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Sardines and anchovies are small pelagic fishes that support important commercial

fisheries around the world. This project reviews the inverse cyclic behavior in the

abundance of these two stocks, which is a striking feature in many regions. In

addition, the project used qualitative loop analysis techniques to analyze the

feasible sardine-anchovy model configurations that result in the inverse relationship

between sardines and anchovies. A simple community model was examined that

considers fishing, sardine and anchovy biomass, and food resources for the sardines

and anchovies. First the stability of these model configurations was investigated to

determine the conditions that should be met to stabilize the unstable configurations.

Second, the behavior of the feasible sardine-anchovy model configurations was

examined when fishing was removed from the models. Finally, model

configurations were identified that best represent the sardine-anchovy system in

terms of predicting qualitative changes in the system variables. These best models

define the crucial interactions between sardines and anchovies that require further

studies. Based on the results of the literature review and the ioop analysis a set of

questions was developed and used in interviews with fishers in Oman to investigate

whether the sardines and anchovies in Oman are inversely related. Based on the

survey results and lessons learned from the literature review and loop analysis,

recommendations were developed for further research and management of the
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fisheries in Oman for sardines and anchovies. In systems where the sardines and

anchovies vary inversely in abundance refuge areas for the sardines and anchovies

are very important for maintaining the two fish stocks and their cyclic behavior.

The results from the ioop analysis suggested that interactions between sardines and

anchovies (e.g., competition and amensalism) are not important provided the two

fish populations can regulate themselves by means of their refuge areas. The

expansion and contraction of sardines and anchovies is a function of environment

suitability and long-term shifts in the environmental regime. The study found no

evidence that sardines and anchovies in Oman are inversely related.
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QUALITATIVE ANALYSIS OF SARDINE AND ANCHOVY

OSCILLATIONS AND IMPLICATIONS FOR THE MANAGEMENT OF

THE SARDINE AND ANCHOVY FISHERIES IN OMAN

CHAPTER ONE: INTRODUCTION

INTRODUCTION

The many cases around the world of important fisheries relying on small

shoaling pelagic fish species have captured the interest of hundreds of fisheries

scientist, and managers, e.g., Pacific sardine, Japanese sardine, California sardine

and anchovy, South African sardine, and the Peruvian anchovy (Liuch-Belda et al.

1992, Murphy 1988, Csirke 1988, Kawasaki 1983). The management of these

fisheries is often limited by uncertainties due to poor understanding of stock

expansions and contractions (Shuntov and Vasilkov 1981). For example, the

Pacific sardine (Sardinops sagax) stock sustained a fishery in British Columbia for

nearly 20 years but collapsed in the mid 1940s before new catches in 1950s began

to be reported (Hargreaves et al. 1994, Shuntov and Vasilkov 1981) (see also

Bentley et al. 1996 for the U.S. West Coast sardine population). Fluctuations in the

Japanese sardine (Sardinops melanosticus) also have been observed over the years

(Watanabe et al. 1995, Watanabe et al. 1996; Coppola et al. 1994). In many cases

the collapse of the sardine stocks were accompanied by a build up of anchovies. In

the case of the California Current system it has been shown that this cyclic

behavior has been occurring for the past 1500 years (Baumgartner et al. 1996).

Soutar and Isaacs (1969) first described this when they discovered layered deposits

of sardine-anchovy scales in anaerobic sediments off Santa Barbara, California.

Variation in the number of scales in the sediment indicated periodic changes in the

relative abundance of sardines and anchovies, with sardines most abundant when

anchovies were least abundant, and vice versa.
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The Sultanate of Oman, capital Muscat, is one of the developing countries

in the Middle East that has a rich fishery resource when compared with its

neighbors. The Omani coastline is estimated to be 1700 km with valuable

resources like abalone, lobsters, tunas, kingfish, small pelagic fishes and many

other exploited stocks that substantially contribute to the total income of the

country. Although a few of these fisheries are managed with closed seasons, for

instance the lobster and the abalone fisheries, Oman has also a large number of

marine species, known to be valuable overseas that are not exploited, for example,

sea urchins, sea cucumber, squids, and crabs. Most, if not all, Omani fishermen use

artisanal fishing methods and only operate near shore and never exploit offshore

stocks.

Fisheries for small pelagic fishes, mainly sardines, are among the Omani

fisheries that are not yet managed. There is a need to manage this fishery because

of its importance in the food web and its important contribution to the country's

annual income. In the Muscat region in 1994, excessive landings of sardines

(mostly by artisanal fishermen) were worth 4.2 million Omani Rials (OR), roughly

10.8 million US dollars (Omani Annual Statistical Report 1995), which was 45% of

the total fisheries revenue reported by Muscat region fisheries. Sardine fishermen

in Oman use mostly traditional beach and purse seines, which require little effort

but are rarely deployed far from the beach. Sardines are dried in the sun and used as

fertilizer, as food for cattle and humans, or as bait. Anchovies are utilized similarly

as sardines and are caught mostly by the same fishermen, with the same gear. So

far, Oman has had large catches of sardines but not of anchovies. No studies have

been conducted yet to estimate the biomass of this fish stock and no one has

carefully studied the landings of this fishery. It remains unknown whether the

Omani sardine and anchovy fisheries behave the same as the sardine-anchovy

fisheries elsewhere.
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PROBLEM STATEMENT

The sardine and anchovy stocks often exhibit long term alternating

fluctuations in abundance. The causes of these fluctuations and details of the

processes involved are not well understood. There are many difficulties in studying

sardine-anchovy systems, especially in countries like Oman where the fisheries are

not well developed. How can the Omani sardine-anchovy fishery in particular and

other similar fisheries benefit from the lessons learned from sardine-anchovy

fisheries that have been more thoroughly monitored and studied? Are the sardines

and anchovies stocks in Oman inversely related? What precautions should be taken

to carefully study and manage such fisheries? These are some of the questions

explored in this thesis.

RESEARCH OBJECTIVES

The main objective of the second chapter of this thesis is to review the

inverse cyclic behavior in the abundance of sardines and anchovies. Four sardine

and anchovy systems were examined for this purpose: occurring in California,

Japan, Peru, and South Africa. The review focuses on identifying the processes

involved in expansions and contractions of the two species, the causes of the

fluctuations, and finally, what changes occur with the sardines and anchovies when

they are at high levels versus when they are at low levels.

Using qualitative loop analysis techniques in Chapter Three I identify

feasible sardine-anchovy model configurations, that result in the inverse

relationship between sardine and anchovy, based on a simple community model

that considers fishing, sardine and anchovy biomass, and sardine-anchovy food

resources. I investigate the stability of these model configurations and detennine

the conditions that should be met to stabilize the unstable model configurations.

Second I determine whether the behavior of the feasible sardine-anchovy model
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configurations is altered when fishing is removed from the model. Based on the

two analyses I identify the model configurations that best represents the sardine-

anchovy system in terms of predicting change in the system variables. These

models define the crucial interactions between sardines and anchovies that require

further studies.

In Chapter Four I use the results from earlier chapters and survey of Omani

fishers to investigate whether the sardines and anchovies in Oman are inversely

related or not. Based on the results I develop recommendations about how to

proceed with research, management, and development of fisheries for sardines and

anchovies in Oman.
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CHAPTER TWO: INVERSECYCLIC BEHAVIOUR BETWEEN SARDINE

AND ANCHOVY STOCKS AROUND THE WORLD

INTRODUCTION

Sardines and anchovies, widely used for human consumption, fertilizer and

animal feed, exist in inshore regions with active upwelling systems. Sardine and

anchovy stocks appear in high volumes and colonize a wide geographic range

along the shore. New fisheries are established and old ones revived as stocks

fluctuate. While both commercial and traditional fishers use purse and beach seines

to catch these fish, the near shore distribution of sardines and anchovies supports

more traditional fishers than commercial fishers. This is mostly true with traditional

in the developing countries where fishermen do not have enough money to upgrade

their fishing gear. On the other hand, in developed countries commercial fishers can

benefit more. Because the sardines and anchovies are easy to catch and can be used

in many ways, and because sardines and anchovies stay for a long time before they

disappear, fishers become dependent on the sardines or anchovies. This dependence

leads to the development of new fishing technology such as the use of airplanes to

locate the fish schools, thus reducing the searching time and increasing the fishing

power. Given this dependence, the collapse of a stock usually means the collapse

of the coastal fishing villages as well, and the eventual closing of the fish

processing firms and other businesses.

Sardine and anchovy stocks have been fluctuating in abundance in a cyclic

manner for a very long time. The cyclic alternations in sardine and anchovy

abundance are not limited to one area but have been observed worldwide. The

fluctuations in sardines and anchovies are inversely related; when the sardines are

abundant, the anchovies tend to be at low abundance, and vice versa. Because the

stock collapse or contraction can occur rapidly, the fishers and fish processing

firms often do not have enough time to react and overcome the situation. It is not



clear what triggers sardine or anchovy stocks to increase in abundance and then

contract. The timing of expansion and contraction, the height of the fish stocks

peak, and the lengths of its disappearance are all unpredictable.

The literature suggests various reasons for the phenomenon of alternating

fluctuations between the two fishes. Scientists are divided over whether the

fluctuations are due to heavy fishing, changes in the environment, or both. The

average time for a complete cycle of sardine and anchovy appearance and

disappearance is 30-34 years. Fishing is controlled by market supply and demand

functions, and cannot trigger such long-term phenomena. Excessive fishing and

market supply and demand functions could act to cause temporary fluctuations in

the stocks of the two fish, but management will typically interfere and try to

stabilize the system.

Many scientists have tried to understand the reasons behind the fluctuation

in the sardines and anchovies stocks. One of the accepted hypotheses for the

fluctuation for example is that the fish stock is heavily overfished and as a result it

goes through several recruitment failures and cause it eventually to disappear. The

fluctuations however are so significant in terms of size and duration that heavy

fishing alone cannot explain them (Clark and Man 1955 and Murphy 1960).

Studies of the sardine and anchovy scale deposition in anaerobic sediments indicate

that both populations have fluctuated in an inverse cyclic manner, repeatedly

contracting and expanding for at least 1700 years, long before the existence of any

fishery (Souter and Issacs 1974, Baumgartner et al 1992). This study provides

strong evidence that natural phenomena, rather than human activities cause the

alternations between sardines and anchovies, at least for the California sardine and

anchovy stocks. Radovich (1982) speculated that shift of the Pacific sardines from

fishing grounds might reflect the fluctuation in the landings. This justification

ignores the long-term fluctuation of sardines and does not include anchovies as

well. Perhaps the most accepted hypothesis for the sardine expansion and

contraction is given by Liuch-Belda et al (1991 a). The hypothesis states that the

Pacific sardines during warm periods expand to include wider geographic ranges.
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During cold years sardines retreat to major spawning areas. The hypothesis does

not discuss what triggers the cold versus warm periods and does not relate

anchovies to it.

The cyclic behavior implies that both sardines and anchovies do not

disappear completely. For the cyclic behavior to continue, the contracted species

must continue to exist, but in lower abundance from which it expands to overcome

the current dominant species. As coastal species living particularly in upwelling

zones where the habitat is suitable, their migration is limited to the near shore. The

Japanese sardine, for example, completes its whole life cycle within the coastal

zones. Migration is along the coastline from south to north for feeding and

spawning purposes. The Pacific sardines and northern anchovies are reported also

to migrate along the Pacific shoreline to spawn (Lulch-Belda et al 1989). This life

history feature is inconsistent with the idea that sardines and anchovies migrate far

offshore during periods of apparent low abundance, but then emigrate from

offshore waters when they become abundant again.

The current study, however, is reviewing these studies and relates sardine

and anchovy fluctuations. The objective of this review is to support the author's

proposed hypotheses or theory behind the inverse cyclic behavior between sardines

and anchovies. When a stock contracts, the fish must remain somewhere in the

near shore in a refuge area where it can safely spawn and maintain itself far from

the dominant species. This refuge area is defined as a suitable habitat with optimal

food and environmental conditions where the contracted fish stock can be found all

the year around and persist in spite of the high abundance of the alternate fish.

An event, a natural phenomenon gradually or suddenly occurring, triggers

the contracted fish to expand and the expanded fish to contract. It is important to

understand and study the inverse relationship between sardines and anchovies so

that we can better manage and monitor the fisheries on these species. One way to

understand the sardines and anchovies is to analyze the phenomenon that triggers

their fluctuations.



From a conceptual model for sardine-anchovy alternations, I hypothesize

that when a sardine population contracts the fish retreat to one or more refuge areas

where the stock persists when it is at low abundance (Figure 2.1). An event (Xl)

occurs causing the sardines to expand to high levels and then to spread from their

refuge areas to colonize more areas. Anchovies are affected negatively by this

event (Xl) and are forced to contract to their refuge areas along the coast when

they are at low abundance. For the anchovies to expand again to high levels, event

(Xl) has to relax or another event (X2) has to occur. This event (the relaxation of

event (Xl) or event (X2)) affects the sardines negatively causing them to contract

back to their refuge areas (low levels).

The current chapter reviews four cases of sardine and anchovy fish stocks

fisheries around the world: California, Japan, Peru, and South Africa. My objective

is to compare and contrast the conceptual model hypothesized above with the stock

fluctuations observed in these chosen cases. The review is partly based on sardine

and anchovy landings as indices of abundance. Although fishery landings are a

crude index, their magnitude of change is so enormous that there is little doubt that

most of the change in landings reflects the change in real abundance (Liuch-Belda

etal 1991a).
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Figure 2.1. A conceptual model for the inverse cyclical relationship between
sardine (solid) and anchovy abundance. An event is defined as a natural
phenomenon gradually or suddenly occurs.
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THE CALIFORNIA SARDINE AND ANCHOVY CASE

The California coast is dominated by the California Current which is the

eastern extension of the clockwise flowing North Pacific Subtropical Gyre. The

California Current flows with mean speed of 10 cm s1 generally from the

Columbia River to central Baja California (MacCall, 1986, Hickey 1998). The

California Current is associated with a pattern of wind-driven Ekman transport

directed offshore. Ekman transport is the net mass displacement of water from one

area to another, caused by wind blowing steadily over the surface; the net mass

transport is 90° to the right (in the Northern Hemisphere) of the wind's direction

(Tomczak and Godfrey 1994). The California current upwelling system, caused by

northerly flowing winds from April to September, occurs at the margin of

continental shelf, which is narrow off California, 20 km, while wider off British

Colombia, 46 km (Ware 1992). Major upwelling areas off California are centered

on Cape Mendocino (Bakun et al 1974, Ware 1992) (Figure 2.2). The coastal

upwelling and wind indices off California are 0.36 m3.s1.m1 and 654 m3.s1,

respectively (Cury et a! 1998). The California Current is also associated with

warm eddies that occur in Southern California Bight, south of Point Conception,

called also the Southern California Counter Current (MacCall 1986). When

upwelling decreases in the fall, the northward-flowing California Undercurrent

(Davidson Current) surfaces and carries warm equatorial water inshore (Favorite et

al., 1976; Bottom et aL, 1993).

Two sardine species occur in the California Current system, the Pacific

sardine (Sardinops sagax) and a sub-species, California sardine (Sardinops sagax

caerulea), sometimes referred to as Sardinops caerulea . However, the two

sardines are often considered to be the same species, with the Pacific sardines and

California sardines being synonyms. In the literature some papers refer to

Sardinops caerulea as the Pacific sardine (as in Wolf 1992, among others). In the

FAO synopsis of the Clupeoid species of the world, Sardinops caerulea is indicated



11

to be distributed in the in the Pacific northeast while Sardinops sagax is said to be

in the southeast Pacific. I found that Sardinops sagax is more often used in the

literature of the northeast Pacific. Ahistrom (1960) indicated that S. sagax, and S.

caerulea are so similar that it is doubtful that they are distinct species. In reviewing

the literature I made sure that the species mentioned, whether it is S. sagax, S.

caeruleus, or S. sagax caeruleus, refers to the species in the northeast Pacific. Only

one species of anchovy exists in this system, the Northern anchovy (Engraulis

mordax) (Whitehead 1985).

From 1916 to the late 1 940s the pacific sardine dominated the fishery in this

system (Figure 2.3). Anchovies during this period were in very low in abundance

but did not vanish completely. Anchovies replaced the sardines from the late 1 940s

to early 1950s. During the period 1950 to 1958 there were landings of both sardines

and anchovies with higher catches recorded for sardines. From 1965 to 1993,

anchovies dominated the landings. Over the history of the California fishery

landings of sardines were recorded to fluctuate more than landings of anchovies

(Barnes et a! 1992). Currently the sardines dominate the system.

Sardines spawn over a much wider water temperature range (13-25 °C) than

anchovies (11.5-16.5 °C, Liuch-Belda et al 1991b). Generally, sardines spawn

between January and June (Ahistrom 1954). Based on egg and larval distributions

of anchovies many studies agree that the northern anchovy spawn in the southern

California Bight where it is found all the year around. Anchovies spawn in this

Bight between December and April (Moser et al. 1993). Sardines are also found to

use Southern California Bight for spawning but their concentration is not as high as

anchovies (Hernandez\Tazquez 1994). A clear reason why anchovies choose the

Southern California Bight to spawn all the year around is not given. However, there

is speculation that it is a function of temperature and upwelling intensity. A study

by Lluch-Belda et al. (1991b) of the California Current concluded that sardines are

eurythermic compared to anchovies but spawn in intermediate values of upwelling.

Anchovies are concluded to be stenothermic and spawn in wider upwelling values

especially at high and low values.
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In general global climate change causes changes in the sea surface

temperature and in the intensity of upwelling (Bakun 1990). Low levels of

upwelling were found to limit the abundance of sardine and very high levels limit

the abundance as well due to turbulence and instability of the water column (Lluch-

Belda et a! 1991a), On the other hand, anchovies' seasonal peak spawning success

is associated with high levels of upwelling, which results in lower temperatures

because cold bottom water is brought to the surface.

Many papers indicate that low abundance of California sardine occurs

during low temperature periods. These low temperature periods are when the

Northern anchovy are at high abundance (Hauto-Sobranis and Lluch-Belda 1987).
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Temperature changes were found to coincide with shifts in the Pacific

sardine landings in California. A warming period starting in 1915 peaked in late

1930s and declined during the 1940s to early 1950s. A temporal warming began

again during the early 1 950s to early 60s, and temperatures decreased after that

until the mid 70s (Lulch-Belda 1991a, Shantov and Vasilkove 1982, Barnes et al

1992). Warm sea surface temperatures during the 1990s resulted in the sardine

stock re-occupying feeding grounds in central California, Oregon, Washington and

British Colombia (Schwartz!ose et a! 1999). Luich-Belda et al (1992) examined

data on global sea surface temperature, California air surface temperature,

California sea surface temperature, and the California sardine landings. He

concluded that these variables are positively correlated. The coherence in the

environmental conditions causing warm conditions or cold conditions is sometimes

called a regime shift. A regime shift is a variation in modes of atmospheric pressure

resulting from long-term changes (multi-decadal, 10-70 years) in patterns of

physical phenomena, hypothesized as variation in solar radiation and changes in the

North Pacific circulation that affect air-sea exchange of heat and momentum with

the Aleutian Low atmospheric pressure pattern (Minobe 1999, Hare and Mantua

2000, Schumacher 1999). The Pacific Decada! Oscillation (PDO) is thought to be a

measure regime shifts. Warm phases of the PDO occur during 1925-1947 and

1977-1990s, While a cool phase of the PDO occurs during 1947-1976. The warm

phase PDO is associated with increases in sardines and decreases in the anchovy.

While cool PDO was associated with increase in sardines and increase in the

anchovy (Figure 2.3) (Hare et al 1999, Francis and Hare 1994, Francis et al 1998).

Cold versus warm regimes coincide with alternations in the anchovy and

sardine landings. Cold regimes were reported for 1915-1930 and 1950-1970, while

warm regimes were reported for 1930-1950 (with a warm peaks in the 1940s) and

mid 1970s- 1980s (Lulch-Belda et al 1992). Klyashtorine and Smimov (1995) used

time series data for the annual sea surface air temperature anomalies of the

Northern Hemisphere and correlated the anomalies with the California sardine and
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salmon abundance. Sardines were reported to respond more quickly than salmon to

the change in the environment.

