following 1950, By
reducing fishing pressure on either species when its abun-
dance is low, fishery managesment should be able to main-
tain both species in at least moderate abundances, and by
doing so, reduce the response time for replacement when
conditions are favournbg.

Anchovy~sardine replacement evems Jtave now
occurred in both California and Peru. In both cases. the
sardine-dominated system apparently has been centered
poleward of the anchovy-dominated system. In California,
the sardine fishery was largest in central California, and

extended as tar north as British Columbas Murphs U660
whereas the ﬂm'htn'}* stocks have heen mos abundant
southern and Baja California (kg 3, I the Peravian case.

the anchoveta fishery was largestin northeand central

Peru, but the recent sarddine fishery has extended to south-
ern Peru and northern Chile (G Sharp, FAQ, Rome, pers.
comin.). A similar }mlﬂw;lrrl shitt in Perusian fish produe

tion. aithough of unknown speaes composition, his beens
indicated for early historie tines (Hutchinson 1950, poAay:

11 is also noteworthy that the vather utpr aductine
region south of Pisco Bav.as fut south as lquique
Ji.e. southern Perul. seeins from the 1bth to the early
10th centuries 1o have been regatrded as o more:
i portant source of guano than the central Peravian
coast . . . . Fheonly reasonable, though admittedls
speculative, expluition of the decline of snpottance
of the southern islands . . . s that minan changes i
che dominant hydrographic patteri have occurred,
rending to alter the dist rilnition of the centers of
abundant tish. . - |

kvidence of sardine abundamee duringg a period consistent
with Hutchinson's speculations could be looked torin
Peruvian anaerobic sediments. DeV ries and Peares (1TO82:
Fig. 9 found isolated sardine scales in central Peruvian
coastal sediments at depths indicative of the above penod.

1 46)



Further investigation of Peruvian and Chilean coastal dry
lakes by the methods of Goodman (1972), might elucidate
the nature of these biogeographic shifts.

14.  ElNimo

1 Nino is an oceanic condition which reaches a
unique extreme in Peru. During El Nino the Peru Current
episodically weakens, upwelling weakens, and the coast is
flooded with warm, nutrient-poor water. A similar but less

intense phenomenon occurs in other eastern boundary

currents. Mechanisims and physical oceanography of El
Nino are disenssed by Quinn ef al. (1978), and biological
etfects are discussed by Idyll (1973), Valdivia (1978), and
Cushing (1981). Biological effects can be severe: reduced
primary productivity may lead to fish die-ofts, and ul-
Lirmately to extensive mortality of seabirds, a characteristic

sign of EINifo. Ashmole (197 1) observes that compared to
*that of and birds, the lite tible for seabirds is charactenized

by low reproductive rate and high survivorship. Dufty
(1480} speculates that the high food availability punctuated
by severe shortages during El Nino give Peruvian seabirds
i unusual lite table with higli l‘(f[)l‘{'l('llf,li's-'é rate and low
strvivorship. | |

Fl Nino events can be seen in the history of Peruvian
guano production and/or guano-bird abundance (Fig. 5). As
Fdvit (1973). Dutty (1980), and others have observed, El
Nino-related population declines have been more sevete
stnce the mitiation of the anchoveta fishery, and population
recoveries have beén weak. This decrease in the resilience of

~ the Peruvian guano birds appears to be the result of the

fishery having reduced the availabiliy of forage, both
through a general reduction in anchoveta abundance, andd

“through direct competition for available surface schools.

Hutchinson (195%:373) and Murphy (1954) have
suggested that a nutrient gradient may exist in waters
around guano islands, fertilizing the area, and eventually
enhanemg local fish abundance. This speculation takes on
arester potential when El Nino conditions are considered.
The Peruvian coast 1s normally lacking in raintall, but
during El Nitio the coust may become subject to tropica