First of all it is important to indicate that when the Pacific sardine or the

northern anchovy contract, they do not disappear completely. Rather, with declines

in abundance they contract their distribution, which becomes more limited to

certain areas along the pacific coast. When the California sardine is at low

abundance, their distribution is mainly limited to the Punta Eugenia region off Baja

California (Figure 2.4 and 2.5a). The Southern California Bight appears sometimes

to be a refuge area, as does San Francisco Bay. However, because the water

temperatures in these regions are not always suitable for sardine spawning, Punta

Eugenia remains the major refuge area for the California sardine (Liuch-Belda et a!

1992, Ahistrom 1960, Moser et al 1993). The sardines remain in this area as long as

they are at lower abundance than the anchovies. During this time period, the

Northern anchovy is distributed along the entire northern Pacific coast

(Schwartzlose et al 1999, Luich-Belda et al 1989) (Figure 2.4 and 2.6a). Anchovy

eggs and larvae can be found in the Punta Eugenia area as well but at lower

concentrations when compared with the sardines (Hernandez-Vazquez 1994). The

California Cooperative Oceanic Fisheries Investigations (Ca1COFI) plankton

surveys revealed that there are places in the California current where both sardines

and anchovy eggs and larvae are found together. There are places however where

the anchovy larvae outnumber the sardine larvae even during periods of high

sardine abundance (Ahistrom 1967).
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The sardines maintain themselves at this low level and not do expand except when

the environment allows. The size of the population could be a function of the size

of the refuge area, which is a function of the suitable environmental conditions

preferred by the sardines.

Prior to sardine expansion in 1994, most of the biomass was in the youngest

year classes and maturation was recorded to occur at less than 12 months (Butler et

al 1996). This indicates that sardines were experiencing very good conditions and

were ready to recover. When conditions were ripe for the sardine stock to expand, it

colonized most of the Pacific coast, including the waters off British Colombia

(Figure 2.4 and 2.5b) (Schwartzlose et al 1999), while the anchovies contracted to

their refuge areas in the Southern California Bight (Figure 2.4 and 2.6b).

Cury (1988) suggests that when the population is at low levels, rapid

changes can occur in the genome because of genetic drift, with the resulting

organism being better adapted to compete with the dominant population.
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I consider increased water temperature to be the primary variable that

triggers the sardines to expand from their core or refuge areas and the anchovies to

contract to their core or refuge area. The differences between sardines and

anchovies in their temperature preferences for spawning support the hypothesis that

regime shifts cause cyclic behavior in the sardine and anchovy abundance. Liuch-

Belda et a! (1992) found that warm local temperatures, global surface temperature

and California sardine abundance all follow the same pattern. Cold versus warm

regimes have coincided with the reversals in the sardine and anchovy landings.

Cold regimes occurred in 1915-1930, and in 1950-1970. Warm regimes, on the

other hand, occurred in 1930-1950 (peaked in 1940) and in 1970s to 1980s

(Klyashtorin and Smirnov 1 995).Warming of the sea surface water coupled with

appropriate levels of upwelling cause the sardines to increase their survival rates

and expand. During these periods the conditions were not good for the anchovies to

remain at high levels. Warmer conditions bring larger tropical predators to the

Pacific coast, which move northward along the coast and increase the mortality of

anchovies and hasten the population!s contraction (Smith 1995). High fishing

mortality on anchovies at this time reduces the adult population, further

contributing to the contraction of the anchovy population.

Sardine abundance seems to coincide with small scale environmental

changes as well. Sardine abundance was reported to positively correspond to 2-year

and 5-year sea level and sea surface temperature cycles (Hauto-Soberanis and

Liuch-Belda 1987), and these occur during the El Nino events off coastal California

when temperatures are elevated and sea level rises (Lenarz et a! 1995). El Nino

events result in intermediate levels of upwelling that normally favor sardine

reproduction (Lluch-Belda et al 1991). El Nino is characterized by a large scale

weakening of the trade winds and warming of the surface layers in the eastern and

central equatorial Pacific. It is believed that El Nino events occur at 2 to 10 year

intervals (Glantz 1999). El Nino is accompanied by an interannual see-saw in

tropical sea level pressure between the eastern and western hemispheres, called the
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Southern Oscillation (SO). The strength of the Southern Oscillation is measured in

terms of the difference in surface pressure between Darwin, Australia and Easter

Island. The index therefore is called Southern Oscillation Index (SOT). Low values

of the Southern Oscillation Index are associated with El Nino events while stronger

values are associated with opposite conditions called La Nina events (Glantz and

Thompson 1981).

The expansion of the California sardine population is reported to have been

from south to north (Luch-Belda 1991b, Schwartzlose et al 1999). The further north

the California sardine population expands, the farther away they are from areas

with temperatures that are optimal for spawning. Off the Oregon coast the 14°C

isotherm was found to form a distinct boundary for spawning of Pacific sardine

(Bentley et al 1996). The sardines then have to migrate south to over winter and

spawn (Schwartzlose et al. 1999). The sardines also expand into offshore waters

but when they do so are limited by food availability (Lo et al. 1996). In addition to

Punta Eugenia off central Baja California, Point Conception off southern California

becomes a major sardine spawning area during warm periods (Liuch-Belda et al.

1991a).

As the sardines become more abundant, food availability becomes

problematic and the competition for food within the population increases (Lo et al.

1996). Food availability is particularly critical for larval survival. Therefore, the

less food available the lower the survival rate (Lasker and MacCall 1983). Due to

crowding of the sardines when they are at high biomass levels, there is less space

and food available, which causes the sardines' growth rate and size at age to decline

(Deriso et al. 1996). The slower growth causes individuals to be more vulnerable

to predation. Cannibalism, adult fish feeding on eggs and larvae, at high biomass

levels will also tend to increase (Hunter and Kimbrell 1980). Recruitment is

reported to decrease when the population is at high levels as well (Tyler and

Gallucci 1980, Sheperd 1982). When the anchovy population increases, the

mortality rates of sardine larvae increase as well (Butler 1991, 1987), which

suggests the two species may compete for food and space.
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It is important to note that the sardine population grows very rapidly during

the period of population growth. Sardines will expand to occupy all the suitable

habitats. When sardines fill all the possible habitats and cannot expand further they

are at the peak of their abundance. At this point only adverse negative

environmental conditions and heavy fishing can cause sardines to contract.

Within the process of large fluctuations between the sardine and anchovies,

there are short-term variations in landings associated with the rise and fall of both

fishes. These small variations, especially drops in landings, have always caused

people to wonder whether they signal changes in the long-term trends. These

short-term variations complicate our understanding of the interplay between sardine

and anchovies and the environment. Temporary reversals in trend as the sardine

expand or contract could be due to any number of different transitory factors.

Predation by migrating Jumbo squid (Dosidus gigas), for example, may have partly

contributed to the drop in the sardine landings in the Gulf of California in 1981

(Ehrhardt 1991).

Whatever it is that causes the sardine to contract or expand, the change

eventually shows up as recruitment success or failure. During the California sardine

decline in the 1950s , Clark and Man (1955) reported very poor 1949 and 1950

year-classes as the cause of the population reduction (see also Smith and Moser

1988, Radovich 1982).

As the California sardine or the Northern anchovy stocks increased, the

California fishing industry grew as well and the fisherst experience of where to

locate the fish improved. Fishing technology and methods also improved. Modern

technology was used to locate the sardine schools, combining spotter planes with

vessels equipped with side-scan sonar (Cisneros-Mata et al. 1995). The

combination of heavy fishing and un-favorable environmental conditions caused a

major reduction in abundance. In the l930s and 1940s, sardine abundance

decreased when exploitation increased beyond 20% annually and sea surface

temperatures decreased below historical records, 16.9 °C (Barnes et a! 1992).
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As the sardines and anchovies fluctuate, the fisheries management also

changes trying to adjust the quotas accordingly. The moratorium banning fishing

for sardines as long as their spawning biomass was less than 20,000 tons was

established in 1974 and in effect from 1974-85. It successftilly, but slowly helped

in rebuilding the sardine stocks. The quotas on sardines remained the same (1000

tons) from 1986 to 1990, and increased carefully and steadily after that as the

sardine spawning biomass increased. During this period, the spawning area also

increased steadily from 670 to 3840 n.mi2 (Wolf 1992).

Sardines in California generally receive a higher price than anchovies.

Sardines contain a larger edible portion than anchovies and are suitable for pet food

and reduction into fishmeal. Anchovies are only suitable for reduction. Sardine oil

also can be used in paint and in margarine (Butler 1987). During 1982-89, prices

paid by the reduction firms for Northern anchovies were $29-48 ton1 while the

prices for Pacific sardines were $150-200 ton1 (Jacobson and Thomson 1993). In

1967 when sardines were scarce and caught only as incidental catch, they were sold

as dead bait to the lucrative market in central California for $200-400 per ton (Wolf

1992). The demand for sardines continued but the supply was limited due to low

abundance.

When the sardine fishery collapsed in the mid 195 Os, the sardine fishers had

to look for alternative means of employment. Some fishers switched to fishing for

market crab and others to tuna and salmon. The number of fishers, however, had to

decline because fewer were required to fish for market crab, salmon, and albacore

than for sardines. The surplus fishers had to leave the fishing industry and look for

other employment. A number of fishers shifted to the anchovy fishery since the

anchovy population was growing at that time. Other fishers with large vessels

moved to Alaska for the king crab fishery (Paralithides camtschatica). Others sold

their vessels for a loss and transferred to other fisheries. Many of the vessels and

equipment involved in sardine canning and reduction were sold to Peru, South

Africa, and Chile. Some of the experts in this field, including managers and

scientists, use their experience with the California sardine and in connection with
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managing the South America sardine and anchovy fishery through the United

Nations' support of Peru's Instituto del Mar (IMARPE) (Ueber and MacCall 1990).

THE JAPANESE SARDINE AND ANCHOVY CASE

The Japanese coastal system is characterized by the Kuroshio and Oyashio

Currents. The Kuroshio Current originates east of the Philippines and flows north

to through Japan. It has a width of 100 km and speed of 2-4 knots. The sea surface

temperature over the Kuroshio Current averaged from 27-24°C over 20 years

(Sawara, 1974). Kuroshio Current takes two paths: a straight path and a meander

path. The straight path is close to the Japanese coast while the meander is far from

it. The meander path includes offshore waters and loops back toward Japan and

rejoins the typical straight path (Kawai 1998). The standing crop of phytoplankton

in the Kuroshio area is between 0.07 mg.m3 to 0.3 mg.m3 chlorophyll and the total

amount of chlorophyll in the euphotic zone is about 30 mg.m2 to 50 mg.m2. While

the primary production is 50 mg C.m2.d' to 100 mg C.m2.d' for the pelagic area,

and 300 mg C.m2.d' to 500 mg C.m2.d' for the coastal waters (Ichimura 1965).

An extension of the Kuroshio current flows in to the Japan Sea via the Korean strait

forming another current called the Tsushima current (Tomczak and Godfrey 1994).

The Oyashio current on the other hand is the western limb of the sub- polargyre. It

is a cold current that flows southward along northern Japan. Surface temperatures

of Oyashio water range from about 0°C in early spring to 20°C in the summer

(Tomczak and Godfrey 1994).

There is one species of sardine and one of anchovy in the Japanese fishery,

Sardinops melanostictus and Engraulis japonicus. The landings of Japanese

sardines have fluctuated much more than the landings of Japanese anchovies

(Fankoshi 1992) with sardine peaks reported in 1633-1660, 1673-1725, 1817-1843,

1858-1882 (Kikuch 1958). Schwartzlose et al. 1999 reported additional peaks in

1920-1945, and 1975-1995. Like the California sardine and anchovy, the Japanese
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sardine and anchovy apparently do not exist together in high abundance (Figure

2.7). It is clear from the sardines and anchovy landings in Japan that the landings

of sardines at peak period are very large, unlike the anchovy's landings.

Japanese anchovy dominated the Japanese system from 1954 to 1973. The

landings (Figure 2.7) show very little change in the anchovies landings when

compared with the sardines landings, which suggests that the increase in the

anchovies in 1954 to 1973 may have been a response to the decrease in the sardine

abundance. The Japanese sardine started to increase in 1972, reaching its peak

period during 1983-89. The Japanese sardine decreased after that giving the chance

to the anchovies to revive in 1997. Fluctuations in the landings of Japanese

anchovies are not obvious like those with the California anchovies. In fact, the

Japanese anchovy was reported to be stable and fluctuated only three to four times

in narrow ranges during the period 1906-1984 (Funakoshi 1992).

Japanese sardines spawn around the Kuroshio Current, which transports the

eggs to the nursery grounds. Meandering of the Kuroshio Current depresses the

production of food particles for the sardine and anchovy larvae causing high

mortality rates in the larvae (Nakata et al 1994) (Figure 2.8). The Kuroshio took a

meander path in 1934; as a result, a large-scale cold water mass intruded into the

route of drifting sardine eggs and larvae. The shift in the Kuroshio Current caused

food shortages for larval sardines and resulted in starvation of the larvae

population. This resulted in poor recruitment to the adult population and the

collapse of the sardine population (Shantov and Vasilkov 1982).
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Generally, the sardines spawn in the area of mixing between the waters of

the Kuroshio Current and the coastal water masses. The main spawning seasons are

from February to May during the years of low abundance, but they spawn in

February and March during high abundance (Nakai and Hattori 1962). The area

south of Kyushu Island is considered to be the major spawning area (Shantov and

Vasilkov 1982). The eggs and larva are then transported by the Kuroshio Current to

the eastern waters of Honshu Island (Nakai 1962) (Figure 2.8). The eggs hatch two

or three days after release at average water temperature between 17-18 °C.

Recently hatched larvae utilize the yolk as their source of nutrition for three days

before starting independent feeding. The post-larvae feed on copepod eggs, nauplii,
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and copepodites (Kondo 1980). The progeny remain near Honshu until they reach

sexual maturity at two years old and then migrate back to the spawning areas south

of Kyushu.

The south flowing Oyashio Current is another important oceanographic

feature for the sardines and anchovies in Japan. This high salinity, nutrient rich

current contains highly abundant phytoplankton that are available for feeding the

immature and adult sardine. The area of mixing between the Oyashio and Kuroshio

currents is very important in the life history of the sardines (Figure 2.8).

Anchovies are always found along the coastline, within the coastal side of

the warm Kuroshio Current and the Tsushima Current waters, and are not found in

the open ocean. They spawn in water temperatures of 12 and 30 °C in northern

waters and in water temperature of 18 °C in the southern waters. The Japanese

anchovy is recorded to spawn between March and December. The spawning

temperature depends on the oceanic region and season, while the spawning areas

are scattered on the Pacific ocean side and on the Sea of Japan side, and in the Seto

Inland Sea of the (Funakoshi 1992).

When the stock of Japanese sardine is at low levels of biomass, the fish are

confined to a small coastal area along western and southern Japan (Schwartzlose et

al 1999, Kawasaki 1991). Spawning grounds during periods of low abundance are

also limited to the Pacific coastal waters (Watanabe and Kuroki 1997). In general

terms, the Japanese sardine during periods of low abundance is a coastal species

that wanders inshore along southern Japan. During these periods the fish grow

faster and mature at younger ages (Kawasaki 1993). Kawasaki added that, at low

populations, sardines direct more energy to growth and maintenance for self

preservation rather than reproduction. The Japanese sardine, when at low levels, is

confined to the south-eastern coast of Kyushu, Shikoku and Honshu, and spawning

is restricted to an even smaller area (Figures 2.9 and 2.10) (Liuch-Belda et al.

1989). These areas are considered to be the refuge areas or core areas for the

Japanese sardine. When the Japanese sardine population is at low levels, fish

condition and the proportions of lipid in the body are good, which results in adults
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that produce healthy offspring, i.e. better adapted to survive and compete with the

existence other offspring (Kawasaki and Omori 1995). Healthy offspring are

advantageously prepared to take over the system from the dominant species

(anchovy). However, this replacement process cannot occur unless there are

favorable environmental conditions.

Global atmospheric warming intensifies wind stress over the oceans,

leading to coastal upwelling or oceanic turbulence (Bakun 1990). These changes in

oceanic circulation result in a rise in the marine productivity. Sardines react

sensitively to high primary productivity and their biomass increases rapidly. The

sardine, by its nature a coastal species, but can easily utilize the oceanic waters

when environmental conditions permit. High productivity in the Oyashio and

Kuroshio waters in addition to warm temperatures enhances the expansion of the

Japanese sardine to oceanic waters (Watanabe and Wada 1997). The Japanese

sardine expanded widely to include the coastal range of South Sakalin in the USSR,

the Japan Sea side of the Korean Peninsula, and the seas surrounding the Japanese

islands (Figure 2.9 and 2.10) (Kondo 1980, Lluch-Belda et al 1989). Japanese

sardine expansion and contraction in particular was reported to be in phase with the

Pacific sardine. Which indicates that both fish could be responding to the same

environmental changes. The warm versus cool regime shift in the northeast Pacific

seemed to also overlap with the increase and decrease of the Japanese sardine

(Figure 2.7).
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Catches of sardine reflect fluctuations in sea surface temperature. Kawasaki

(1991) found a positive correlation between the sardine catch and air temperature,

and suggested the influence of global long-term climate change. Long-term

variations in Japanese sardine appear to relate to interdecadal North Pacific oceanic

climate variability (Yasuda et al 1999), In 1988, increased solar input was found to

not only result in higher sea surface temperature but to encourage expansion of the

Japanese sardine population by increasing phytoplankton production (Kawasaki

and Omori 1988). High catches of sardine correspond to periods of warm water
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temperature in spawning grounds and cool temperatures in feeding grounds

(Tomosada 1988).

Although there is little evidence in the literature on the fluctuation of the

Japanese anchovies, they were reported to expand and contract as the Japanese

sardine do, but with a narrower geographic distribution (Figures 2.9 and 2.11).

When Japanese anchovy are at high abundance they are distributed over a wide

range including the coastal areas of central to southern Japan on all sides including

the Pacific Ocean, Western Japan Sea, Seto Inland Sea, and East China Sea

(Funakoshi 1992). While at low levels, they were observed mainly in Isle and

Mikawa Bay and Sagami and Tokyo Bays off the Bojo Peninsula (Kondo 1980)

(Figure 2.9 and 2.11).

The increase in the Japanese anchovy could be partially a function of the

decrease in the Japanese sardine. In addition, long term cooling of the Tsushima

Warm Current and cooling in the feeding grounds on the Pacific Ocean side

coincided with the decline of the Japanese anchovy (Ogawa and Nakahara 1979).

The Japanese anchovy abundance is much more stable when compared with the

Japanese sardine abundance. Unlike with the California anchovy, there is no

evidence in the literature to support cyclic behavior in the Japanese anchovy

abundance.
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There are no specific refuge areas for the Japanese sardine, however, in

1971, sardines were first recorded to start recovering around the Ku Peninsula

located at 136°E (Kawasaki 1993). Kondo (1980) reported three reasons for the

sardine recovery in 197 1-72. First, the gradual expansion of the spawning area led

to greater egg abundance. Second, there was increased survival at the onset of the

post-larval stage due to adequate abundance of prey in the form of copepod nauplii.

In addition, the increase in the 1 970s coincided with broad-scale warming. During

this period, along with the sardine, many other warm-water species increased

(Shantov and Vasil'kov 1982). In the 1970, the Kuroshio Current meandered

further offshore, which helped boost the food available for the sardine larvae. The

meandering of the Kuroshio does not always favor the sardine larvae. In 1934-45,

as indicated earlier, the meandering in the Kuroshio caused the sardine larvae to be

trapped within an anticyclonic rotating water mass that contained little food for the

larval sardine and caused high mortality of the larval population (Shantov and

Vasil'kov 1982). In 1970, however, the larvae concentration was slightly north of

the meandering Kuroshio and did not suffer such massive mortality. In fact, the

meandering in 1970 acted in favor of the sardine larvae. As a result of the

meandering, large vortices were formed, which facilitated transport of the larvae to

the nursery grounds. Increase in vertical water movement also resulted in increased

food supply for the larvae (Shantov and Vasil'kov 1982)

As the sardine stock expands rapidly, the oceanic waters act as a reserve

spawning grounds (Watanabe et ãl 1997, Kuroda 1991). Expansion in the

spawning grounds for the Japanese sardine mean an increase in egg abundance and

survival with the Kuroshio frontal waters providing juvenile sardines with

favorable growth conditions (Watanabe and Saito 1998). High survival from eggs

to larvae was observed for the 1977, 1979 and 1980 year classes, which contributed

to the build up of the far eastern portion of the sardine population (Kawasaki 1993).

Like the California sardine, it seems that the Japanese sardine population continues

growing until it cannot expand more, i.e., when the carrying capacity of the

expanded niche favored by the Japanese sardines is filled. The carrying capacity in
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this case is determined by the distribution of the favorable conditions: distance

from the nursery grounds available for the offspring, food availability, and

predation. Offshore expansion of the spawning grounds caused changes in

environmental conditions where sardine eggs were released that influenced

survivorship during the egg and early larval stages (Watanabe et a! 1995).

Copepod nauplii are abundant in the mixing area between Kuroshio and

coastal water masses as mentioned earlier. In the offshore side and within the

Kuroshio, however, food availability is not good for the sardine larvae and the

predation rate is high. These two conditions limit the expansion of the Japanese

sardine beyond the Kuroshio Current (Nakata et al. 1996). Based on critical food

concentrations, inshore waters are reported to be more favorable for first feeding

larvae than the offshore waters (Watanabe et al. 1998).

The Japanese sardine ecologically adapts when at high population levels by

enlarging its feeding area at the cost of individual growth (Wada and Kashiwi

1991). In this situation, the physical conditions of the fish become worse as a result

of overexpansion and overpopulation and the offspring produced by these become

smaller (Kawasaki and Omori 1995). Fish grow slowly and mature at older ages

(Kawaski 1993). Slower growth of the Japanese sardine leads to substantially

higher mortality rates (Houde 1987). Slow growth makes the larvae spend more

time in any given size class making the larvae more vulnerable to predation

(Shepherd and Cushing 1980). The lipid content in the muscle drops as the fish

population reaches high levels (Kawasaki and Omori 1995), which indicates poor

adult physical condition. Spawning distribution of the Japanese sardine changes in

relation to the stock size but always has been within the Kuroshio Current (Nakai

1962, Kuroda 1989 and 1991), As a result of the expansion of the spawning

grounds to offshore areas, especially the offshore side of the Kuroshio, food

available for first feeding larvae becomes a limiting factor in addition to predation

(Butler and Pickett 1988). When the spawning grounds shift to include the offshore

side of the Kuroshio Current, the sardine stock starts to decrease (Nakata et al.

1996).
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Survival of young sardines in the feeding grounds is important for

recruitment success (Watanabe et al. 1995). Yearly recruitment is mainly

controlled by mortality from starvation and predation during the egg and larval

periods (Kasai and Suhimoto 1995). The population decline in 1989 was a result of

recruitment failure for four consecutive years. This failure, the causes of which

have not been established, represented cumulative mortality in all the sardine stages

and not only an instantaneous rate of mortality (Wada et al. 1992). This indicates

that there was not a massive die-off of sardines but rather it was a general sustained

decrease in survival.

As with the California sardine and anchovy fisheries, changes in the

Japanese sardine and anchovy fisheries cause development as well as collapse of

coastal fishing villages. For examples in Choshi, a city north of Tokyo Bay on the

Pacific Ocean side (Figure 2.8), sardines are used as food for Hamachi (young

yellowtail), trout and eel culture, as well as feed for livestock. The inhabitants of

Choshi depends on sardines because they are a low-value species that are very

plentiful. When the fish stock gets and remains large for a time, the fishers improve

their fishing technology and fishing success (Kawasaki and Omori 1995).

THE PERUVIAN SARDINE AND ANCHOVY CASE

The Peruvian system is composed of four currents. Northward flowing

currents include the Peru Oceanic Current, also known as the Humboldt Current,

and the 100-200 km wide Peru Coastal Current, nearer the coastline (Figure 2.12).

The southward flowing currents are the Peru Undercurrent and Countercurrent;

both located under the coastal and oceanic currents. The Humboldt Current is slow,

0.04 m/s, and cold with low salinity. The Peruvian coastal upwelling is one of the

most productive upwelling regions in the world with an upwelling index of 1.2

m3.s1 .n11 and wind mixing of 224 m3.s1 (Cury et al. 1998). The upwelling in Peru

persist all the year around (Aiheit and Bernal 1993).
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One anchovy species exists in the Peruvian system, the Peruvian anchoveta,

Engraulis ringens, and one sardine species, Sardinops sagax, which is similar to

the species found in the California Current system (Ahlstrom 1960). The Peruvian

case is quite different from the previous two cases. The systems in California and

Japan mostly favor the sardine, whereas the Peruvian system favors the anchovy. In

the California and Japanese systems the peak biomass of the anchovy populations

is not nearly as large as the peak biomass of the sardines. In the Peruvian system,

by contrast, the peak biomass of the anchovies is much larger than the peak

biomass of the sardines.

The anchoveta spawns almost year round along the entire Peruvian coast,

with peaks in September and January (Cushing 1981). Due to its short life span,

failure to spawn causes a decline in the population. The fish begin recruiting to the

fishery at 5 months with a large percentage maturing at age one (Glantz and

Thompson 1981).

Anchoveta density and hence availability to the fishery are closely related to

offshore and near shore water conditions with high densities associated with cooler

water temperatures of less than 17°C (Nesterov 1996). On the other hand, strong

year classes of sardine appear during elevated water temperature (Nesterov 1993).

Sardines can be found in waters with temperatures between 17 to 20°C and spawn

in temperatures of 19-21°C.

The Peruvian upwelling system has the highest rates of upwelling in the

world, 1.20 m3.s' .m1 and therefore supports the largest pelagic fish stock (Cury et

al. 1998). Unlike the Japanese and the Californian anchovies, the Peruvian anchovy

population supports very large landings, millions of metric tons during peak

periods. The Peruvian anchoveta catch increased between 1956 to 1972, but then

decreased sharply in 1973. The anchovies started to increase again in 1985, reached

a maximum in 1994, and decreased again to low levels in 1998. The landings of

anchovies peaked again in 1999, with the amount in 1999 being almost six times

the 1988 landings (Figure 2.13).
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Relatively cooler temperatures and strong upwelling are important features

of the Peruvian system. Anchoveta prefer cooler temperatures, as do the California

and Japanese anchovies. Therefore the anchovies will dominate the Peruvian

system until an event occurs to change the conditions to favor of the sardines.

During El Nino events the wind is sometimes weakened and the coastal upwelling

is reduced so the upwefled water is low in nutrients and warm (Laws 1997). The

stronger the El Nino event, the weaker the upwelling and the lower the nutrients. El

Nino changes the environmental characteristics, bringing warmer waters and poor

conditions for the food preferred by anchoveta, and reduced area available for

spawning. The effects of El Nino on the anchovies depends on the severity and

timing of the El Nino (Figure 2.13). The length and duration of an El Nino is

irregular and cannot yet predicted. The El Nino in 1957-5 8 affected the anchoveta's
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distribution but did not affect its abundance. In fact, the anchoveta started to

increase in the mid 1950s. In 1965, El Nino conditions caused a one-year catch

decline but the fishery recovered and produced its maximum catch in 1970. In

1972-73, El Nino conditions lasted long enough to cause the anchoveta population

to decline. Average landings recorded for the two years prior to 1972-73 was 11.28

million metric ton. The average dropped to 3 million metric tons two years after the

72-73 El Nino conditions. Walsh et al. (1980) state that the high larval mortality of

anchoveta caused by the poor food conditions during the El Nino events of 1965,

72 and 76, together with overfishing of the adult population, were the main reasons

for the collapse of the Peruvian anchoveta and the partial replacement of anchoveta

by sardine. During the mid 1970s to 1985, the anchoveta stock was at low levels

while the sardines were increasing. The 1982-83 El Nino hit during a period of low

anehoveta abundance. The anchoveta started to increase in 1986 to mid 1990s

while the sardines started slowly disappearing. Stable water temperatures led the

anchoveta recovery after 1991 (Nesterov 1996). Recent El Nino events were

recorded in 199 1-1995 and 1997-98.

Both El Nino and the related phenomenon called El Nino Southern

Oscillation (ENSO), usually takes place around the month of December, have the

same effects on anchovies. During an El Nino event, water temperature increases in

the upwelling region and the phytoplankton production decreases reducing the

habitat preferred for anchovy spawning. This leads the anchovies to contract to

areas of cooler habitat in the south or perhaps to remain in deeper water to avoid

the upper poor water conditions (Walsh et al 1980) (Figure 2.14 and 2.15a),

However, there is no evidence that the Peruvian anchovy dive to deeper waters.

Therefore the southern Peru area could serve as refuge areas. These areas are less

favorable for anchovies but they are much better than the warm areas to the north.

Concentration of anchovies in these less favorable areas results in poor feeding

opportunities and poor larval survival (Ware and Tsukayama 1981).

Also, during El Nino events the intrusion of warm water expands the

migration route of large tropical predators such as marlin, tuna, and swordfish to
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the Peruvian coast, which is thought to result in an increase of the natural mortality

of the anchovies (Smith 1995). The negative effect could also occur with the

sardines but is more pronounced with the anchovies because the environment is

also changing to negatively impact the anchovies but not the sardines.

High fishing pressure during El Nino conditions causes the anchoveta

population to be in even worse shape. Low food concentration during El Nino

events coupled with high fishing mortality of adult spawners results in reduction in

the spawning activity and therefore a decrease in the number of eggs released. This

leads to recruitment failure and the replacement of the anchoveta by the sardines

(Lasker 1975, Walsh et al 1980, Ware and Tsukayamal 981).

Anchoveta rebound once the El Nino event abates and conditions return to

the normal combination of high upwelling and moderate wind speed, resulting in an

optimal environmental window for the anchovies (Cury et al. 1998). High

upwelling intensity is important for sustaining nutrients that maintain food

availability (Wroblewski and Richman 1987, Cushing 1990) and small scale

turbulence increases the encounter rate between food particles and larvae

(Rothschild and Osborn 1988, Mackenzi and Leggett 1991).

At low abundance the Peruvian sardines, on the other hand, spawn off

Chile, but only north of 27°S. When the sardine population expands, they are

recorded along the coast in the Talcahuano region as far south as 40°S (Figure 2.14

and 2.15b) (Lluch-Belda et al. 1989) and to the north near the northern boundary

with Peru (Zuta et al. 1983). The spawning also increased considerably during

periods of high abundance to include almost the entire Peruvian coast. Peruvian

sardines were reported to spawn between September and March (Santander and De

Castillo 1977, Muck et al, 1987).
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The Peruvian anchoveta fishery developed very rapidly. Before 1950, the

anchoveta off Peru were harvested very little and mainly for human consumption.

In less than a decade, fish meal produced from anchoveta replaced cotton and sugar

as the main export product in Peru. The anchoveta were so abundant that major

industries developed in harvesting, processing (fishmeal and reduction), and

exportation. The anchoveta became the main source of foreign exchange for Peru.

In 1959, there were 426 anchoveta (wooden) boats; by 1970 the number had

jumped to 1500 (Canon 1973). As the fishery developed, more and more fishers

improved their fishing gear and used advanced fishing techniques. Fishers used

bigger "steel" boats with sonar and powerful engines to locate the anchoveta stocks

and used hydraulic equipment to harvest them. These two techniques reduced the

effort and labor involved with catching the fish. As a result of the increase in catch

efficiency came increases profits.

The fishing sector in Peru became very heavily dependent on anchovies. In

1968, the fishers in Peru landed a total of 10.5 mt of anchovies. Fearing a crash in

the stock, a group of scientists in the Peruvian government issued a warning in

1970 that too many fishers were catching too many anchovies. They estimated that

the sustainable yield should be around 9.5 million tons. Due to political and social

pressure, the Peruvian government allowed the fishers to catch more anchovy and

ignored the advice about the maximum sustainable catch. The government

surpassed the 9.5 mt maximum sustainable catch in 1970 and 1971, landing 12.5 mt

and 10.5 mt respectively. The issuing of catch quotas led the fishers to buy more

advanced fishing technologies and step up the race to catch more anchovies. This

management regime of heavy fishing in conjunction with the strong 1972 El Nino

caused the fishery landings to drop from 10.3 million metric tons in 1971 to 4.4

million metric tons in 1972.

The collapse of the anchoveta had other negative side effects including the

collapse of the guano birds. The droppings of these birds, mainly the guanay and

the piquero, were exported to Europe and North America where they were used as



fertilizer. These guano birds feed on the anchovies; hence, the collapse of the

anchovies meant the collapse of the guano industry as well.

THE SOUTH AFRICAN SARDINE AND ANCHOVY CASE

The South African fisheries for sardines and anchovies occur in the

Benguela Current system. The Benguela Current is a classic coastal upwelling

system along the southwestern Africa, Namibia and southern Angola. The coastal

upwelling of the Benguela Current system is bounded in the north by the Angola

Current and in the south by the Aguihas Current, both of which are warm systems.

The biologically productive area of the Benguela system in the south (105 000 km2)

is less than the California Current productive area (234 000 2) This southern

Benguela system, however, has higher primary production rates (735 gC.m2.yeaf')

than California (343 gC.m2.yeaf') (Brwon et al. 1991, Ware 1992). The center of

the coastal upwelling is in Luderitz (27°S), where the upwelling occurs all the year

around. Intensity of upwelling is particularly high between the Orange River and

Luderitz and lessens substantially north of Walvis Bay (Stander 1964). Other

secondary upwelling areas are located at 18°, 20°, and 24° S and at about 31°, 33°,

34° S (BCLME 2001). The continental shelf along the west coast of South Africa is

variable. It is narrow at Luderitz and Cape Columbine and wider at Orange River

and Aguihas Bank in the South (Ware 1992) (Figure 2.16).

Every ten years on average an El Nino-like event hits the Namibian and the

South African coast. This El Nino type event is called the "Benguela Nino"

(Shannon et al 1986). The Benguela Nino condition in the Benguela Current refers

to intrusions of warm surface waters from the north that reduce nutrient

concentrations even at deeper waters (Boyd and Thomas 1984, Shannon et al. 1986,

Le Clus 1990). The Benguela Nino is a result of relaxation of winds off Brazil that

causes warm water in tropical Atlantic to travel eastwards and southwards and

become trapped along the South African coast. Benguela Ninos are not necessarily



in phase with the Pacific El Nino. The Benguela Nino events were recorded in

1934, 1949, 1963, 1984, and 1995 (Gammeisrod et al. 1998).

The major small pelagic fish stocks that the Benguela system support

include the South African sardine, Sardinops ocellatus (described locally as

pilehard), the South African anchovy, Engraulis capensis, Cape horse mackerel,

Trachurus trachurus capensis, Cunene horse mackerel, T tracae, round herring

Etrumeus whiteheadi, and round and flat Sardinella, Sardinella aurita and S.

maderensis respectively. The last two species are entirely caught by the Angola

fishing fleets (I3CLME 2001).

The sardine stock dominated the Benguela Current system from the early

1 950s to mid 1 960s and collapsed after that. This collapse was attributed to heavy

fishing. The sardine purse seine landings increased from 100,000 tons per year in

1950s to reach 1400,000 tons by the early 1960s. The decline was worsened by the

Benguela Nino in 1963. South African sardine remained at lower levels from the

early 1980s to mid 1990s. The sardine biomass in the South African system has

been increasing during the period of 1985-1997, partially due to the management

strategy to rebuild the stock (Cochrane et al. 1998). Anchovies, on the other hand,

started to increase in the early 1960s reaching a high peak period in 1968-1987 and

collapsing after that through the mid 1 990s. The decline in the anchovies in 1989 is

attributed to poor feeding conditions in the spawning grounds in 1988 and due to

poor transport to nursery grounds. The increase and decrease in the South Africa is

more likely a function of optimal environmental conditions that include wind

stress, food availability, and transport mechanism (Hutchings et al. 1998, Cury et

al. 1998), Anchovies have been steadily increasing since 1997 (Figure 2.17).

Variations in such conditions were found to explain much of the variation in the

anchovy recruitment (Shannon 1998).
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There are two major spawning areas for sardines and anchovies in South

Africa. In Cape Aguihas area in the south and in between 18° and 25°S (Shelton

and Hutchings 1982; Le Clus 1991). The two species prefer two spawning places

within this range, one is north of 22°S and the other one is around the Walvis Bay

from 22° to 24°S. In the Aguihas Bank area anchovy spawn in cooler inshore

waters in October and February while sardine spawn between August and March,

when upwelling is strong (King 1977a). Sardines are also reported to spawn in

temperatures between 16.5 to 22.8°C (Stander 1963, King 1977b). Sardines spawn

over a wider temperature range (15.2-20.5 °C) than anchovies (17.4-21.1 °C) and

preferentially spawn at cooler water temperatures (15.5 to 17.5 and 18.7 to 20.5°C)

than anchovies (19.5-20.5°C) (Van der Linger et al. 1999). However at 20 m both

of them spawn within salinities of 35.135.6*1 0 and temperatures of 13-19°C (Le

Clus 1991). The larvae and juveniles are transported northwards along the South

African west coast. Larvae then move inshore to the productive west coast

environment in autumn and then begin a southerly return migration to the major

fishing ground around Doring Bay in the south (Hutchings et a! 1998, Hutchings

1992). Adult sardines and anchovies are also encountered in the vicinity of Walvis

Bay inshore north of Cape Cross from autunm to early winter (O'Tool 1977).

In the southern Benguela system during a period of high sardine abundance

the spawning area was reported to include the area west of Columbine and east of

Cape Point (Figure 2.1 8a). When the sardine declined in the mid 1 960s the

spawning areas were restricted further south and included only the west side of the

Agulhas Bank (Schwartzlose et al. 1999, Lluch-Belda et al. 1989). In the north

prior to their collapse, the sardines were available south of Walvis Bay and for

fishers from Luderitz. As the fishery collapsed, the fishers had to go north of

Walvis Bay for sardines, and eventually the processing plant at Luderitz coastal had

to close. When the sardines are at lower levels, spawning is restricted to waters

north of Walvis Bay (King 1 977a, Le Clus and Kruger 1982). When the sardines
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are at high levels, the catches along the Namibian coast are also high (Crawford et

al. 1988) (Figure 2.18b).
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The South African sardine and anchovy have a number of life history

similarities as opposed to the species in the previous three systems, where the

sardines and anchovies tended to be geographically separate due to differing

environmental preferences. In the South African system both species have the same

distribution area and are found together in the same spawning area. They do not

have distinct refuge areas like the California sardines and anchovies. Sardines and
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anchovies in South Africa might avoid complete overlap by one species preferring

offshore waters for spawning and by having different time of spawning as well.

Sardines are distributed inshore within 50 km from the shore. Anchovies have

similar distribution pattern along the shore but also can be found commonly more

than 100 km offshore in the Aguihas Bank area during the spawning season

(BCLME 2001). Adult anchovies and sardines aged between two and four years

tend to spawn in the warmer waters found east of Cape Point and avoid the cool

upwelled water of the west coast (Crawford et al. 1983). Both species spawn in an

area of minimum offshore wind stress (Parrish et al. 1983, Boyd 1987). Lower

lethal temperature limits for eggs of sardine and anchovy are very close, 13°C and

14°C respectively.

According to Le Clus (1991, 1990) sardine and anchovy in the Benguela

Current system spawn north of 22°S in all environmental regimes, cold, warm, or

1983/84 El Nino type (Benguela Nino) (Figure 2.17). Anchovies and sardine,

however, avoid spawning in the area between 22° and 24°S during cooler regimes

because of strong offshore Ekman transport and the turbulence associated with

upwelling wind stress (Le Clus 1991). During these El Nino type conditions, the

anchovy spawning season is reduced more severely than that of the sardine (Boyd

et al. 1985). The distribution of temperature in the sardine and anchovy spawning

areas ranged from 13 to 21°C. During cooler years surface water temperatures

peaked at 14 to 17°C but at 15 to 18°C during warmer years. Temperatures get

higher during El Nino type event (>21°C). Anchovies prefer and expand during

warmer conditions while the sardines do better during cooler conditions.

Decadal-scale changes in the Benguela current system were detected in an

analysis of long-term sea surface temperatures. The data suggested that cooler

periods existed in the 1920s through l930s, with warmer periods taking over in the

1940s. Warmer periods also recorded in the 1960s through the 1980s (Taunton-

Clark and Shannon (1988)



Density dependent changes have been identified in both the South African

sardine and anchovy. The length at sexual maturity of the sardine, for example,

decreased with the decline in the stock during the 1 960s (Crawford et al. 1980).