~ downpours which have been termed “disastrous™ to the

Figure 5

Peruvian guano bird abundance estimated {rom guano production, an-
Giovera abundance, andocourrence of El Nino i Peru (moditied from
Dutty 1980, anchoveta abundance from Tsukayama and Alvarez 1980,
1981} -
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guano industry (Murphy 1954), due to large amounts of
guano washed into the sea. This local nutrient enrichment
could be substantial under the nutrient-poor conditions of
El Nifio, and any attraction of fish would undoubtedly
improve the foraging prospects of the seabirds inhabiting
the islands, and might improve survival conditions for the
fish as well. Both Hutchinson (1950) and Murphy (1954}
remark that guario birds tend to retain their feces until they
return to their island (although no actual evidence was
given). This has usually been interpreted as contributing to
improved nestitg substrate, but it might also contribute to
long-term forage stability and increased survivorship
through the forage enhancing mechanism hypothesized
above, Although this hypothesis is admittecly speculative, it
could be experimentally tested by maintaining a specitied
minimum guano thickness on selected islands, such that the
full effect of local enrichment could be observed during El
Nifo events (of course, fishing activity in the arvea would
have to be restricted). Geochemical analysis, combined with
past rainfall patterns could produce an estimate of optimal
guano thickness, so that harvest of the excess could con-
tinue. It would indeed be ironic if overharvesting by the
guano industry contributed to the collapse of the Peruvian
anchoveta fishery! |

5. Fishery-seabird dynamics

'The topic of fishery-seabird dynamics includes two
fairly distinct topics: the influence of seabirds on the fishery,

and the influence of the fishery on seabirds. Some aspects of

these relationships have been qualitatively touched upon in
the preceding discussion. The remainder of this paper will
attempt to examirie these relationships quantitatively,

5.1, Impact on the fishery

Furness (this volume) has reported that seabirds in
sevetal ecosystems may cot:sume 20 to 30% of local annual
pelagic fish production, This represents a potentially large
increased fishery catch if numbers of birds were to be
reduced. Calculations of this sort have been made for the
Peruvian anchoveta fishery by Schaefer (1970), who treated
the guano birds as a competing fishing fleet. Schaeter
estimated that the early-fishery (i.e, 1960-63) bird popula-
tion1 of 16 million may have consumed about 2.5 million

“metric tons of anchoveta per year, or about one-third the

amount of the fishery. Jordan (1967) also estimated the
early-fishery anchovy consumption by birds to have been
between 1.8 and 2.8 million metric tons annually. ‘This
consumption rate corresponds to 28% of the initial abun-
dance of anchoveta. This level of fish consumption is likely
t0 have bad an effect on forage abundance, and may have
been a contributing factor regulating pre-fishery bird
abundance, As the anchoveta fishery expanded and the bird

populations declined, anchoveta harvest shifted directly

from the birds and associated guano industry to the fishery.
Cushing (1981) has performed similar calculations
for the quantity of anchoveta in the incoming or “recruit-
ing" age group consumed by the seabirds, Again, the fishery
catch effectively replaced anchoveta consumption by the
declining seabird population. Cushing assumes the birds to
have eaten mainly smaller anchoveta in the recruiting age
group. This assumption is consistent with Jordan (1967)
who notes that the birds consumed somewhat smaller fish
than were taken by the fishery. Cushing (1981) concludes
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'hat the change in seabird consumption of recruits distorted
the apparent anchoveta stock-recruitment relationship,
giving a false appearance of being dome-shaped.
Consumption of fish by seabirs inhabiting the Cali-
fornia Current has not been fully calculated, Wiens and
seott (1975) modelled the seabird—forage relationships oft
Oregon, and concluded that the birds may consume as

much as 22% ot the local annual production of pelagic
tohes. A large fraction of the total consumption was attrib-
ated to the numerous SO0ty Shearwaters (Puffinus griseus)
that pass along the Oregon coast during their migrations. A
motre ambitious attempt at calculating overall seabird con-
sumption of forage in the Calitornia Current was made by
Green (1978). Lacking precise estimates of seabird abun-
dance or forage requirements, Greet arrived at a tentative
otal seabird forage consumption ot 9496 000 - 630000 t per
vear, with 140000 — 380000 t of that being small pelagic
schooling fishes such as anchovy. T'his "educated guess”
corresponds to less than 10% of vecent anchiovy biomass.,
leading to the conclusion that seabirds probably are not a
major source of anchovy mortality in the Californa Cut-
rent. Seabirds also consume large amounts of juventle
rockfish (Sebastes spp.) but impact o thiat resource his not
been quantified (Ainley o al, 1981).