The length at sexual maturity of anchovy increased with their biomass in the 1 970s

(Shelton and Armstrong 1983).
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Unlike the other the cases where the changes in the environment can favor

the expansion of one species over the other, the South African species attain almost

the same peak levels of biomass. I found few references relating the sardines and

anchovies to the environmental changes. Although it is strongly believed that these

two fish alternate in abundance, like the cases in the Pacific Rim (BCLME 2001),

the wide overlap in the temperatures preferred by the two species suggests that

temperature change alone is not enough to explain the inverse cyclic abundance in

South Africa. Fishing pressure, inter- and intra-specific competition, predation, and

cannibalism may be important factors influencing the inverse cyclic behavior in

South Africa.

SYNTHESIS AND DISCUSSION

The theory outlined at the beginning of this chapter to explain the inverse

cyclic behavior in the abundance of sardines and anchovies varies in its strength

and applicability with each of the case studies. The theory is well supported by the

California sardine and anchovy case. The stages of expansion, contraction and the

cause of fluctuation process are well defined with the California case when

compared with the rest of the cases. The two species seem to have distinct

spawning and refuge areas and reversals in their abundance trends coincide with

long-scale environmental changes The next best-defined case in terms of
expansion, contraction, and causes of fluctuation is the Peruvian case and finally

the Japanese and the South African cases. In California and Peru the contraction

areas between the sardines and the anchovies are very different, while an overlap in

the contraction areas can be found with the sardines and anchovies in the Japanese

and the South African (Appendix A). For the South African system the sardines

and anchovies have similar environmental preferences, while with the Japanese

case, the anchovies hardly respond to environmental changes.
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Sardines and anchovies are well connected to their environment. Their

fluctuations in abundance in all the cases were a function of environmental change.

The changes in the sardine stocks in California, Japan and Peru are all in phase

(i.e., changes in abundance trends occur at almost the same time) and all these

stocks were reported to prefer warmer waters for spawning than anchovies

(Appendix A). The sardines and anchovies in South Africa are out of phase with

those in the Pacific and are quite different from those in the Pacific. The anchovies

in the South Africa prefer to spawn in warm waters while the ones in the Pacific in

cooler waters. Sardines in contrast behave the opposite. The Pacific sardine cases

are all in phase indicating that they may all respond to the same ocean-scale

environmental changes that contribute to triggering the fluctuation process.

Anchovies stocks around the Pacific, however, are not always in phase. Part of the

reason for this is that not all the anchovies in the Pacific respond to environmental

regime shifts as do the sardines. The Japanese anchovy for example was reported to

fluctuate only three to four times in narrow ranges during the period 1906-1984

(Funakoshi 1992).

That the sardine abundance fluctuations in the Pacific are in phase indicates

that their change may be related to the decadal-scale environmental changes in the

Pacific Ocean basin. That the South African sardines are not in phase with the other

cases indicates that the decadal-scale changes in the Pacific Ocean are not well

coupled with those in the Atlantic Ocean.

Many studies have indicated that regime shifts in the air-sea environment

from cold to warm are correlated with the sardine and anchovy fluctuations

worldwide. Four time-scales of fluctuation were identified by Ware (1995) using a

spectral analysis of 21 climate records: 2-3 years (quasi-biennial oscillation), 5-7

year (ENSO), 20-25 year, and a very low frequency (VLF) oscillation with a 50-75

year period. Environmental changes that occur every 2 to 10 years like ENSO

events and other local temporary environmental changes are not enough to trigger

long-term fluctuations of sardines in the Pacific rim (Rothchild 1995). When

sardines disappear, they do so for longer periods of time than 10 years. Therefore,
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what triggers these fish to fluctuate must be longer-term environmental events like

the VLF and or the bidecadal variations.

In the Northeast Pacific, the Pacific Decadal Oscillation (PDO) reoccurs

every 20-30 years. The environmental changes associated with the PDO are similar

with those associated with the ENSO. The ENSO events, however, persist for 6 to

19 months and the changes associated with the PDO persist for 20 to 30 years. The

effects of the PDO are mostly observed in the North Pacific and in North America.

Cool regimes of the PDO were identified as occurring in 1890-1924 and again in

1947-1976. Warm PDO regimes occurred in 1925-1946 and from 1977 through the

1990s. The timing of these PDO regimes is similar to the California sardine and

anchovy fluctuations reported in the Baumgartner study (Hare et al. 1999, Francis

and Hare 1994, Francis et al. 1998).

Long term environmental regime shifts affect not only sardines and

anchovies but other fish such as shark, pomfrit, mackerel, albacore and squid

(Brodeur and Ware 1995). In California coastal waters, warming of the surface

waters is correlated with decreased zooplankton abundance as well (Roemmich and

McGowan 1995). The Pacific salmon stocks (sockeye, pink and chum) were found

to be significantly correlated with indices of atmospheric conditions (Noakes et al.

1998). Klyashtorin and Smirnove (1995) used time series data for the annual

surface temperature anomalies of the northern hemisphere and correlated the series

with the California sardine and total salmon abundance. The abundance of both fish

species was correlated with surface temperature. Sardines, however, responded

more quickly to changes in the environment than the salmon. Frances and Hare

(1994) concluded that Pacific salmon stocks were responding to long term changes

in global climate, This change was also found to be in phase with the changes in

sardine abundance in California, Japan, and Peru, as well as with abundance

changes in Alaska Pollock and Chilean mackerel (Klyashtorin and Rukhlov 1998).

Yasuda et al. (1999) show similarities between the abundance of Japanese sardine

and the regime shift indexed by the North Pacific Index (NPI), which represents



trends in primary productivity resulting from changes in upwelling or other

biological and physical processes.

The general conceptual model for the inverse cyclic behavior in the

abundance of sardines and anchovy is given in Figure 2.19. My review of the major

sardine/anchovy systems around the world suggests that the fluctuation process is

due to long-term environmental changes. The sardines/anchovies expand to cover

more area as the environmental conditions allow. Temporary fluctuations might

occur due to short-term environmental perturbations or heavy fishing. These

conditions are temporary and will not cause the sardines or anchovies to retreat to

their refuge or contraction areas. The expansion of sardines or anchovies might be

well limited by density dependent factors. Other variables like distance from

optimal nursery and spawning grounds also limit expansion of the sardines and

anchovies. The sardines/anchovies persist at high levels as long as the surrounding

conditions allow. When the environment "shifts" from cold to warm or vice versa

the sardines and anchovies are also change. Cold regimes result in the anchovy

stocks being dominant in California, Peru, and Japan, and sardine stocks in South

Africa. While warm regimes result in the sardine stocks becoming dominant in

California, Peru, and Japan, and the anchovy stock in South Africa. When

conditions are unfavorable, the sardines/anchovies contract to their refuge areas

where they can spawn and persist for long periods until the environment shifts

again. The refuge areas have environmental conditions that permit the

sardines/anchovies to spawn and grow optimally.

The conceptual model of sardine and anchovy expansions and contractions

is consistent with the "Basin model" proposed by MacCall (1990) as a model for

density-dependent changes in a stock's geographic range. MacCall asserted that the

ability of different habitats to support a population can be represented as a basin,

with the population filling this basin as if it were a liquid. The deepest areas in the

basin have the best habitats and are able to support higher population densities.

These centers of the population have the best environmental conditions. The

population density becomes shallower at the edges of the basin. As the population



increases in size, it expands its range into the shallow portions of the basin. In

terms of sardines and anchovies, as these populations increase they spread

geographically into less favorable habitats, but are limited in their spread by the

distance from spawning grounds. These spawning grounds can be thought of as the

deep central areas of the basin with the best habitat. When conditions are poor, the

population contracts to the center of the "Basin" where the conditions are the most

favorable. In this model sardine and anchovy expansions and contractions are

functions of habitat size and suitability.

Other sardine cases around the world also appear to fluctuate and their

fluctuations seem related to environmental changes. In Morocco, for example,

sardines have expanded and contracted regularly during the past five decades,

apparently because of changes in the intensity of Moroccan upwelling, which is a

function of trade wind intensity (Kifani 1998). During periods with reduced trade

wind intensity the upwelling is decreased along the Moroccan coast and

temperatures are elevated. During these periods sardines tend to concentrate in

relatively small areas where they are easily targeted by purse-seine vessels (Kifani

and Gohin 1992). Catches of the Adriatic sardine Clupea pilchardus have been

reported as being correlated with the 11 year solar cycle (Regner and Gacic 1974).

Sardines and anchovies in Australia reportedly concentrate in different areas.

Sardines are found almost exclusively in continental shelf waters and sometimes

further off shore. Anchovies, in contrast, are generally restricted to inlets and

estuarine areas and are rarely found in the open oceanic waters (Schwartzlose et al.

1999).

In all the cases reviewed for this study the sardine and anchovy species

occurred in pairs. That is one sardine species and one anchovy species. This low

diversity in the number of sardine and anchovy species in these systems could be

due to relatively uniform environmental conditions and restricted geographic

variability.
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62

The literature review for this study was based on papers published in

English. As a consequence, the review may have missed some relevant

information, especially regarding smaller sardine and anchovy populations. In

addition, the conceptual model for the inverse cyclic behavior in sardines and

anchovies is mostly based on speculations about changes in sardine and anchovy

abundance rather than highly accurate measurements or experimentally verifiable

facts. For example, long-term measurements of sardine or anchovy stock sizes were

unavailable. Instead, landings were used as indices of abundance. If market

demands for sardine and anchovy products are not consistently strong, then

changes in landings will not provide a true representation of changes in the sardine

and anchovy abundance.

CONCLUSION

The conceptual model hypothesized by the author is strongly supported in

some cases and not in others. The California system is the most consistent with the

proposed scenario. The model is weakly support by the system in South Africa

because sardines and anchovies there have very similar temperature preferences

and both expand and contract within the same region. In this case, the biological

interactions between the sardines and anchovies might be very important in

determining which fish population will dominate the system. As long as the

sardines and anchovies have their own refuge areas and their replacement process is

due to environmental change, the inverse cyclic behavior in abundance will

continue.

Sardines and anchovies are intimately coimected to short- and long-term

environmental changes on both local and oceanic scales. Local environmental

changes can cause temporary increases and decreases in one fish stock or the other,

but do not necessarily trigger the replacement process. Instead, broad-scale regime

shifts appear to cause these long-term inverse relationships between sardine and
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anchovies. Understanding how long term air-sea environmental changes affect the

sardine and anchovy populations and their ecosystems is essential to understanding

the process of sardine and anchovy fluctuations.
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CHAPTER THREE: QUALITATIVE ANALYSIS OF THE IN VERSE-

CYCLIC BEHAVIOR BETWEEN SARDINE AND ANCHOVY

INTRODUCTION

The previous chapter reviewed the inverse relationship in the abundance of

sardines and anchovies around the world and concluded that environmental change

triggers sardines and anchovies to alternately dominate the system. Although there

are other differences in the environmental characteristics preferred by the two

fishes, it seems that water temperature, which is a function of global weather,

regime shifts, El Nino, and local environmental conditions, is the most critical in

the process of alternating dominance between sardines and anchovies. Water

temperature controls the timing and extent of spawning by sardines and anchovies

and therefore their expansion and contraction. In the California, South African, and

Peruvian systems the alternation between sardines and anchovies is clearly

reflected in fishery landings. In the Japanese case, however, the Japanese sardine

abundance fluctuates more frequently than the Japanese anchovy, which appears to

be more stable.

There are many possible interactions between sardines and anchovies due to

overlap in their biological and life history characteristics. Sardines and anchovies

use the same ecological system and therefore eat almost the same food resources.

Furthermore, beside the possibility of food competition, sardines and anchovies

may interfere directly with each other through predation, particularly when bigger

stages of sardines or anchovies (e.g., adults) feed on smaller stages of the other

species (eggs, larvae, juveniles). Another possible interaction between sardines and

anchovies is mutualism, where both benefit from the presence of each other. The

mechanisms leading to mutualism with sardines and anchovies is somewhat

different from the usual forms of mutualism. Assuming that the predators and

fishing on sardines and anchovies are not specialized, then when the sardines, for
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example, are in relatively high abundance, fishing activities and predation may

concentrate mostly on the more abundant sardines; thus benefiting the less

abundant anchovies. This could be a negative effect on the sardines the most

abundant fish population. When the anchovies are at higher abundance, they

provide protection for the sardines. Thus, under this form of mutualism high

abundance of one species provides protection for the other less abundant species.

When one species dominates the ecosystem, the other retreats to its refuge area. In

this situation the persistence of anchovies depends on the existence of sardines, and

vice versa. This form of mutualism involves a long-term interaction between the

sardines and anchovies and carmot be expressed directly in terms of a classical

predator-prey relationship.

Commensalism also could occur between sardines and anchovies, where

only one species (either sardine or anchovy) benefits from the present of the other.

Commensalism involves only part of the mutualism interaction between the

sardines and anchovies and is observed over shorter time periods, when compared

with mutualism. In this situation the anchovies, for example, would benefit from

the existence of the sardines when the sardines were in high abundance, but the

sardines would not benefit from the existence of the anchovies when the anchovies

were very abundant. Amensalism, where one species is negatively affected by the

presence of the other species, could also occur between sardines and anchovies.

When the sardines are at higher abundance than the anchovies, the sardines could

consume more food than the anchovies. Therefore the anchovies are negatively

affected by the presence of the sardines. The low abundance of anchovy makes the

fishing activity and predators concentrate on the sardines. So the low abundance of

anchovy has a negative effect on the sardines. Each of the above interactions can

occur at different sardine and anchovy life stages or within the replacement process

itself i.e. when sardines overtake the anchovies or vice versa.

None of the above interactions can be assumed to exclusively represent the

interaction between sardines and anchovies because all of them could occur, but at

different stages in the sardine and anchovy life history.



In this chapter I use qualitative loop analysis techniques (Puccia and Levins

1985) to explore the behavior of different ways of modeling a sardine-anchovy

system. The objectives of this chapter are:

1) To identify feasible sardine-anchovy model configurations, which result in the

inverse relationship between sardine and anchovy, in a simple community

model that considers fishing, sardine and anchovy biomass, and sardine-

anchovy food resources. In addition, I investigate the stability of these model

configurations and determine the conditions that should be met to stabilize the

unstable model configurations.

2) To determine whether the behavior of the feasible sardine-anchovy model

configurations is altered when fishing is excluded from the model.

3) To identify the model configuration that best represents the sardine-anchovy

system in terms of predicting change in the system variables and thus identify

the crucial interactions between sardines and anchovies that require further

studies.

METHODOLOGY

Loop analysis, also called network analysis, is a method that can be used to

understand the qualitative behavior of dynamic systems. Variables in loop analysis

are represented by circles and the interactions between variables are represented by

lines connecting one variable to another. The connecting lines will have either

arrowheads (+-), dark circles (.-), or nothing at the ends (); each representing

positive, negative, or no effect respectively. The connectors having different types

of ends represent different kinds of interactions: no interaction, amensalism,

commensalism, competition, and predator-prey (Table 3.1). A variable having a

loop to itself with a small dark circle at one end (Table 3.1) indicates self-

regulation or a negative self-effect, which means that this variable has resources

available to it that are external to the model system and the variable will not go



extinct. A negative self-effect can be represented mathematically by a logistic

model in which population size tends to stabilize at some finite carrying capacity.

Loop analysis provides a simplified method for evaluating the performance of the

system of differential equations that underlies the ioop diagram. Loop analysis does

not allow one to determine the exact reasons behind the fluctuations typically

observed in sardine-anchovy systems, but it can help to identify model

configurations where this phenomenon occurs. Loop analysis provides a qualitative

evaluation of a system when the coefficients for the interactions between the

variables are given as 1, -1, or zero according to the interaction type. By replacing

the 1, -1, and zeroes by actual values for the coefficients, loop analysis can also

provide a quantitative evaluation that measures how rapidly the system will return

to equilibrium, and determines the equilibrium values for the variables. With many

variables in a given model, qualitative loop analysis can be very beneficial because

the analysis does not require one to measure the strength of the flows between all

the variables, which in practice is a very difficult task.
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Table 3.1. Different possible interactions between sardine (S) and anchovy (A)
populations and their ioop analysis representations.

Interaction Loop Representation

No interaction
There is no interaction between the two species
(S&A)

Amensalism
One species (S) is negatively affected,

EE1but the other is not affected (A)

Commensalim
One species benefits (S), but the other is
not affected (A).
Competition
Both species (S&A) are negatively affected .

Mutualism
Both species (S&A) are positively affected

Predator-Prey
One species is positively affected and the other one
is negatively affected.
Sardine
Negative self-regulation, the species (S) never
goes extinct and always regulate itself
Anchovy
Negative self-regulation, the species (A) never
goes extinct and always regulate itself



The table of predictions under qualitative loop analysis is a useful tool for

predicting or forecasting the responses of the different system variables to changes

in the birth or death rate of each of variables (Bodini 1998, Bodini and Giavelli

1989). All the predicted changes for the different variables are put into a matrix

called the table of predictions. The direction of change in the table of predictions is

expressed as a (+) for a variable that responds by increasing to a higher equilibrium

level, a (-) for a variable that decreases to a lower equilibrium level, and a (0) for a

variable that has no change. The direction of change can also be indicated by

arrows increasing (1') or decreasing (1).

In loop analysis the interactions between the different variables in the model

system can be represented by coefficients in a square matrix, called the community

matrix, that has one row and colunm for each variable. The coefficients determine

the direction and magnitude of the flows between the variables. In general, change

in the equilibrium value of variable X in any given model, due to change in

coefficient c is given by the following formula (as described by Puccia and Levins

1985),

V I
Af,')

pk YF(0hh1P))
j\ n-kAX frLAc)

Ac

where P1 is the path to j from 1. A path is the interaction between two variables. If

we need to determine the effect of j on i, then the path is written as P, and reads as

the path from j to i or simply i from j. In the above equation, k is the number of

variables involved in the open path, which is defined as the series of links that

coimect variable i to j without crossing any variable twice, and Fflk0m is the

feedback of the complementary subsystem. The complementary subsystem is

defined as all the n-k variables that are not included in the open path, where n is the

total number of variables in the model. In the term Af1/Ac, f is the function for the

time rate of change of the ith variable. Finally, the term F is the overall feedback of
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the entire system, which cannot be zero (Puccia and Levins 1985). A list of

terminology definitions is given in Appendix B

To illustrate these ideas, consider model Y with three variables, the Sardine

and Anchovy biomass (S and A), numbered as variables 1 and 2, and the Food

Resource (FR), numbered as variable 3 (Table 3.2, Figure 3.1). In this model the

change in the equilibrium abundance of S, due to an increase (+) in its own growth

rate (c) is

+(l)(aAFJ?aF) ==+
zXc

P1 in this case is which is always defined as 1, k is 1, the path length is

k-l=0, and the complementary feedback F..k is 3-12. The complementary

subsystem is (aFR)(-ap) and has a negative sign. The overall feedback (Fe) is

negative. The resulting sign of the formula for S!C is put in cell a11 (or ass) of

the so-called table of predictions. Cell a11 (or ass) shows the prediction of what will

happen to the sardine biomass if the sardine population growth rate increases.

Similarly the asA cell (or a12) shows the prediction of the response by S to an

increase in the anchovy growth rate. Appendix C provides more information about

the model Y example and describes how to obtain the complementary feedback

(FomP) and other calculations.

Loop models can be checked for stability. If a system is perturbed from a

stable equilibrium, it will return to that equilibrium. If the equilibrium is unstable,

the system will not return to the original equilibrium. In many cases there are

conditions that must be met in order to stabilize the system. If such conditions exist

then the system is described as conditionally stable. According to Routh-Hurwitz

(May 1973) there are two conditions that must be met in order for a system to be

stable. First, the feedback, which is the overall sign of the interaction among

variables involved in a path should be negative for all paths at all levels. Second,
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feedback at lower levels has to be stronger than the feedback at upper levels. Lower

level feedback involves fewer variables in a path than upper level feedback. For a

system with three and four variables, the second condition mathematically will be

Fl. F2 + F3 > 0, similarly for a five variable system

(F1.F2+F3).F3+(F1.F4+F5).F1 >0 where F is the feedback and the number

associated with it indicates the level of feedback.