59, Impact on the seabirds

Fishery impacts on seabird populanons, presutnably
through trophic interactions rather than direct mortahty,
have been inferred for Peru (Schaeter 1970, Anot. 1971,
Duffy 1980), and tor South Africa (Crawford and Shelton
1978, Burger and Cooper, this volume). Although it has
long been accepted that seabird reproductive success is
sensitive (o food availability (e.g. Ashmole 197 1), this
relationship has been ditficult to demonstrate directly, due
o lack of long sets of observations and difticulty inin-
dependently measuring food availability, Hunt and Butler
(1980) have shown reproductive responses o sonthern
California anchovy abundance in Western Coulls (Larus.
occidentalis) and in Xantus’ Murrelets (Endomychurd
hypoleuca). Anderson ef al. (1982) have shown that Brown
Pelican fledging rates in southern Cahifornia vary with
anchovy availability. In Peru. fledging rates of guano birds
during the intense fishery. 196671, were half the level
observed during the early fishery, 196063 (Anonymous
1974). |

Importantly, reproductive suceess iy not vars

~ smoothly with changes in food availability. Anderson et al

(1982) tound that Brown Pelican fledging rates appear 1o
decrease sharply below a threshold level of anchovy abun-
dance. Using Ringed Turtle Doves (Streptapelia risoria) fed o
satiation as controls, Keith (1978) found that if tood were
limited to 90% of that required tor satiation. production tell
t0 50% of the central level. Production was neat 2e10 for
birds restricted to 70% of the food required for satition. It
such a threshold response is common in seabirds, eftects of
lowered forage availability may be very difficult to predict
unless the threshold level has been crossed and observed.
Animal populations are usually assumed to have
some compensatory mechanistn so that reproductive rates
tend to increase as & response to lowered abundance. Such
mechanisms are poorly documented for seabirds. Ashmole
(1971) lists several likely mechanisms, but quantitative datie
are generally lacking. Again, withou knowledge of com-
pensatory capacity we cannot assess the resilience of seabird

populations to lowered k od availability and possible con-
sequently lowered bird abundance. S

53. A simulation model

I view of our lack of knowledge regarding the
mechanisins reguliting seabird reproduction and abun-
dance. it is difficult to predict the effects that particular
fisheries may have on particular seabird colontes. However,
there is enough informatiofi to constitict it sitmple simula-
tion of a hypothetical tishery-seabird interaction. Tothe
extent that the COMpONCNt Processes are Teast mable models,
the “predictions” of the simulation model man provide
useful insight into the hkely nature of actual fishers <seabird
interactions. . | | |

The simulation smodel is intended to mim finbiand
seabird dymamics. exemplitied by the anchovy and the
Brown Pelican in southern Californg The model emplovs
several functional suh-models representing components
such as age structure, reproducton. andd tood supply. These
subemocdels are arbitzary: choices ol Functions and parane
eter valtes are subjective, Somie parameter values arecon-
strained by others due to midthematical necessiny,

The lite table of the mode! seabitd tas aconstan
survivorship schedule, but vartible per copita veprodui ion
(). The Leshie matrix. which approxinies that of the
California Brown Pelican (see Anderson and Crress FIRG) s
as follows: L | ~

0 { 1) I
5 - e e

— 0.7% -

——l]——— eyl

sy g . . el m—t ] A

As is shown by the right-hand colamn, nuturiey s achieved
a1 age four vears. Subadults make no reproductive ¢ ontribu-
don. Al adults experience the same sur notsiup and repio-
ductive SULeesy, (hyere s no F XTI e constunint, but the
average remaining hite span af i adult s Hvears, Buds are
censused at the time of fledging, aid adult abundanee o
Hhat time is considered equivident to the number that

attempted breeding.

The per capita reproductive rute s determmned by
R = fiF)giN). where I deiotes a tundtion ol food asanbabil-
ity and g\ denotes a Canetion of bird populationsize. 1o
etfect, the function g\ determines the s jussible
per capiti reproductive cate averaged over all adulis tord
given population qize. and the function fTF) detes rrntres whi
portion ot that potential maxamum is 1ealized due to the
constraint of food supply. Note that per capita reprodu Licin
(here termed “repr WALCTIVE SLCCas ) IS equivalent to the
number of otfspring Hedged pey breeding pan.