In this study loop analysis methods were used to evaluate the different kinds

of interactions that might occur between sardines and anchovies in a system with

four variables: sardine biomass, anchovy biomass, a food resource, and fishing. The

environment carmot be used as a variable in the loop analysis because it is not

affected by the other variables in the system and so will always appear as a constant

in the analysis of the system. The effect of the environment on sardines and

anchovies and its role in the alternating cyclic behavior of these species is

described in a previous chapter.

A study by Baumgartner et al. (1992) on deposits of sardine and anchovy

scales in anaerobic sediments in Santa Barbara, California revealed that the inverse

cyclic behavior in the abundance of the Pacific sardine and the northern anchovy

has existed for a long time, well before the existence of any fishery. Therefore,

models that produce the cyclic behavior, even after removing the fishing variable,

should be more realistic representations of the sardine-anchovy systems. Although

there are no studies showing very long-term and strong cyclical fluctuations in the

worlds other sardine-anchovy systems, I assume the Japanese, South African, and

the Peruvian systems are similar to the California system.
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FR

Figure 3.1. Example Model Y, where sardines are denoted by S, anchovies by
A, and their shared food resource by FR. The interaction between S and A
with FR is a predator-prey interaction, while there is no interaction between S
and A. All the variables (S, A, and S) are self-regulated.

Table 3.2. Illustrative table of predictions. The column labels indicate the
variable whose birth rate has increased. The cells show the responses of the
variables. For example, cell a23 (or aAFR) shows the effect on A of increasing
the birth rate of FR. See Appendix C for more details.

Variables Sardine
'1'

Anchovy
4'

Food Resource
1

Sardine a11 or ass a12 or asA a13 or asFR

Anchovy a21 or aAs a22 or a a23 or aR

Food Resource a31 or aFRs a32 or aF4 a33 or aFRFR

For the first objective four basic systems were investigated (Figure 3.2). In

Basic Set 1 the sardines and anchovies share the same food resource. In Basic

Set 2 the sardine and anchovy components each have their own food resource (FRS

and FRA) instead of competing for the same food resource. In Basic Set 3, separate

fisheries operate simultaneously but independently on the sardines (FS) and

anchovies (FA), while the sardines and anchovies have a shared food resource (as

in Basic Set 1). Basic Set 4 is like Basic set 3, however, in Basic Set 4 the sardines



and anchovies each have their own food resource (as in Basic Set 2). The

interactions between fishing and sardines, and fishing and anchovies are fixed, such

that fishing reduces the fish biomass. Fishing consumes both the sardine and

anchovy stocks, and the sardine and anchovy stocks, in turn, consume the food

resource. Fishing, however, is not reduced by any variable in the system, which

corresponds to the assumption that fishing costs and fish prices, which are likely to

influence the intensity of fishing, are fixed. Natural mortality of the fish stocks and

the food resource, caused by starvation and predation by organisms other than

sardines or anchovies, is embedded in the self-effect loops.

Set I

FS

S

Set 3

FR

I

Set 2

Set4

S

F

Figure 3.2. The Basic Sets of sardine-anchovy systems.

A

FRA
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Each Basic Set was divided into subsets based on the food resource share.

The subsets then were divided into three groups based on the self-regulation by

sardines and anchovies. Basic Set 1 has only one food resource, which is shared by

both sardines and anchovies; therefore this Basic Set is only divided into groups,

Basic Sets la to ic (Figure 3.3). Basic Set la (Figure 3.3a) assumes that both

sardines and anchovies share the same food resource but they do not rely

exclusively on this food resource. Each species has a ioop to itself to represent the

availability of alternative food resources. In Basic Set lb only the sardines have an

alternative source of food. A parallel configuration (not shown) would have the

self-effect on anchovies but not on sardines. The Basic Set 1 c models assume that

both sardines and anchovies prey exclusively on the same food resource and have

no alternative sources, hence there are no self-effects.

For each subset under all of the Basic Sets I examined model configurations

with the following types of interactions between sardines and anchovies: no

interaction, amensalism, commensalism, competition, predator-prey, and

mutualism, illustrated for the Basic Set 1 subsets in Figure 3.4.

Due to symmetry under each Basic Set; there are six different models or

system "configurations" in all the type a and c subsets (Figure 3.3) (no interaction,

amensalism, cornmensalism, competition, predator-prey, and mutualism).

However, due to asymmetry there are a total of nine configurations under the type b

subsets because switching species in the amensalism, commensalism, and predator-

prey links results in different system behavior.
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0
FR

a

C

0
FR

Figure 3.3. Different possible groups derived from Basic Set 1.

The configurations in Basic Set 2 were divided into subsets A, B, and C

based on the interaction between sardines and anchovies with their food resources

(Figure 3.5). Subset A assumes that sardines can feed on the anchovy's food

resources. Subset B assumes that sardines share their food resource (FRA) but not

the opposite. Subset C assumes that sardines and anchovies share each others food

resources. Subset C is slightly different from a four variable system with a shared

food resource (Basic Set 1) in that the models in Subset C assume that sardines and

anchovies could be specialized predators on the two different food resources.



76

/0 0
c®<

\

FRI (FR

No interaction Amensalism

Commensalism Competition

0
c®

FR

Mutualism

Figure 3.4. Different sardine and anchovy model configurations considered
under Basic Set 1, Subset a.

Given the Basic Sets 1, 2, 3, and 4 and their possible subsets and groups I

examined a total of 333 possible model configurations. For each one I evaluated the

corresponding qualitative table of predictions to determine whether the model

configurations were consistent with sardine-anchovy alternations. Any model that
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predicted an inverse relation between sardine and anchovy was selected for further

analysis, while any model that did not predict an inverse relation was considered to

be an implausible model for a real sardine-anchovy system. An inverse relation

between sardines and anchovies was determined by looking for +7- or -1+ in the

tables of prediction.

For the second objective, which is to determine whether the behavior of the

feasible sardine-anchovy model configurations is altered by fishing, the fishing

variable was removed from Basic Sets 1, 2, 3, and 4, resulting in two sets: a 3*3 set

(derived from Basic Sets 1 and 3), and a 4*4 set (derived from Basic Sets 2 and 4).

These new 3*3 and 4*4 sets are called Basic Sets 5 and 6 (Figure 3.6). These

models were analyzed for alternation of the sardines and anchovies by looking at

the tables of predictions and were analyzed for stability as well. Basic Set 5 was

divided into three different groups based on the sardines and anchovy self-effects,

groups a, b, and c, while Basic Set 6 divided into three different subsets based on

the food resource sharing; subset A, B, and C (Figure 3.7). Each subset than was

divided into three groups based on the self-effects, for a total of nine groups.

All the model configurations with the fishing effect removed (Basic Sets 5

and 6) were tested for the inverse relationship between the sardines and anchovies

and compared with the corresponding models that included the fishing effect (Basic

Sets 1-4).
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Subset A

FRA

Subset B

Subset C

FRA

Figure 3.5. Different Subsets (A, B, and C) from Basic Set 2. Models in Subset
A have completely separate food resources for sardines and anchovies. For the
models in Subset B the sardines can feed from their own as well as the
anchovies' food resource while anchovies cannot feed from the sardines' food
resource. Finally, in Subset C both sardines and anchovies can feed on each
others food resource.
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Set 5

S®
Set 6

Figure 3.6. Basic Sets 5 and 6 were derived by removing fishing from Basic
Sets 1 and 2.

Figure 3.7. Different Subsets (A, B, and C) under Basic Set 6. Subset A
assumes that the sardines and anchovies have entirely separate food resources.
Subset B assumes that sardines consume the anchovies' food resource in
addition to their own, but anchovies only have their own food resource.
Subset C assumes that both sardines and anchovies consume each other's food
resources.
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Under objective three, to identify the model configuration that best

represents the sardine-anchovy system, I derived a "pooled" table of predictions

(PTP) for each Basic Set from the model configurations that resulted in an inverse

relationship between sardines and anchovies. This table highlighted the similarities

and differences among those configurations that produced alternations in the

sardines and anchovies.

For each model configuration under a given Basic Set, the tables of

predictions were from those configurations that had inverse relationship between

sardines and anchovies and that were stable or conditionally stable obtained. The

predictions from these individual model configurations were combined into a single

table. For each cell in this combined table I calculated the percentage of cells in the

original models that predicted increase, decrease, or no change. The pooled table of

predictions showed the highest agreement between the different model

configurations regarding the direction of the predicted change (increase, decrease,

or no change).

For example, suppose there are a total of 25 model configurations for Basic

Set I that predict an inverse relationship between sardines and anchovies, and that

for cell a11, there are 15 models that predict an increase, 7 that predict a decrease

and 3 that predict no change. The majority of the models (61%) predict an increase

in cell all and that most frequent prediction is put in the pooled table of predictions.

The cells in the pooled table of predictions show the most likely directions of

change in the corresponding variables for the different models.

Mathematically the pooled prediction for a cell is obtained from the formula

mode (sign) *
freq [mode (sign)]

n

where n is the total number of stable and conditionally stable model configurations

that predict sardine-anchovy alternations in the given Basic Set, mode(sign) is the

most frequent sign in the different tables of predictions, sign indicates a predicted
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increase, decrease, or no change, freq[mode(sign)] counts the number of repetitions

of the given sign in the different tables of predictions.

The pooled table of predictions identifies the most likely set of predictions

under each Basic Set of models. The different tables of predictions from the

individual model configurations were compared to the pooled table of predictions

to choose a single model configuration from each Basic Set that best represents the

sardine anchovy system. Any table that completely overlaps the pooled table of

predictions was considered to reliably represent the sardine and anchovy system.

All the models that completely overlapped the pooled table of predictions were

further checked by removing the fishing effect to confirm that these models

retained the inverse relationship between sardines and anchovies. Models satisfying

all these criteria were considered the best ones to represent a sardine and anchovy

system. Hence, the interactions between the sardines and anchovies in these models

were considered to be important for further studies.

RESULTS

From Basic Sets 1 to 4 a total of 333 model configurations were checked.

Only 84 model configurations from Basic Sets 1 and 2 predicted the inverse

relation between sardines and anchovies (Table 3.3a). From these 84 models, a total

of 13 model configurations resulted in zero overall feedback and 7 had positive

overall feedback. In terms of predictions, when a model has zero overall feedback,

the model variables fail to respond to any changes. Therefore, it is not possible to

predict the direction of change of the variables. Models with positive overall

feedback, on the other hand, suggest that one or more of the system variables

increase exponentially and it is not possible to stabilize the system (Edelstei-Keshet

1988). Hence, only 64 models were further analyzed for the pooled table of

prediction. Because none of the model configurations in Basic Sets 3 and 4 resulted
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in the inverse relationship between the sardine and anchovy populations, these

model systems were excluded from any further analysis. After removing fishing

from the systems (Basic Sets 5 and 6), only 34 model configurations retained the

inverse relation (Table 3 .3b). Four models resulted in zero overall feedback and six

had positive overall feedback.

Basic Set 1 and Basic set 5

All the models under Basic Set 1, a total of 16, predicted the inverse

relation between sardines and anchovies (Appendix D 3.1). Due to zero overall

feedback in these systems, tables of predictions could not be obtained for models in

Basic Set la where sardines and anchovies compete with each other. Under Basic

Set ib, amensalism also resulted in zero overall feedback, while competition

resulted in positive overall feedback. Under Set 1 c, the models with no-interaction

and the predator-prey interaction resulted in zero overall feedback. In general, it

appears that configurations where both sardines and anchovies have no self-effect

more frequently result in zero or positive feedback.

Model configurations with zero and positive overall feedback were not

included when calculating the pooled table of prediction. The table of predictions

does not exist for models with zero overall feedback. Models with positive overall

feedback are not stable and therefore produce persistent alternations between

sardines and anchovies. The pooled table of prediction included those models that

had an inverse relation between sardines and anchovies when fishing was included

in the model, regardless of whether the inverse relation persisted after fishing was

removed.



Table 3.3a. Summary table of results for all the models analyzed with fishing included.

Basic Set Subset Groups
Total

Models
examined

Models
with inverse

relation

Models with
Zero overall

Feedback

Models with
Positive

overall feedback

Number of
Stable
Models

Number of
Conditionally
Stable models

a Both with self effect 6 5 1 0 5 0
Single food b one with self effect 9 7 2 1 6 0

Resource c None with self effect 6 4 2 2 0 2

Based on Food
Resource (FR)

2 A None share a - Both with self effect 6 6 0 0 6 0
Separate FR b - one with self effect 9 9 0 0 8 1

Food c - None with self effect 6 5 1 0 4 2
Resource

B - One share a - Both with self effect 6 6 0 0 6 0
FR b one with self effect 18 8 2 0 8 1

c None with self effect 6 5 1 1 3 1

C - Both share a - Both with self effect 6 5 1 0 5 0

FR b - one with self effect 9 7 2 1 6 0
c None with self effect 6 4 2 2 1 1



Table 3.3a Continued

Basic Set Subset Groups
Total Models Models with Models with Number of Number of

Models with inverse Zero overall Positive Stable Conditionally
examined relation Feedback overall feedback Models Stable models

3 Based on
Single food Fishing (f) a Both with self effect 6 0
resource & A Separate b - one with self effect 9 0
Separate F c None with self' effect 6 0

fishing

B One share a Both with self effect 6 0
F b one with self effect 9 0

c None with self effect 6 0

C - Both share a Both with self effect 6 0
F b one with self effect 9 0

c - None with self effect 6 0
4 Based on FR

Separate food A None share a - Both with self effect 5 0
food resource food resource b one with self effect 8 0
& Separate c - None with self effect 5 0

fishing

B - One share a - Both with self effect 6 0
FR b one with self effect 9 0

c None with self effect 6 0

C - Both share a - Both with self effect 6 0
FR b one with self effect 9 0

c None with self effect 6 0



Table 3.3a continued

Basic Set 4
continued

Subset Groups
Total Models Models with Models with Number of Number of

Models with inverse Zero overall Positive Stable Conditionally
examined relation Feedback overall feedback Models Stable models

Based on
Fishing (F)
A - One share a - Both with self effect 6 0
F b - one with self effect 9 0

c - None with self effect 6 0

B - Both share a - Both with self effect 6 0
F b - one with self effect 9 0

c - None with self effect 6 0
Based on FR
&F
A - One share a - Both with self effect 6 0
F & one share b - one with self effect 9 0

FR c - None with self effect 6 0

a - Both with self effect 6 0
B - One share F b - one with self effect 9 0
& both share FR c - None with self effect 6 0

a - Both with self effect 6 0
C - Both share F b - one with self effect 9 0
& one share FR c - None with self effect 6 0

a - Both with self effect 6 0
D - Both share F b - one with self effect 9 0

& both share FR c - None with self effect 6 0



Table 3.3b, Summary table of results for all models analyzed with fishing excluded.

Basic Set Subset Groups
Total

Models
examined

Models

with inverse
relation

Models with
Zero overall

Feedback

Models with
Positive

overall feedback

Number of
Stable
Models

Number of
Conditionally
Stable models

a - Both with self effect 6 2 0 0 2 0
Single food b - one with self effect 9 2 0 1 1 0
Resource c - None with self effect 6 2 0 2 1 0

Based on Food
2 Resource (FR) a - Both with self effect 5 1 0 0 1 0

Separate Food A None share b - one with self effect 8 1 0 0 1 0
Resource FR c - None with self effect 5 0 0 0 - -

a - Both with self effect 6 3 0 0 3 0
B - One share b - one with self effect 18 7 1 1 6 0
FR c - None with self effect 6 2 0 0 2 0

a - Both with self effect 6 5 1 0 5 0

C - Both share b - one with self effect 9 7 2 1 6 0
(FR c - None with self effect 6 5 1 2 3 0
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All the model configurations under Set 1 a met the Routh-Hurwitz stability

criteria. Under Set lb only the competition model resulted in positive overall

feedback and was thus unstable. Under Set 1 c amensalism and competition also

resulted in positive overall feedback. Commensalism and mutualism under Set ic

were conditionally stable and these models did not meet the second Routh-Hurwitz

criterion, that lower-level feedback must be stronger than upper-level feedback. All

the interactions between sardines and anchovies under Basic Set 1 seemed capable

of producing the inverse relationship between the two fishes.

Pooled Table of Prediction (PTP):

The pooled table of predictions for Basic Set 1 (Table 3.4) revealed that an

increase in the rate of fishing resulted in an increase in fishing (a 100% agreement

between the model configurations), a decrease in the sardine and anchovy

populations (69% and 77% agreement respectively), and finally an increase in the

food resource (100% agreement).

Increasing the sardine population growth rate resulted in an increase in the

fishing variable (62% agreement), an increase in the sardine population, a decrease

in the anchovy population, and no change in the food resource (100% agreement

for each). An increase in the anchovy population growth rate resulted in an increase

in the anchovy fishing (85% agreement), a decrease in the sardine population, an

increase in the anchovy population, and no change in the food resource (100%

agreement for each). An increase in the rate of food resource production resulted in

increases in both the fishing variable and the food resource (100% agreement) and

no change in the sardine and anchovy populations (100% agreement).

A total of five models had 100% agreement with the pooled table of

predictions (Figure 3.8). These models included three different types of interactions

between sardines and anchovies: no-interaction, commensalism, and mutualism.

When both sardines and anchovies are self-regulated, the three interaction types
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(no-interaction, commensalism, and mutualsim) between the sardines and

anchovies will produce alternations. When neither or only one of the two fishes are

self-regulated, mutualism is the only type of interaction that will reliably produce

the sardine-anchovy alternations. The pooled table of prediction associated with

Basic Set 1 had very high levels of agreement except for the prediction between

sardines and anchovies and their fishing.

Table 3.4: The pooled table predictions for the Basic Set 1 models shows the
highest percentage of agreement among the model configurations that
produced alternations between sardines and anchovies. The arrows indicate
direction of prediction; (1') increase, (a') decrease, (0) no change. The
percentages within brackets indicate the degree of agreement between the
model configurations regarding the direction of the prediction. A total of 13
models in this Subset produced alternations between sardines and anchovies
and were included in this pooled table of predictions.

Variables F S A FR

Fishing (100%) (62%) (85%) (100%)
1' 1' 1'

Sardine Population (69%) (100%) (100%) (100%)
'If 1' ..If 0

Anchovy (77%) (100%) (100%) (100%)
Population 'if .if 1' 0
Food Resource (100%) (100%) (100%) (100%)

1' 0 0 '1'

The fact that the other model configurations and other types of interactions

(amensalism and competition) were not as consistent with the pooled table of

predictions does not mean that these interactions and configurations are not

important. The five model configurations that were chosen, and the sardine-

anchovy interactions in them, are the most reliable for predicting changes in all the

given variables. To refine the model selections, and to be consistent with results

from the Baumgartner study, the best models for representing real-world sardine
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and anchovy systems will be ones that retain the inverse relationship between

sardines and anchovies when fishing is removed.

When fishing was removed from Basic Set 1 (resulting in Basic Set 5) only

six of 13 models still kept the inverse relation between sardines and anchovies

(Figure 3.9). These models had only three types of interactions between sardines

and anchovies: no-interaction, competition, and amensalism. From these models,

models d, e, and f resulted in positive overall feedback, leaving only models a, b, C

as plausible sardine and anchovy models when there is no fishing. However, only

model a, which corresponds to the model where both sardines and anchovies are

self-regulated and yet share the same food resource with no other interaction from

Basic Set 1, had 100% overlap with the pooled table of predictions from Basic Set

1. Thus, this model (Figure 3.10) is the simplest model that most closely conforms

to the alternating behavior observed in real sardine and anchovy systems. This

result indicates that when both sardines and anchovies are self-regulated, the type

of interaction between them is not important.



Figure 3.8. Model configurations from Basic Set 1 that had 100% agreement
with the pooled table of predictions.

G®\/?

FR

A

Figure 3.9. Model configurations from Basic Set 5 that still held the inverse
relationship between sardines and anchovies even after the Fishing effect was
removed.
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Figure 3.10. The model from Basic Set 1 that most reliably predicts changes in
the different variables. This is the only model that maintains the inverse
relationship between sardines and anchovies when the fishing effect is
removed.

Effect of fishing on the interaction between sardine and anchovy:

None of the models under Basic Set 5 with mutualsim and commensalism

as the interaction between sardines and anchovies resulted in the inverse relation

between sardines and anchovies (Figure 3.9). This result is very logical because if

sardines and anchovies are mutually related then the increase of one fish means the

other increases as well, or vice versa. Similarly, when the interaction is

commensalism one fish benefits from the increase of the other fish.

In relation to the model configurations with and without fishing, the models

can be divided into two groups based on the cause of the inverse relation between

sardines and anchovies. In one group, with models that have commensalism and

mutualism as the interaction between sardines and anchovies, the inverse relation is

due to fishing. In the other group, with models that have amensalism and

competition, the inverse relation is due to factors other than fishing.
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Conditionally Stable Models:

Under Basic Set 1, whose models all include fishing, there were two

conditionally stable models, configurations having amensalism and mutualism

between the sardines and anchovies, which are the types of models where fishing

seems to cause the inverse relation. Therefore to stabilize these systems one has to

control the fishing. Furthermore, fishing is the only variable in the system that is

subject to human control. These conditionally stable models appeared in

configurations where neither the sardines or anchovies had any negative self-effect.

Both these models did not satisfy the second Routh-Hurwitz condition, which is

that feedback at lower levels has to be stronger than feedback at higher levels,

equivalentto F1F2+F3>O.

Control of fishing can satisfy the above inequality if one can regulate the

sardine and/or anchovies catch rate coefficients, aFs and aFA respectively, or their

death rates coefficients, asF and/or a. Sardines and anchovies death rate

coefficients can be larger than their catch because the fishers kill more fish than

what they actually retain as catch, the difference being fish that are discarded. To

satisfy the above inequality; I increased/decreased the sardine and anchovy death

and catch rate coefficients one at a time. The coefficient changes that satisfy the

inequality are then identified. I divided the conditions that satisfied the inequality

into two according to the interaction between sardines and anchovies,

commensalism, and mutualism (Table 3.5).
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Table 3.5. Conditions for stabilizing the conditionally stable models from Basic
Set 1. The models are divided into two categories based on the interaction
between sardines and anchovies; commensalism and mutualism.

Basic Set 1 and 2

Commensalism Mutualism
Condition Satisfy the R.H Satisfy the R.H

Yes No No effect Yes No No effect
Decrease sardine
death rate (aSF) X X
Decrease anchovy
death rate (aAF) X X
Decrease sardien
catch (aFS) X X
Decrease anchovy
catch (aFA) X X

The commensalism model could be stabilized by decreasing either the

anchovy death rate or the sardine catch coefficients. Which one of these two

condition to follow depends on the table of prediction. If the table predicted that

sardines are the one that increases, then decreasing the anchovy death rate will

stabilize the system. With the mutualism model, there are more options than with

the commensalism model. This is because the commensalism interaction makes the

model asymmetric, unlike the mutualsim. The condition to be adopted again will

depend on the direction of the fish population, whether it is increasing or

decreasing.



Basic Set 2

In Basic Set I the sardines and anchovies share a food resource, but in Basic

Set 2 each fish species has its own food resource. Basic Set 2 consists therefore of

five variables rather than four as in Basic Set I, removing fishing will leave four

variables in the model configurations, Basic Set 6. Having food resource for each

fish stock simply allows me to assume that each fish stock could have its own food

resource. The Basic Set 2 models were divided into subsets A, B, and C based on

the amount of separation of the food resources: entirely separate, partially separate,

or shared. A total of 72 models were examined. Nine had in zero overall feedback

and four had a positive overall feedback (Table 3.3a), leaving model configurations

for constructing the pooled table of predictions.

The model configurations under Basic Set 2 Subset A a (Appendix D.3.2),

where sardines and anchovies had separate food resources and both were self-

regulated all satisfied the inverse relationship between sardines and anchovies and

satisfied the Routh-Hurwitz stability criteria. Under Subset A b mutualism model

did not meet the second Routh-Hurwitz stability criterion. Under Subset A c the

models with commensalism and mutualism did not meet the second Routh-Hurwitz

criteria, and the competition model had zero overall feedback. More conditionally

stable models appear as both fish become more dependent on the same food

resource. Under Basic Set 2 Subset A a total of 20 model configurations went into

constructing the pooled table of predictions.

Under Basic Set 2 Subset B, where one fish shared its food resource, a total

of 30 model configurations were examined. Three models had zero overall

feedback and one had positive overall feedback. Only two model configurations

were conditionally stable: mutualsim under Basic Set 2 Subset B b, and subset B c

(Appendix D.3.3). These models did not meet the second Routh-Hurwitz criteria.

Under Basic Set 2 Subset C, where both fish share each other's food

resource, a total of 21 models were examined. Five models had zero overall

feedback and 3 had positive overall feedback, leaving thirteen models for
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constructing the pooled table of predictions. Only one model was conditionally

stable, mutualism under Subset C c (Appendix D.3.4).

Pooled Tables of Predictions:

All the models in the pooled tables of predictions for Basic Set 2 Subsets A

and B (Tables 3.6a and 3.6b) predicted that an increased sardine growth rate would

lead to an increase in the sardine population and therefore a decrease in the sardine

food resource. Under Subset C, however, all the models agreed that the sardine

food resource would remain unchanged when the sardine population increased

(Table 3.6c). The same scenario is true for the anchovies and their food resource.

For Subsets A and B the pooled tables of predictions predicted that an increase in

the sardine food resource would cause the sardine population to increase (100%

agreement) but under Subset C the sardine population remained unchanged (100%

agreement). Under Subset A an increase in the anchovy's food resource caused the

anchovy population to increase (100% agreement) but under Subsets B and C the

anchovy population remained unchanged (100% agreement in both tables).



Table 3.6. Tables 3.6a, 3.6b, and 3.6c. The pooled table of predictions for the
models in Basic Set 2, Subset A, B, and C. The arrows indicate the direction of
change; (1') increase, (.L) decrease, (0) no change. The percentages within
brackets indicate the degree of agreement between the model configurations
regarding the direction of change.

Table 3.6a. A total of 20 models in Subset A produced alternations between
sardines and anchovies and were included in this pooled table of predictions.

Variables F S A FRS FRA

Fishing (95%) (80%) (95%) (80%) (95%)
1 1' 1' 1 1'

Sardine Population (80%) (100%) (100%) (100%) (100%)
________________ 1' 1'

Anchovy Population (95%) (100%) (100%) (100%) (100%)
I l-__ I

Sardine Food (80%) (100%) (90%) (90%) (100%)
Resource 1' 1 1' 1'

Anchovy Food (95%) (100%) (100%) (100%) (90%)
Resource 1 1' 1 1'

Table 3.6b. A total of 26 models in Subset B produced alternations between
sardines and anchovies and were included in this pooled table of predictions.

Variables F 5 A FRS FRA

Fishing (100%) (54%) (92%) (62%) (100%)
-r 1

Sardine Population (62%) (100%) (100%) (70%) (70%)
1 1 1 1' 0

Anchovy Population (88%) (100%) (100%) (70%) (70%)
I I '1' 1 0

Sardine Food (70%) (70%) (70%) (81%) (96%)
Resource I 1' 1' 0
Anchovy Food (92%) (70%) (70%) (100%) (92%)
Resource 1 0 0 0 1

(Continued)
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Table 3.6c. A total of 13 models in Subset C produced alternations between
sardines and anchovies and were included in this pooled table of predictions.

Variables F S A FRS FRA

Fishing (100%) (62%) (85%) (100%) (100%)
1' 1'

Sardine Population (69%) (100%) (100%) (100%) (100%)
1' 0 0

Anchovy Population (77%) (100%) (100%) (100%) (100%)
1' 0 0

Sardine Food (100%) (100%) (100%) (100%) (100%)
Resource 1' 0 0 1' 0

Anchovy Food (100%) (100%) (100%) (100%) (100%)
Resource 0 j 0 0

Under Basic Set 2 Subset A, a total of eleven models (Figure 3.11)

overlapped 100% with the pooled table of prediction (Table 3.6a). All of the types

of interactions between sardines and anchovies listed in Table 3.1 were represented

in these different models. The no-interaction, amensalism, commensalism,

mutualism, competition, and predator-prey interactions appear in the model

configurations when both sardines and anchovies are self-regulated. The no-

interaction, commensalism, and mutualism appear in the models when only one

fish species is self-regulated or when neither is self-regulated.
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Figure 3.11. The model configurations from Basic Set 2, Subset A; that had
100% agreement with the pooled table of predictions (Table 3.6a).



The models in Basic Set 6 were derived from Basic Set 2 models by

removing fishing. When fishing was removed from the Subset A models, the no-

interaction models had no link between the sardine and anchovy systems. Only two

models in Basic Set 6 Subset A maintained the inverse relationship between the

sardines and anchovies (Figure 3.12). The model configuration with self-effects on

both the sardines and anchovies (Figure 3.12, panel a) had 100% overlap with the

corresponding pooled table of predictions from Basic Set 2 subset A, in which

fishing was included in the model. The model with a self-effect only on the

sardines (Figure 3.11, panel b), however, does not.

(a) (b)

Figure 3.12. Model configurations from Basic Set 6, Subset A that maintained
the inverse relationship between sardines and anchovies when the Fishing
effect was removed.

Hence the only model from Basic Set 2, Subset A that seems a good candidate

model for a sardine and anchovy system is the one that has competition between

the sardines and anchovies where both fish populations are self-regulated (Figure

3.13). So, sardines and anchovies do not share food resources, only seems to be a

plausible interaction between sardines and anchovies. When fishing is included in

the models, commensalism and mutualsim also produce the inverse relation.



100

/0
Cl®.

t

Figure 3.13. The model from Basic Set 1, Subset A that most plausibly predicts
changes in the different variables. It is the only model in this subset that
maintains the inverse relation between sardines and anchovies when the
fishing effect is removed.

Under Basic Set 2 Subset B a total of five models (Figure 3.14) overlapped

100% with the pooled table of prediction (Table 3.6b). The interactions between

sardines and anchovies appearing in these models were mutualsim, conmiensalism,

and no-interaction.

When fishing was removed from the Basic Set 2 Subset B, twelve of them

continued to satisfy the criterion that sardine and anchovy abundance be inversely

related (Figure 3.15). In terms of the interaction between sardines and anchovies,

the results here for Basic Set 6 Subset B were almost the same as the results for

Basic Set 1 with fishing excluded. The interactions between sardines and anchovies

that maintained the sardine-anchovy alternations were competition and amensalism,

which support the idea that mutualsim and commensalism are not plausible

interactions between sardines and anchovies. Model (h), in which only the sardines

have a self-effect and the interaction between sardines and anchovies is

competition, was the only model with positive overall feedback. The rest of the

models were stable.
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Figure 3.14. The models from Basic Set 2, Subset B that had 100% agreement
with the pooled table of predictions (Table 3.6b).

Only the no-interaction model configuration where both fishes were self-

regulated continued to have sardine-anchovy alternations when fishing was

removed from the model. Therefore this model is considered to be the most

plausible of the Subset B model configurations (Figure 3.16).

Under Basic Set 2 Subset C, five model configurations (Figure 3.17)

resulted in 100% agreement among the model predictions combined in the pooled

table of prediction (Table 3 .6c). Three types of interaction appear in these models.

No-interaction, amensalism, and commensalism appear in models where both

sardines and anchovies are self-regulated. The mutualism interaction also appears

in model configurations where only one or neither of the fish species is self-

regulated.
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Figure 3.15: Model configurations from Basic Set 6, Subset B that maintained
the inverse relationship between sardines and anchovies when the fishing
effect was removed.

When fishing was removed from the Subset C model configurations that

were in the pooled table of predictions, all the model configurations maintained the

inverse relationship between sardines and anchovies, which implies that there is no

single model that best represents the Subset C model configurations This also

indicates that mutualsim and commensalism under Basic Set 2 Subset C are real.

This means that fishing has a very insignificant role in causing the inverse relation.

However, the pooled table of predictions for the Basic Set 6, Subset C models
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(Table 3.7) revealed that the configurations overlapping 100% with the pooled

table of predictions were the same ones that overlapped with the pooled table of

predictions form Basic Set 2, Subset C, which included fishing. However, the

simplest of the candidate models in Subset C is the one with no interaction between

sardines and anchovies (Figure 3.18).

F

S\ (ATT
Figure 3.16. The most reliable model from Basic Set 2, Subset B. It is the only
model that maintains the inverse relationship between sardines and anchovies
when the Fishing effect is removed.
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Figure 3.17. The models from Basic Set 2, Subset C that had 100% agreement
with the pooled table of predictions (Table 3.6c).

Table 3.7: The pooled table of predictions for the Basic Set 6 Subset C models
shows the percentage of agreement among the model configurations that
produced alternations between sardines and anchovies. The arrows indicate
direction of prediction; (1') increase, (.1-) decrease, (0) no change. The
percentages within brackets indicate the degree of agreement between the
model configurations regarding the direction of the prediction. A total of 13
models in this Subset produced alternations between sardines and anchovies
and were included in this pooled table of predictions.

Variables F S A FR

Fishing (100%) (100%) (71%) (71%)
1' 1' 1'

Sardine Population (100%) (100%) (71%) (71%)
1'

'1'

Anchovy (71%) (93%) (100%) (93%)
Population 1' 1'

Food Resource (64%) (86%) (93%) (100%)
.1 1'

104
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Figure 3.18. The simplest model from Basic Set 2, Subset C.

Table 3.8. The pooled table of predictions for the models in Basic Set 2, all
Subsets combined. Increase, decrease, and no change in a variable are
represented by 1', , and by 0, respectively. A total of 63 models in this Set
produced alternations between sardines and anchovies and were included in
this pooled table of predictions. The numbers in parentheses indicated the
percentage agreement among these models.

Variables F 5 A FRS FRA
Fishing (98%) (62%) (97%) (87%) (98%)

1' 1' 1' 1'

Sardine (71%) (93%) (93%) (98%) (64%)
1' '1' 0

Anchovy (84%) (93%) (93%) (98%) (64%)
1' 0

Sardine Food (67%) (98%) (87%) (96%) (64%)
Resource 1' 1' 1' 0
Anchovy Food (98%) (98%) (98%) (65%) (98%)
Resource 1' 0 0 0 1'

The pooled table of predictions for the Basic Set 2, Subsets A, B, and C were

combined into a single pooled table of predictions. This overall pooled table of

predictions was the same as the pooled table of predictions for Subset B with

slightly different (Table 3.8) agreement percentages. This means that the best
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model to represent the configurations of Basic Set 2 is the model that best

represented the Subset B models, shown in Figure 3.16.

Conditionally stable models:

There were a total of six conditionally stable model configurations among

the 72 models in Basic Set 2 that were included in the tables of predictions

(Figure 3.19). These models did not meet the second Routh-Hurwitz condition and

had commensalism and mutualism as the interaction between the sardines and

anchovies. In addition, in three models neither the sardines nor the anchovies had a

negative self-effect.. The second Routh-Hurwitz condition requires that feedback at

lower feedback levels should be stronger than feedback at the upper feedback

levels. In terms of the Basic Set 2 models this condition can be written as

(F1F2 + F3) x F3 + (F1F4 + F5) x Fl > 0 where Fn is the feedback at level n.

where Fn is the feedback at level n.

The inequality can be written in various ways that satisfy the condition and

stabilize the models. However, the only feasible actions that could be taken to

satisfy the inequalities are controls over fishing as indicated previously under

conditionally stable models section for Basic Set 1 models. The conditionally stable

models were divided into two according to the results based on the interaction

between sardines and anchovy. The conditions to satisfy commensalism and

mutualsim models were the same ones as for Basic Set I given in Table 3.5.
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Figure 3.19. Conditionally stable models from Basic Set 2.

DISCUSSION

Only the Basic Sets 1 and 2 model configurations resulted in the inverse

relationship between sardines and anchovies. All the model configurations in these

sets agreed that amensalism and competition are plausible interactions between

sardines and anchovies in the sense that these interactions maintain the inverse

relation between sardines and anchovies regardless of whether fishing is included

or not in a given model configuration. The analyses of the configurations under

Basic Set 1 and 2 agreed also that commensalism and mutualism are implausible

interactions between sardines and anchovies because the inverse relation between

sardines and anchovies is not maintained when there is no fishing. When sardines
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and anchovies share independent food resources with each other (Basic Set 2

Subset C) then mutualism and commensalism can be considered plausible

interactions. This means that when sardines and anchovies are very similar in their

resource use yet they alternate in abundance, the environment is the likely cause for

the replacement of one species by the other. As sardines and anchovies are known

to prefer opposite environmental conditions, warm versus cold, fishing under this

particular subset has a very insignificant role, if any, in triggering the replacement

process.

All of the conditionally stable model configurations under Basic Sets 1 and

2 involved implausible interactions (amensalism and mutualsim) and fishing was

needed to induce the fluctuations between sardines and anchovies. To stabilize

these systems, fishing has to be monitored and controlled. Fishing is controlled

either by decreasing the catch rate or death rate coefficients of the less abundant

fish. One could instead increase the catch of the more abundant fish, but such a

policy could lead to overcapitalization and market problems.

Although the environment seems to be the main cause of the fluctuations

between sardines and anchovies, fisheries management can sometimes help to

rebuild a depressed stock. The moratorium on fishing for California sardines during

1974-85 successfully helped in rebuilding the sardine stocks (Wolf 1992).

Sometimes the environmental change is so significant that management measures

are not adequate. A strong El Nino event in 1972 caused the fishery to almost

completely collapse (Walsh et al 1980)

In the plausible models for representing the sardines and anchovies, at least

one fish population was self regulated and the interaction between sardines and

anchovies was either no interaction, amensalism, or competition. This result

suggests that as long as one fish species is self-regulated then this population

cannot be driven to extinction and will always recover whenever the conditions

allow. The negative self-effect could be caused by density dependent growth rates

or by having external food resources for the population (Puccia and Levins 1991).

Although there are many forms of population regulation (Krebs 2001), density
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dependent control of sardines and anchovies probably involves habitat selection.

The greater the geographic expanse of suitable habitat, the larger the population

becomes. For the sardines and anchovies to persist at low levels of abundance,

they need a suitable refuge area. For example, sardines are believed to concentrate

in the Punta Eugenia area when they are at low levels or when the environment

elsewhere is not good for reproduction (Liuch-Belda et al 1992, Ahlstrom 1960,

Hernandez-Vazquez 1994, Schwartzlose et a! 1999). The anchovies, in contrast, are

believed to concentrate in the Southern California Bight, where they can be found

all year round (Parrish et al. 1986, Moser et al. 1993).

In all the non-stable models, neither fish population had a negative self-

effect (refuge). Hence an increase in one fish could cause the other to disappear

completely. These models remained unstable even when there was fishing, which

suggests that having sardine and anchovy fish stocks without some form of self-

regulation is inconsistent with population alternations. Matsuda et al. 1991

indicated that two fish species can coexist if each has its own "habitat" refuge with

individuals dispersing between the refuges and the common habitat. For the

sardines and anchovies to exhibit persistent fluctuations, they must have such

refuge areas. Without the refuge areas, the sardines and anchovies are complete

competitors and they could not coexist (Gotelli 1998).

There were some conditionally stable model configurations where the fish

were not self-regulated and that had the inverse relation between sardines and

anchovies only when fishing was included. To stabilize these models so that neither

the sardines nor anchovies go extinct fishing has to be controlled.

In any system where there is fishing, there is a danger that uncontrolled

fishing could cause serious depletion of weak stocks. This is especially a problem

in a system where the fish populations rely on refuge areas. If the fishers can locate

the refuge areas, they may irreversibly deplete the stock. Regardless of whether the

fish populations are self-regulated or not, it is important to develop fisheries

management processes to prevent the build up of excess fishing capacity.
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The pooled table of predictions used in the current project was developed as

a method for finding a single model configuration whose predicted qualitative

behavior is most consistent with the average predictions of a set of models. The

method needs to be evaluated quantitatively as a verification of its validity. In a

future study the best qualitative model, as identified by the pooled table of

predictions, should be compared with the best quantitative model, as determined

from a quantitative pooled table of predictions. Do the quantitative versus

qualitative methods result in selection of the same model?

The analyses of the Basic Sets all indicated that the type of interaction

between sardines and anchovies was not the main factor responsible for sardine-

anchovy alternations. Instead, the results suggest that it was very important that

both populations be self-regulated.

CONCLUSION

The plausible models for representing sardine and anchovy systems are

ones that involve amensalism and competition between sardines and anchovies. In

these models, the inverse relation between sardines and anchovies occurs regardless

of whether there is fishing. Therefore environmental factors are the main cause of

the fluctuations between sardines and anchovies. In contrast, commensalism and

mutualism interactions between sardines and anchovies cannot result in the inverse

relation between sardines and anchovies.