Two arhitrary functions, ong fprear and one non-
Linear. were used to moded the etfect of densiy o popula-
tion size: both were calibrated to provide a replaceent les el
of reproductive SUeTess § | 071 a1 a population si/e (\yol
OO0 sdults, given antimited tood availabiliny, and 1o pro-
vide a mazimum reproduciiye sueeess (et o} all breedimg
birds. including survival to age one) of approxinately 1.7
Hear zero density (Fig, 6. The parameter. vihues choser

142



4q-tm-“—-—ru-|'-r—--—r— A |

here are arbitrary; no special significance should be
“attached to them. The linear model was as follows:

a(\) = 1.70 — 0.00063N if 0 < N < 2698 and
g\) = 0if N = 2698 '

The latter constraint is necessary Lo prevent negative repro-
ductive success. The non-linear model was in the torm of a
“reversed” logistic curve (Fig. 6):

gN) = 1721 + EXP (0.00394N — 4.44)]

This shape of curve was chosep for two reasots. First,
Murray (1979), Fowler (1981), and others have argued that
many higher organistus, such as large matnmals and birds

tend ta show density-dependent effects mainly at high

- population levels (close to carrying capacity), Second, 1t 18
unlikely that reproductive success would actually approach
zero tor populations in excess of carrying capacity, rather it
should simply fall progressively farther below replacement.

The function used to model the effect of tood

availability must have a lower bound of zero, an upper
bound ot umty, and be capable of showing a threshold

‘response at intermediate food levels, Again, a logistic func-
tion has these qualities (Fig. 7):

) = LOL + EXP (- 4.39225 FIW))

“where Fis a measure of food availability, scaled so that a
value of & = O gives f(F) = 0.5, Parameter W controls the
steepness of the threshold, so that it W= 1, f(F) rises trom
0.1 to 0.9 over the interval F=] = 0.5, 0.5], a “width” ot one
Cunitof F. Values of W=0.5 and W =2 reduce or expand the
width of the threshold accordingly, while the centre of the
response curve remains at f=40. |
Food availability is modelled as a serially correlated,

normally distributed random variable with unit vartance

(Fig. 7). This simulates the approximately normal probabil-
ity clistribution and temporal structure seen in log-
wransformed anchovy abundance from previous models
(Fig. 2). Serial correlation was obtained by use of the
recursion algorithm (Yevdjevich 1966),
e —— e S R S —
Figure 6 | | -
Alternative linear and non-linear models for maximum average reprodue-
tive suceess (function gev), see text). Suceess is equivalent to the number of
oftspring fledged per breeding pair
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where F, is log food availability in year ¢, p, is serial

correlation coefficient, and 7, is an independent normal
N(0,1) random number for each year. This tood-availability
model does not specity whether a single-species or a multi.
ple-species forage-base is represented. Both cases should
behave similarly, except that a multiple-species forage-base
may have a relatively smaller variance. It is unnecessary to

. consider a range of variances in the model food supply

because equivalent effects can be obtained by varyin
the threshold steepness or “width” parameter W in the
function f(F).

This model of food availability has a mean value of
zero, The effect of changes in mean food supply. perhaps
due to fishery or other impact, is modelled by adding an
appropriate constant. For example, because £71s in
logarithmic units, halving of the average food availability
can be simulated by adding log,. (0.5) = - 0.69.