Negative self-effects are important features for stability of the sardine-

anchovy systems and for the persistence of the sardine-anchovy fluctuations. The

previous chapter concluded that these negative self-effects in sardines and

anchovies are a function of refuge areas. Without the negative self-effects,

alternation between the sardine and anchovy populations is conditionally achieved.

Another form of density dependence is required to protect the less abundant fish
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and ensure its recovery. This can be achieved by controlling fishing activity, by

lowering the fishing on the less abundant fish, hence giving it a chance to recover.

In the simplest model for representing the alternations in sardine and

anchovy populations there are no direct interactions between sardines and

anchovies and both populations are self-regulated. This applies regardless of

whether sardines and anchovies have shared food resources. In models where

interaction between sardines and anchovy is applicable, competition become the

simplest model to consider.
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CHAPTER FOUR: SARDINE AND ANCHOVY FISHERIES IN OMAN

INTRODUCTION

The Sultanate of Oman, a developing country in the Middle East, has a

considerably richer and longer coastline in comparison to its neighbors. The

Oman's approximately 1700 kilometers of coastline is divided into different

regions, from North to South, Musandam, Batina, Muscat, Sharqiya, Wusta, and

Dhofar (Figure 4.1). Valuable shellfish and fish resources such as abalone, lobsters,

tunas, kingfish small pelagic fishes and many other stocks substantially contribute

to the total income of the country. Oman also has a large number of fish species,

known to be valuable overseas, that are not exploited, such as sea urchins, sea

cucumber, squids, and crabs. Most, if not all, Omani fishers use artisanal fishing

methods, operate only near shore and hardly exploit the offshore stocks.

A few of the Omani fisheries (e.g. the lobster and the abalone fisheries) are

managed with closed seasons. Most, including sardines and anchovies, are among

the Omani fisheries that are not yet managed. Currently there is a growing interest

in the Omani government to study the large pelagic fishes including tunas and

kingfishes as these are considered to be very valuable to the fishers' income and the

country's economy. The Omani government will soon need to understand the food

resources of such pelagic fish to assure their proper management and sustainability.

Along with the increasing interest in tunas and kingfishes is a perception that

sardines and anchovies are the main diet for these fishes even though there are few

studies on Omani sardines and anchovies (Siddeek et al 1994, Dorr Ill 1991, Al-

Barwani et al 1987). A better understanding of these f isheries and government

management of them will be needed to ensure that they exist in enough abundance

to attract the tunas and kingfish and keep these large pelagic fish in Omani waters

for extended periods of time.
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Previous chapters showed that sardine and anchovy stocks from California,

Japan, Peru, and from South Africa fluctuate in an inverse manner. The available

evidence suggests that long-term environmental changes trigger the sardines and

anchovies stocks to alternate in abundance. As the sardines or anchovies expand

they cover a much wider geographic range along the coastal region. This expansion

is a function of having optimal environmental conditions along the coast. Sardines

(or anchovies) persist in high abundance for as long as the optimal conditions

exist(typically for a period of 30 to 50 years,) before abundance collapses and the

range shrinks. When the sardine (or anchovy) population shrinks, the fish retreat to

"refuge areas" that allow the population to exist and reproduce even though the

other fish population has become dominant. When the environment changes to

favor the sardines, the anchovies retreat to their own refuge areas while the sardines

expand.

Given the dramatic changes that occur in the major sardine-anchovy

systems, an essential step to better understand the Omani sardines and anchovies is

to define whether they behave in a similar inverse cyclical manner or not.

Oceanographic Conditions in the Waters of Oman

The Omani coast is open to the Arabian Sea and therefore to the Indian

Ocean, and is affected by the Southwest (SW) and Northeast (NE) monsoon

regimes. The April SW monsoon alternates with the NE monsoon winds, which

blow from November to March. The winds strengthen during June through August,

weakening in September and then reversing at the end of October (Elliott and

Savidge 1990, Fieux and Stommel 1977). The SW and NE monsoons are functions

of environmental changes in the Indian Ocean. The Arabian Sea is the only basin

that fully reverses its circulation pattern on a semi annual basis (Burkill 1999).

During summer, changes in pressure over the north and south Indian Ocean result

in a strong south to north airflow. This airflow blows as steady southwest surface
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winds over the Arabian Sea, with their onset occurring in April or May and ending

in September (SW monsoon). This surface wind causes a strong, low level stream

known as the Findlater Jet (Findlater 1969). It is located 300-400 km offshore and

blows parallel with the coast of southern Arabia.

Coastal upwelling is driven by Ekman transport and affects hydrographic

conditions to a depth of about 400 m (Brock and Macklain 1992). This upwelling

extends along the shore from Ra's Fartak in Yemen to Ra's Al-Hadd in Oman. The

nutrient-rich upwelled water supports massive blooms of phytoplankton (Owens et

al 1993). Upwelling strength along the coast of the Arabian Sea is a function of

many factors including sea surface temperatures in the Indian Ocean and even the

El-Nino phenomena in the tropical Pacific Ocean (Brock and Macklain 1992).

When the northern Indian landmass becomes cooler than the surrounding

ocean, the pressure gradient reverses and a cool, dry, weak northeast wind

develops over the Arabian Sea from about November to April (the NE monsoon,

described by Burkill (1999)). It can extend from December to February.

The mean monthly air temperature from 1977 to 2000 collected by Al-Seeb

International Airport in different Omani regions shows that the temperature in

Oman rises from May to September and lowers from October through February.

This pattern can be also seen in the different regions of Oman (Figure 4.2). The

temperatures in Dhofar and Batina are generally cooler than in Musandam and

Sharqiya.
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Figure 4.1. Map of the different regions in Oman and other localities
mentioned in the text.
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Omani Sardines and Anchovies

In all the cases reviewed in this project, sardines and anchovies existed in

pairs with only one species of each involved. The situation is different in Oman

where there are at least five species of sardines and five species of anchovies.

These species are recorded from the Arabian Sea, the Arabian Gulf, and the Gulf of

Oman (Greg Hermosa, personal contact). The species are:

Sardine species

Sardinella longiceps

S. gibbosa

S. aibelia

S. melanura

S. sindensis

Anchovies species

Encrasicholina devisi

E. heteroloba

E. punctfer

Stolephprus commersonii

S. indicus

Sardinelia ion giceps is the most abundant of the sardine species in Omani waters

according to Siddeek et a! (1994, Don III (1991), and A1-Barwani et a! (1987).

These studies do not indicate, however, the contribution of the rest of the species to

the total catches or biomass of sardines. S. ion giceps, also known as the Indian Oil

sardine, is well known in the northern Indian Ocean and the Gulf of Aden, but not

in the Red Sea (FishBase 1997, Rosa and Laevastu 1960).

The above species are also reported to exist in many other places. S. albeiia

(white sardinella) and S. gibbosa are distributed broadly in Indo-West Pacific along

the East African coast, and from Madagascar eastward to Indonesia. Sardinella

albella is also found in the Red Sea while S. gibbosa is found in the Persian Gulf

but not in the Red Sea. (Munroe and Nizinski 1997). Sardinella n'zeianura is

distributed from the Gulf of Aden south to Madagascar (Suvatti 1981).

Encrasicholina devisi is also distributed throughout the Indo-Pacific and is

widespread in the northern part of the Indian Ocean and the western central Pacific.

It does not thrive in the Red Sea, or the coastal waters of Kenya. Encrasicholina
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hereroloba and E. punctfer are found in the Red Sea and along the east African

coast to at least northern Madagascar.

Stolephprus commersonii is widespread along the eastern coast of Africa, from the

Gulf of Aden to Zanzibar, northern Madagascar, Mauritius, and eastward to Hong

Kong and Papua New Guinea. It is not found in the Red Sea or the Persian Gulf.

Stolephprus indicus is found in the Red Sea (Russell and Houston 1989).
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Figure 4.2. Mean monthly air temperature in different regions in Oman
calculated from 1977-2000.

As indicated earlier, few have studies the Omani sardines and anchovies

and there are limited historical data to draw inferences regarding whether the

sardine-anchovy alternation process exists in Oman. Therefore, the objectives of

this chapter is first to investigate whether sardines and anchovies stocks in Oman

are inversely related and identify any problems associated with the sardines and
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anchovy fisheries of Oman. The second objective is to recommend and define steps

and precautions that should be taken to understand and develop the Omani sardines

and anchovies fisheries. These recommendations will be based on the lessons

learned from the sardine-anchovy cases described in Chapter 2, the analysis of the

sardine and anchovy qualitative loop models in Chapter 3, and the results from

objective one in this chapter.

METHODODLOGY

I was unable to locate any published references on the history of the fishery

for sardines and anchovies in Oman. To fill this gap, I interviewed a number of

sardine and anchovy fishers in Oman. I selected the questions for the interviews so

the answers would make it easy to infer whether the Omani sardines and anchovies

fluctuate inversely as in the other sardine-anchovy systems.

I conducted all the interviews personally during June 2001 using a set of 17

questions (Table 4.1). Because most of the fishers interviewed were illiterate, I

conducted the interviews face to face and verbally, rather than distributing

questionnaires. Also, the oral interview format allowed me to make sure that the

fishers understood the questions and that their answers were relevant to the

question asked. The questions were designed for sardine and anchovy fishers that

had extensive experience fishing for the two types of fish. Hence, I made sure that

the fishers interviewed were old enough to have a long historical perspective. Their

ages were from 60 to 70 years and they had at least 30 years experience in the

sardine and anchovy fisheries.
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Table 4.1. The questions used in interviews with the fishers in Oman.

1. How old were the fishermen and how long had they been in the
sardine/anchovy fishery?

2. What are the sardine/anchovy seasons? Are the seasons related to cold versus
hot months or to the monsoon?

3. Are sardines/anchovy caught together in the same gear?

4. What type of gear is used for the sardines and anchovy and which gear types
are preferred and why?

5. How far along the shore and offshore does the fishery occur for
sardine/anchovy?

6. How are the sardine and anchovy used and how much are they worth?

7. Which of the two types of fish do the fishermen prefer to fish for and why?

8. Have there been periods when sardines/anchovy disappeared for a long time? If
so, for how long did they disappear before returning? Do the two types of fish
disappear at the same time or do they alternate?

9. When sardine/anchovy disappear do they disappear completely or can they still
be found in some places? Where?

10, Sometimes a number of fishermen share the same gear. What do they do when
the sardines increase or decrease? Do they buy more gear and fish separately?

11. When sardine/anchovy populations increase/decrease, do the fishermen increase
their fishing frequency? Do they hire new employees to increase their fishing
activities? What do the fishermen do with the extra gear and employees (if
any)?
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Table 4.1. Continued

12. When sardine/anchovy return after a long disappearance, which of them come
back in higher numbers?

13. When sardine/anchovy expand do they expand along the shore or offshore?

14. Are there periods when the fishermen stop fishing sardine/anchovy even though
they are available? Why do they stop fishing? For how long?

15. Do the fishermen catch for other types of fish besides sardines/anchovies?

16. When fish other than sardines/anchovies are available do the fishermen
continue their sardines/anchovy fishing or do they decrease their activities so
they can catch other fish as well?

17. Have the fishermen noticed any changes in the oceanographic conditions (water
temperatures, currents, or appearance of rare species) that they think might be
related with changes in sardine and anchovy abundance?

The responses to question 1 indicate how long the fishermen have been in

the sardine and anchovy fishery. The fishermen that had over thirty years of

experience were asked the remaining interview questions. These fishermen are

most likely to be able to describe any major historical changes in the abundance of

sardines and anchovies.

Sardines and anchovies in the other cases studied are distinguished by their

temperature tolerance, with the sardines usually preferring warm waters and the

anchovies preferring cold waters. The purpose of question 2 (Table 4.1) was to find

out whether the sardines and anchovies in Oman have such temperature

preferences. Question 3 was included to confirm the response to question (2). If

the sardines and anchovies are rarely caught together, it could be because they have
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different temperature preferences. Regional differences in the responses to these

questions are of particular interest.

The type of gear used for sardines and anchovies and how far offshore the

fishermen operate (questions 4 and 5) probably limit the fishermen's knowledge.

Catch preference may be an important issue with regard to fluctuations in the

landings. The price and the use of the catch (questions 6 and 7) might orient the

fishers to the more expensive fish, in which case landings fluctuations are a

function of market price rather than changes in fish abundance or distribution.

Questions 8 and 9 address the phenomena of sardine and anchovy

expansions and contractions, which occur in other sardine-anchovy systems. The

intent of the questions is to determine whether sardines or anchovies in Oman have

experienced long-term or short-term disappearances and whether there are refuge

areas. Questions 10 to 13 are intended to establish the relative dominance of

sardines versus anchovies and geographic details of the expansion process. In

addition the questions deal with the fishermen's willingness and ability to increase

their fishing activities when the sardines or anchovies increase.

Questions 14-16 deal with the importance of sardines and anchovies to the

Omani fishermen compared to other fisheries. If fishers prefer other fish stocks,

and rank sardines and anchovies as being unimportant, then catch trends in Oman

for sardine and anchovies provide a biased representation of sardine and anchovy

abundance.

Finally, question 17 is a general question that explores the fishers'

observations of changes in ocean conditions, and whether they can relate this

change in the ocean condition with changes in the sardine and anchovy availability.

RESULTS

A total of 30 fishermen were interviewed along the Omani coast (Table

4.2). The interviews covered five out six Omani regions. Musandam region was not
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included in the survey. A few fishers interviewed were slightly younger (from Al-

Wusta), but still had extensive experience.

In most of the areas, it was difficult to interview one fisher alone. The

majority of the interviews were with more than two fishers who spoke for all of the

sardine and anchovy fishers in that area. Fishing operations for sardines or

anchovies involve an average of 12 fishers; so the one particular fisher that I

interviewed in fact spoke for the entire crew of 12. Therefore the 30 fishers that I

interviewed represent roughly 360 sardine and anchovy fishers. While interviewing

the fishers, I never interrupted them and I did not follow a fixed interview protocol

and sequence of questions. Rather, I allowed the fishers to describe their work and

the fisheries within the general framework of the questions in Table 4.1. Even with

this less structured approach, most of the answers were consistent. A summary of

the fishers1 responses to the questions by region is given in Appendix E.

Sardines and anchovies are distributed all along the Omani coast. The

abundance of the two fishes and their seasonal availability vary. The fishers agreed

that the sardine season is during the cooler season of September to April, with peak

abundance during December and January. The fishers added that sardines might

disappear from their gears for a short period of time (up to two months), but

generally they are always available somewhere along the Omani coast. Anchovies,

on the other hand, do not have a particular season but could appear in Omani

coastal waters at any time of the year. After appearing in coastal waters, the

anchovies disappear after one to two months and hardly overlap with the sardines.

The fishers agreed that sardines and anchovies are not found together and agreed

that anchovies mostly tend to appear during the summer months (May-September).

However, the fishers again repeated that this is not always true.
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Table 4.2. Geographic distribution of the number of fishers interviewed along
the Omani coast. The regions are listed from North to South.

Region Number of

Fishermen

Al-Batinah
Shinas 2

Majis 4

Saham 2

alkhabora 3

Muscat
Alseeb 6

Alazaiba 2

Barka 3

Alsharqiya
Sur 1

Alashkhara 3

Al-Wusta
Masira Island 2

Dhofar
Mirbat 1

Taqa 1

Total 30

If it happens that sardines and anchovies overlap in abundance, which rarely

happens, the fishers in Oman target them separately. Fishers in all regions use the

same types of gear for sardines and anchovies: beach seine, purse seine, and,

occasionally, cast nets. Larger mesh sizes are used for sardines and smaller and

thinner mesh for anchovies. Because the fisheries occur next to the beach, the

fishers can shift the gears easily to catch one species over the other, according to

the market demand, especially the fishers in the Muscat region. Fishers can shift to

using purse seines when the schools are big or the demand is high. In all regions,

the unused gear is put aside on the beach and covered with a heavy blanket until the

next season. Beach seines and purse seines are modified gilinets that require up to
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12 people to set and haul. The fishers can catch from 30-40 tons a day when the

sardines are plentiful. Beach seines, in general, are the most common type of gear

used for sardines or anchovies. The geographic scope of the fishing operations are

limited, however, by the traditional gear types used by the fishers, which can only

operate near shore to depths of 3 to 5 meters. Fishing also is limited by

political/social boundaries with the adjacent fishing villages.

The landings of both sardines and anchovies are used as food for humans

(either dried or fresh), as fertilizer (dried) and as food for cattle (dried). Even

though dried sardines and anchovies fetch a higher price, most fishers only sell

fresh fish because the dried fish require attention and space to prepare. Also,

conflicts can arise with neighbors because of the odor resulting from the drying

process.

People in the different regions prefer different fish, which is reflected in the

sardine versus anchovy prices. In the Dhofar region, including Masirah Island and

Wusta, people always prefer sardines, which are more expensive than anchovies. In

contrast, most of the people in the northern part of Al-Batina coast, Shinas and

Majis (Figure 4.1), like to eat anchovies, which drives up the price for anchovies in

this region and explains their greater abundance in the market. Dried anchovies are

brought from all over Oman to the Al-Batina market, making them plentiful there.

Fishers in the Muscat area are close to the Al-Batina, yet target sardines because

they are plentiful. However, the Muscat fishers do not mind fishing for anchovies

when they are available due to the favorable price for anchovies in the nearby Al-

Batina market. Fishers from the Muscat area also have other advantages over

fishers in other regions. There are more fishing companies willing to buy sardines

or anchovies at any time.

In the Al-Batina region anchovies are greatly preferred over sardines and

are treated more as a delicacy than in any other region. Anchovies in this region can

therefore cost twice as much as sardines. In Dhofar sardines are preferred and they

exist in higher abundance. In Al-Wusta the people prefer sardines over the
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anchovies but fishers also monitor the Omani market demand. Hence, fishers in Al-

Wusta target either sardines or anchovies according to market demand.

In the Muscat region, targeting sardines and/or anchovies depends on the

fishers. There are two types of fishers in Muscat - the year-round and the part time.

The year-round sardine and anchovy fishers target sardines and anchovies

regardless of the market demand. The other fishers enter the fishery on a temporary

basis when there is strong market demand. The year-round fishers supply the local

markets and sell their surplus catches to certain fishing companies that "give away"

these sardines and anchovies to other fishers that use the fish as bait for more

valuable fishes. These other fishers, in turn, are obligated to sell their catch to the

companies. The part-time sardine-anchovy fishers enter the fishery when the high

demand includes nearby country markets.

Anchovies sometimes appear for short periods in very large volumes and

when they do, the fishers make a good living. When there are high volumes of

anchovies, numerous additional fishers enter the fishery. The fishers use the same

gear to catch anchovies whenever the anchovies appear so they have no expense for

new gear. The fishing is very intense on the anchovies but lasts a very short period

of time.

Sardines and anchovies are sold by the truckload, with each truck holding

up to one ton. The price per truckload differs from one region to another and varies

according to the distance to the market place. The main markets for sardines and

anchovies are located in Muscat, Al-Batina, and in Dubai in the United Arab

Emirates. Most of the sardines landed in Oman are sold in the Dubai market.

Anchovies, however, are often sold in local markets because the demand is very

high.

Because the Dhofar region is very far from all these major markets, all of

region's sardine and anchovy landings are sold locally to local farmers and cattle

owners when the catch is small. When the catch is larger, the fishers sell their catch

to middlemen who transport the fish in refrigerated trucks to markets in Al-Batina

or Dubai where the prices are higher. The farmers in Dhofar create enough demand
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to generate a year-round fishery for sardines and anchovies. The price in the

Dhofar region ranges from 25-30 Omani Rials per truckload (1 Omani Rial is

equivalent to 2.58 US dollars). In the Al-Batina region the price ranges from 50-

200 O.R. per truckload.

The fishers have two ways to sell their catch to middlemen: sell directly for

cash, or allow the middleman to sell the catch in the market on commission,

splitting the proceeds after deducting for the middleman's fixed costs. Some

middlemen ensure their access to of fish by providing the fishers with fuel and bait.

In the Dhofar and Wusta regions, the price and fish abundance must be very

high for new fishers to enter the sardine or the anchovy fishery because of the

greater distance between these regions and the major markets. The Al-Wusta

fishers do not enter the fishery until the price goes up to 80 O.R. per truckload, at

which point they transport their catch either dried or refrigerated to Muscat and Al-

Batina, or to Dubai if the prices are higher.