The model is implemented with an initial equilib-
FIUm pﬂpulatiun structure of 535, 268, 187, and 1000 for
ages one, two, three, and adult respectively. As a result,
random variability is not seen in the adult abundance until
4 years have elapeed, Due to the high survival rate of adults.
the initial abund. - e of adults may influence results tor
decades, especial,  the initial abundance is far from the
eventual equilibrivsds

The simulation model was used in two ways. The
first way was to follow the time-course of adult bird abun-
dance starting with initial conditions, giving a qualitative
impression of patterns and trends. The second way was to
determine probability distributions at long-term equilib-
rium. In the latter case, the simulation was run for 500 years

M
Figure 7

Upper diagram: Food availability thresholtd (W = 1) for relative reproduc-
tive suceess (function f(4), see text), Horizontal dashed lines are 0.1 and

0.9 levels. Lower diagram: Probability distributions of relative food
availability (o_= 1), Right probability curve represents possible virgin
distribution (= 1), left probability curve represents possible distribution
under exploitation (#=10.37). Note thit food availability is arbitrary
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0 establish equilibrium before monitoring the results. Al
qmulations used the same series of random numbers ().

h.4. Simulation reaults

This model was designed to investigate the fun-
5 damental question of how seabird abundance may vary as d
% function of characteristics of seabird food supply. Although

Figure8 - ‘ |
gimulated time-series of seabird abundance tor two levels of serial

correlation (p.} in food availability ¢=1, W=10=1, son-linear repro-
duction model)

1,500

NUMBER OF ADULTS

©
<
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the mean level of food availability is probably thie most
important factor, the variance and serial correlation of the
tood supply afso impact the bivd poptelistion.

As described earlier, serial correlation isa measure of
similarity of food availability in successive vears, The efted
of serial correfation of the food supply cn be veen 1
comparative population trajectovies (Fig. 8). Increased serial
correlation preserves the overall pattern, but the excursions
to high and fow fevels of ahundance become more severe.
The equilibrium probabiity distributions (Fig. 9) show that
the bird population varies only moderately about the mean
for a serially uncorrelated food supply, but in the present
of serial correlution there are occasional exCUPSIons to
near-extinction. 1he long-term mean abuindancet is only
slightly affected by serial corvelation. as the magnitude and
dutation of excursions to high and low abundance nearh
balance. |

T'he effect of variance in tood supply has surpri-
singly similar effects to those of serial correlation (Fig. 1)
High variance (equivident to a very sharp threshold) gener-
ates high population variability, whereas low variance en-
ables the population to remain near men abundince,
Again, the effect of increased population vartability is only
a slight lowering of long-terai meat abundance. The above
simulations were for a mean food abundance centred at the
mid-threshold level. Cleatly, the eftective variance ins bird
response will decrease s the meatt food abundance moves
above or below this threshold level. In etfect. the birds will
more consistently be successful or unsuccesstul, I asharp
threshold response to food availability is 10 be expected for
seabirds, these results indicate that its delineation 1s very
important to predicting fishery impucts.

.
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Figure 9 | - | ‘ -
Long-term prulmhililv distributions of simulated seabizd abundatice for
three levels of seriad correlation, (p,) in food qvailabiitv =L W= La =1,
non-linear reproduction model). The arrow ndic ates mean ghundanee
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Figure 10 .

Long-term probability distributions of simulated seabird abundance tor
three threshold sensitivities (widths) to food availability F=1,0 =1,

p2. = (1.5, non-linear reproduction model). The arrow indicates mean

- abundance | '
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Variance and serial correlation of the food supply

appear to have little eftect on the long-term mean bird
“abundance, however the mean food supply itself has the
anticipated relationship to mean bird abundance. Mean
bird abundance declines as mean food availability declines
(Fig. 11), but there is an unexpectedly sudden drop in mean
bird abundance near the critical food level causing extine-
tion. This sharp drop is more severe for the non-linear
maodel than the linear model, apparently due to the non-

linear response having exhausted its compensatory capacity
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near the virgin level (see Fowler 1981). On an arithmetic

scale, the drop is more precipitous than on the logarithmic
food-availability scale of Figure 11.

The virgin level of food abundance is defined only
relativelv in this model. Several possibilities can be ex-

amined. In terms of fishery impact, it is useful to assume

that a "well-managed” fishery will reduc= fish availability to
about one-half its unexploited level. In the face of such a
fishery impact, the bird population will survive if the
unexploited food level is above about 1.4 relative units
(Fig. 11), assuming no serial correlation of food supply.
This result suggests that those seabird populations showing
sporadic reproductive success under pre-fishery conditions
may be severely impacted by a fishery on their food
supplies. Unfortunately, many seabirds outside of Peru
seem to fall into this category.

Although it is clear from Figure 11 that the model
seabird can exist on a mean relative food availability of 1.0,
but will become extinct on a mean food supply of 0.5, this
fuct would not immediately be clear from an abundance
monitoring program, I simulated an example based on
120 years of seabird abundances for these two mean food
levels and an initially pristine bird population: the patterns
obtained were disturbingly similar (Fig. 12). Because of higl
serial correlation, the true long-term trend tends to be
masked by prolonged variability at intermediate time scales
of decades. In both cases there would be apparent cause tor
alarm during the first 20 years of the fishery, but the birds
would stage an apparent recovery due to a more tavourable
environment over the subsequent 30 years, From abun-
dance alone, it would not be apparent for over 60 years
whether the population is viable. Prediction of tishery
impact will require detailed studies of seabird population
dynamics as well as improved fishery models, Unfortunately
the long trends in seabird and fish populations assoctated
with high serial correlations indicate that short-term studies
are likely to miss upper or lower ranges of abundances
which may be important to understanding long-term
dynarmnics.

Many modifications of this simple model are pos-
sible, and until most of the reasonable cases have been
examined, it would be unwise to attempt broad generaliza-
tions. It is not within the scope of this paper to attempt such
a complete investigation, Other life tables have not been
considered here because it would be difficult to establish a
simple standard of comparison. Higher adult survival rates
would require lower average reproductive success to main-
tain comparable population levels. However, the natutre of
such a change is easy to anticipate. In this model, bird
abundance behaves as a moving average of fish availabslhity,

with exponentially declining weights. Higher strvival would

increase the span of time over which averaging occurs, and
would tend to decrease the variability of seabird abundance.
Simulation modelling of a Peruvian seabird popula-
tion may require three modifications. The probability dis-
tribution of the food supply should reflect sudden declines
typical of El Nifio; this pattern is not well modelied by the
simple serial correlation algorithm used here. Also, preda-
tion pressure from the seabirds themselves might modity
the availability of food. Finally, the life table would have to
contain variable survival rates, perhaps dependent on food
availability, to reflect the mortality that occurs during El

Nifo events. These investigations are beyond the scope of
the present paper.
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Figure 11 | . |
Long-term mean simulated seabird abundance in relation to mean food

availability (£ for two alternative reproduction models (W=1,0=1,
p,=0.5, non-linear reproduction model)
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6. Conclusion

The relationship between seabird abundance and
fishery activity cannot be considered outside the context ot
natural patterns of torage avathibility, Those patterns e
superticially similar in Calitornz and Peru, but Perus
different in two important, interrelated respects. In the
“bsence of an intense fishery, forage availability is much
higher in Peru, but the episodic accurrence of K Nino
causes more severe shortages than are observed in Cabtor-
nia. Because of these difterences, the potential impacts of
fisheries on seabird abundance are not necessartly compr-
ble. The California and Peruvian fisheries are likely to
impact the life table and regulatory mechanisms of the
seabirds in ditferent ways.

As more details of seabird life history and population
dynamics become known, it may be possible 1o constiuet
more useful models of seabird—tishery relationships. Also,
improved models of the erratic temporal and geographic
behaviour of the fish resources should improve the utilitv ot
seabird-fishery interaction models. The present attempt
velies on an overly simple *black box” represertation of
these important components. ‘Fhe results of this exercse are
suggestive, but should not be taken without reservation: vet
the indication that seabirds may be slow in overall popua-
lioh respohise, but very sensitive (o chronic forage depletion,
should be considered in the determination ot optimum
fishery yields, The long lite span of seabirdy may allow
sufficient time to gain understanding ot trophic interactions.
so that appropriate action tay be ttken before speciesare
actually endangered by prolonged reproductive difficulties.
The developed countries are showing increased concern for
maintaining the diversity of species in the mttutal environ-
ment. Let us hope that this trend reflects a movement
toward human cultural maturity rather than a passing
luxury allowed by inexpensive fuel and relatively abundant

food.

Figure 12 | S

Simulated time-series of seabird abundance toy two levels of mean lood

avatlability (= mean food, W = Lo=1,p. =05 non-hnca eproduetion

moddel)
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