Al-Sharqiya was the only region where there was no fishery targeting

sardines or anchovies, regardless of the market demand. The fishers at Al-Sharqiya

believe that sardines and anchovies are food for the larger pelagic fish species that

the Al-Sharqiya region is famous for. In this area, the fishers from the ports of Sur

and Alashkhara (Figure 4.1) focus on tuna. The fishers believe that small pelagic

fish are the primary food for the tunas and other valuable large pelagic fishes, and

so they rarely target sardines. The fishers in some villages in the Sharqiya region

have mutual agreements to not fish for sardines in order to maintain the tuna in

their waters. Target fishing for sardines is allowed only if the catch is to be used as

bait for tuna or other fish, The fishers also report to the local authorities any fishers

that target the sardines for any other use.

All the fishers in all the regions agreed that it is not the abundance of

sardines or anchovies that is the major control over whether or not they enter the

fishery; it is the market demand for the fish. When the demand for sardines

increases, the fishers do not buy more gear or expand their operations. They

continue fishing each day until the demand is satisfied. They believe that what they
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can catch in a day is enough. If the fishers need to add employees, they do so with

family members and not outsiders. These part-time helpers receive wages for the

short periods of employment and are laid off when their help is no longer needed.

This flexibility in the fishing workforce does not negatively affect the workers or

their communities. When the extra market demand for fish relaxes, the extra fishers

are laid off and most fishers quit the fishery. The fishing gear is covered and stored

on the beach until the next increase in market demand. The fishers also stop fishing

for sardines or anchovies when there are market demands for other more valuable

fish.

In the Al-Wusta and Dhofar regions, the fishers stop fishing for sardines

and anchovies from June to August, when sea conditions are too rough for fishers

to operate their traditional gears. They resume fishing for sardines when sea

conditions become favorable again. But not all the fishers follow this pattern. In

some places, fishers can still fish for sardines even during the monsoon. In areas

such as Mirbat in the Dhofar region, the sea is generally calm and fishers can safely

operate in all seasons. None of the fishers in the Muscat and Batina regions stop

fishing due to bad oceanic conditions, but they do stop fishing when there are poor

market conditions or the fish are unavailable.

Around Masirah Island in the Al-Wusta region, the fishers indicated that

anchovies could always be found in deeper waters or in specific geographic

locations but they are not targeted. Other fishers from Muscat pointed out that

anchovies are always present in coastal waters in areas such as Khabora, Shinas,

and Majis along the Batina coast. When the fishers from these areas were

interviewed, they all answered the questions no differently than the others from

Muscat. The fishers find anchovies only for a short time but have sardines almost

all of the time.

The fishers generally believed that sardines were present in Omani coastal

waters all year and in greater abundance than anchovies. However, the fishers from

Al-Wusta said that anchovies were more abundant in the 1 970s, and the fishers

from Al-Batjna said that anchovies were more abundant in the 1950s. During those
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periods the sardines did not have a defined season. The fishers did not remember

how long the anchovies remained plentiful before they disappeared. The fishers

from Muscat and Dhofar also indicated that anchovies had been abundant in the

past but they did not know when. The fishers from Al-Sharqiya never targeted

sardines or anchovies and therefore were not familiar with their patterns of

historical abundance.

The fishers interviewed did not indicate any notable relationship between

changes in sea conditions and changes in the sardine and anchovy populations.

However, they did say that when anchovies were available more fish in general

were available, including tunas and kingfishers. The fishers from Al-Batina and

Muscat said that even agriculture was much better during those periods.

DISCUSSION

There was no evidence from the fishers that the abundance of sardines and

anchovies in Oman is inversely related as it is with the cases reviewed in earlier

chapters. The fishers' knowledge of expansions and contractions of sardines and

anchovies, however, is limited by their small-scale fishing technology and the

relatively low importance of these two fish stocks to the Omani fishers. Studies of

sardines and anchovies in the Indian Ocean do not show any inverse relation,

although these studies indicate short-scale fluctuations in sardine biomass

(Figure 4.3). The reason given was that poor year classes resulted when summer

monsoon conditions had an adverse effect on sardine spawning (Gopinathan 1974,

Raja 1973). Temperature and salinity fluctuations were associated with rapid

declines in the Indian oil sardine population, particularly in the juvenile portion.

Low sea surface temperatures prevent the juvenile sardines from entering the

fishing grounds (Bensam 1970). Increased phosphate concentrations in the water

during the monsoon were also found to be associated with decreases in the sardine

biomass (Subrahmanyan 1959, Annigeri 1969). Based on my review of the



129

literature, there is no evidence that sardines and anchovies in the Indian Ocean

undergo 30 to 40 year alternations as occur in Peru, Japan, and California.
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There are a number of cyclical environmental changes that induce

variability in the abundance of sardines and anchovies around the world. These

environmental changes involve changes in the sea surface temperature and

corresponding atmospheric changes due to the shifting air-sea relation. Sardines

and anchovies fluctuate in abundance as the environment shifts from one regime

(cold) to another (wann). Yasuda et al. (1999) show similarities between the

abundance of the Japanese sardine and the regime shift indexed by North Pacific

Index (NPI). Scientists were able to identify a similar relation in the Indian Ocean
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between the ocean and sea surface temperatures which causes interarmual climate

variability. The Indian Ocean air-sea interaction, called the dipole mode (Saji et al.

1999), is believed to be independent from the ENSO.

The dipole mode events are characterized by cooler sea surface

temperatures off Sumatra in the southeast tropical Indian Ocean when the western

tropical Indian Ocean is warmer than usual. It is also characterized by strong

easterly winds along the equator in the tropical eastern Indian Ocean. To quantify

the dipole mode, researchers defined an index called the dipole mode index. During

a positive dipole event, there are warm sea surface temperatures (SST) in the

regions around Oman; there are cold sea surface temperatures during a negative

dipole event. This dipole phenomenon occurs about every four to five years in the

Indian Ocean (Saji et al 1999). The dipole mode, however, does not correlate with

the landings of sardines or anchovies in the Indian Ocean and it is not known how -

it affects their abundance.

When compared with the sardine and anchovy species of California, Peru,

Japan, and South Africa, Oman has many more species of each, six sardine species

and six anchovy species. In the other sardine-anchovy systems there is generally

only one species of sardine and one anchovy. Speciation involves natural selection

of life-history traits that permit individual species to maintain the flow of genetic

material from one generation to next, but prevent the exchange of genetic material

between individuals of different species. The life-history traits and life cycle

become tuned to recurring predictable environmental conditions such as seasonal

changes in temperatures and currents, Hence, individuals from different species

must be separated when spawning to prevent the flow of genetic materials between

species. Individuals of the same species must aggregate to maintain genetic

exchange among individuals of the same species (Sinclair 1987). The variety of

sardine and anchovy species in Oman could indicate greater diversity of

environmental habitats when compared to the other sardine-anchovy systems.

This diversity allows or perhaps encourages speciation.
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The sardine and anchovy species found in Oman are also found in the

countries that border the Indian Ocean. The seasonal shift in winds due to changes

in the Indian Ocean atmospheric pressure in summer versus winter causes reversals

of the current along the coast of East Africa that extends to Oman and Iran

(Sheppard 2000). The existence of several species of sardines and anchovies along

the Omani coast could be due to the migration of fish to the north during the

southwest monsoon and southward during the southeastmonsoon.

The geography of the area around Oman is also diverse. The oceanic bodies

include the Arabian Gulf (Persian Gulf), the Red Sea, and the Gulf of Oman. This

diversity of environments could be the reason for the existence of so many species.

Some of the sardine and anchovy species in the region have been recorded in the

Red Sea but not in Oman; others have been reported in northern Oman but not in

the south. In California, Peru, Japan, and South Africa the geographic diversity is

much more limited than around Oman.

It is easier for the inverse cyclic behavior to occur in a system composed of

two species, one sardine and one anchovy, than in a system with six species of

sardines and six of anchovies. A system with so many species of sardines and

anchovies indicates a diverse system supporting speciation. A system with only one

species of each suggests that an homogenous system does not support speciation.

Therefore shifts in the environment in a homogenous system are likely to either

support the one species or the other. In a diversified system, it is difficult to

conceive how an environmental change could support the complete set of, say, the

anchovy species and depress the set of sardine species, while simultaneously

providing sufficient diversity to maintain all the individual species within each set.

Some of the fishers in Oman indicated that when anchovies used to be

plentiful, agricultural production was much better and fish were more abundant

near the shore. One possible the reason for the simultaneous decline in agriculture

and fish abundance could be the construction of dams that occurred in Oman during

the 1 980s. The dams might prevent underground fresh water from reaching the

coastal agricultural areas in Muscat and south AlBatina resulting in the
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groundwater becoming more saline. All the fishers complained about declines in

overall fish landings. In the 1970s and 1950s, the overall fish landings were much

larger than now. The fishers related these years with the high abundance of

anchovies as well. The fishers all agreed that the bigger vessels that now fish in the

offshore waters are the reason behind the decreased availability of fish inshore.

The offshore fishing fleet did not operate in Omani waters until the 198 Os.

Regarding possible refuge areas for anchovies, some fishers indicated that

anchovies are always abundant in Al-Batina coast, but the fishers from Al-Batina

denied that anchovies are always present in their waters. The fishers from Al-

Batina suggested that the demand for anchovies in Al-Batina is always high and

that fishers from all over Oman bring their anchovy catch to the Al-B atina market.

Although anchovies might always be available in the market, they are not always in

the waters around Al-Batina.

The sardine and anchovy cyclic behavior in Oman is not evident as far as

the results of this study are concerned. However, the current study should be

considered a preliminary investigation into the fluctuation phenomena between the

sardines and anchovies. The results of this research should be reconfirmed in the

near future. The following sections include recommendations on how to proceed

with the Omani sardine and anchovy fisheries.

Future of the Omani Sardine and Anchovy Fishery

Based on my review of the sardine-anchovy systems in California, Peru,

Japan, and South Africa, I concluded that refuge areas are very important for

persistence of the sardine and anchovy inverse cyclic relation. Since this inverse

cyclic behavior is not evident in Oman, this may indicate that refuge areas do not

exist in Oman. As indicated by the loop analysis of this thesis, when refuge areas

are not included in a system that has fishing, then fisheries management should

focus on protecting the less abundant fish stock. Fishery management in this case
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can be viewed as providing the self-regulation for the less abundant fish stocks.

Sardines and anchovies spawning areas in Omanhave not been identified.

Fishermen might accidentally be fishing these areas. Therefore these areas should

be identified to prevent the fishers from exploiting them. These spawning areas

could be equivalent to the refuge areas in California, Japan, Peru, and South Africa,

as all the refuge areas in the different cases were also identified to be the major

spawning areas as well.

Based on the interviews with sardine and anchovy fishers in Oman, the

lessons learned from other sardine-anchovy systems, and the qualitative analysis of

sardine-anchovy systems, the points given below should be addressed for managing

and developing the sardine and anchovy fisheries in Oman. Although dramatic

alternations in sardine and anchovy abundance are not an important feature in

Oman, there are other crucial issues that should be considered.

Research Issues

The diversity and stock composition of Omani sardines and anchovies

should be closely studied. It is important to identify the less abundant species

because in a mixed-stock fishery it is possible to drive the less productive stocks to

extinction even when overall rates of exploitation are moderate. The sardine and

anchovy fishers in Oman use the same gear to fish all the sardine and anchovy

species. If the weaker species intermix on the fishing grounds with the productive

ones, the lack of differentiation by the fishing operations could unknowingly harm

the less abundant species. Therefore. research is needed to monitor the species

composition of the sardine and anchovy catches in Omani waters.

Knowledge of where and when the sardines and anchovies live, spawn, and

feed is important for determining whether Oman needs to collaborate with

neighboring countries to study and manage the fish stocks. Defining concentration

areas or spawning areas along the Omani coast is the current priority because there
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is a danger that fishers might unknowingly discover and target these zones when

market conditions are favorable. These zones should be identified by egg and larva

surveys and the characteristics of the fish populations in them carefully studied.

Closing these zones to sardine and anchovy fishing and restricting the by-catch of

sardines or anchovies through gear changes may be necessary. Special attention

should be given to the anchovy populations because they exist in lower abundance

than the sardines. Increases in market prices could encourage the fishers to

overexploit anchovies if fishing is not controlled. Sardines and anchovies are short-

lived species, and high levels of exploitation could result in recruitment failure and

a succession of poor year classes. So far, fluctuations in sardine and anchovy

landings in Oman have been due mainly to changes in market conditions.

Studies of the relationships between sardines and anchovies and conditions

in their spawning areas are very important for understanding the preferred

environments. The dynamics of the local ocean environment in Oman needs to be

more closely studied to establish the oceanographic processes that generate the

conditions preferred by sardines and anchovies. Correlation studies should be

conducted among the local ocean environment and atmospheric change and the

response of the sardines and anchovies to such changes. For example, upwelling

indices, sea surface temperatures, salinity, and the type and amount of food

available should be correlated with the sardine and anchovy spawning activity.

These variables proved to be important in the sardines and anchovies life cycles in

the cases studied. Therefore measurements of these variables should be taken on a

regular basis. Long term environmental data are important for understanding

fluctuations in the sardine and anchovy catches. Ocean currents and the monsoon

cycle in Oman and their combined effect on the sardine and anchovy populations

are poorly understood at present and should be also studied.
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Management Issues

The sardine and anchovy fisheries are a secondary source of income for

most fishers in Oman. Consequently, a simple form of management should control

the fishery, although greater complexity may be required if the fisheries develop.

The fishers involved in these two fisheries and the gears they use should be

licensed, with the government limiting the number of licenses according to their

assessment of the stocks via monitoring of the landings. Because the fishery is

market driven, closed seasons or areas could be established as needed to protect the

spawners or the less abundant species.

To avoid the involvement of too many fishers when the market price

increases , the number of fishers has to be controlled. Fishers who are licensed to

harvest sardines and/or anchovies could transfer or sell their license to other fishers.

Since no harvest quota is involved, only licenses are going to be transferred and the

transaction might involve new fishers. License transfers or sales should be

officially registered to keep track of the license holders

The middlemen in Oman manipulate the fisheries because they are monitor

the market prices. The number of these middlemen should be controlled. As more

middlemen become involved, there could be more pressure to catch sardines and

anchovies during periods of high demand. The middlemen who transport sardines

and anchovies within Oman or to neighboring countries should be licensed as well.

Border taxes can be established on the middlemen as needed
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RECOMMENDATIONS

The following recommendations are in priority order.

Recommendation 1: Study and describe the Omani sardines and anchovies,

their environment, and their interactions with other species.

The most immediate task is to determine the magnitude of the sardines and

anchovy stocks in Oman. Sardine and anchovy population size can be assessed

acoustically as is done with the stocks in South Africa. Acoustic techniques involve

the use of an echo-sounder or sonar to estimate the dimensions and packing

densities of schools of fish. Pulses of acoustic energy released from an echo-

sounder strike the fish school and bounce back to be detected by a transducer. Fish

then may be counted and their size estimated by the density and amplitude of the

echo signals. Mark-recapture methods also can be used to estimate and assess

stock size. A known number of marked fish is released into a fish stock. The

proportion of recaptured marked fish in subsequent catches is used to estimate the

stock size (King 1995). These methods of stock size estimation can be repeated as

needed.

Sardine and anchovy spawning grounds can be identified through egg

surveys and gonad studies Thereafter, different environmental measurements

should be taken in the identified spawning areas, including sea surface temperature

and upwelling indices. The environmental data should then be correlated to the

sardines and anchovies spawning activities. Having better knowledge of these

spawning areas will allow the fishery managers to protect the areas and close them

whenever it is necessary. More studies on the food habits of pelagic fish species

should be conducted so that there is better understanding of the linkages between

prey species such as sardines and anchovies, and the valuable predator species such

as tunas and kingfish. In the past, the Omani government has supported

development of fisheries that target large pelagic fishes. It may be very important
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to preserve the small pelagic fish species as a food resource for these larger, more

valuable fish.

Sampling programs for collecting long term environmental data should be

established in Oman and the data evaluated in relation to changes in the sardines

and anchovies stocks. Measurements of sea surface temperature, air temperature,

wind direction and speed, salinity, and phytoplankton and zooplankton

concentrations should be regularly collected from different stations along the

Omani coast.

Recommendation 2: Establish a sardine and anchovy management plan and

fishers license system , and monitor effort and landings.

Stock assessment and monitoring techniques for sardines and anchovies

should be designed to minimize the risk of underestimating the amount of fish

harvested and landed. To assist the monitoring process, the government should

license the number of fishers and the types of gear. Better reporting mechanisms

for catch and landings need to be designed and implemented. Additionally, to

improve the tracking of landings, the middlemen should be licensed to transport

sardines and anchovies across the border.

Recommendation 3: Develop the sardine and anchovy fisheries cautiously.

In general, the landings of sardines and anchovies are highly variable. This

variability can be of serious consequence for fishers that become overly dependent

on these fish species. Full development of the Omani fisheries for sardines and

anchovies will make both fishers and industry subject to fluctuations in abundance.

Fluctuating fish stocks will result in variable market prices, which, in turn,

influence the fishers' earnings.

Development of a modern fishery for sardines and anchovies would require

education of the fishers and financing of new equipment. The fishers would have to
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replace their boats with larger ones that can travel further offshore and deploy

larger fishing nets to catch more sardine and anchovies. This will be difficult

because the fishers at present cannot afford to buy new boats.

The Omani fishers do not complain about fluctuations in the abundance of

sardines and anchovies because they do not depend completely on them. In fact,

fishers mostly catch sardines and anchovy stocks when prices are favorable.

Establishing steady markets for sardines and anchovies is likely to be the factor

limiting development of these fisheries.

The critical question that the Omani government must answer is whether

sardines and anchovies in Oman are worth all this attention. The answer is yes,

but not necessarily for direct economic reasons but rather to preserve the sardines

and anchovies as feed for other valuable fish species.
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CHAPTER FIVE: SUMMARY AND CONCLUSIONS

The overall objective of this research was to understand the inverse relation

in the abundance, of sardine and anchovy stocks around the world. Four cases were

used for this purpose: the California, Japanese, Peruvian, and South African sardine

and anchovy stocks. The literature review (Chapter Two) resulted in a conceptual

model for sardine-anchovy systems. The model hypothesizes that when sardines

expand to high levels, anchovies contract to lower levels and retreat to their refuge

areas. These refuge areas provide suitable habitat with optimal food and

environmental conditions where the contracted fish stock can be found all the year

around and persist in spite of the dominance of the other species. The contracted

fish, anchovies for example, will remain in their refuge areas until an "event"

allows them to expand and take over the system again. Simultaneously, the

previously expanded sardine population contracts to its own refuge area.

The review focused on identifying the "event" that triggers the fluctuation

between sardines and anchovies, where the sardines and anchovies expand to and

what limits their expansion, and where the fish contract to. The review also focused

on identifying what changes occur with the fish while they are at high levels versus

when they are at low levels. I found that the sardines and anchovy alternations are

mainly triggered by long-term environmental changes referred to as regime shifts in

which environmental changes from cold to warm and vice versa. The patterns of

sardines and anchovies fluctuations generally coincide with such regime shifts.

Sardines were correlated positively with the warm regimes and anchovies with cold

regimes for the Pacific Rim cases, California, Japan, and Peru. With the South

Africa case, I found less support for the hypothesized scenario because both

sardines and anchovies in South Africa have almost the same environmental

preferences. In addition, regime shifts in South Africa are not as evident as with the

Pacific Rim cases. I found that the expansion of the sardines and anchovies is a

function of habitat suitability, mainly in terms of temperature. The
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sardines/anchovies will expand as far as the environmental conditions allow. The

expansion of sardines and anchovies is limited by many factors including

temperature, predation, and distance between the spawning and nursery grounds.

The sardines/anchovies retreat to their refuge areas when environmental conditions

become unfavorable. These refuge areas are generally coincident with the spawning

areas where fish are found all year round. Changes that occur with the

sardines/anchovies when at high levels reflect density dependent processes.

In Chapter Three, I used loop analysis techniques to find plausible

qualitative models that predict the inverse relation between sardines and anchovies.

The basic models analyzed included four variables: fishing, the sardine and

anchovy populations, and their food resources. The objective also was to find the

best models for representing the sardine and anchovy system and to identify

important interactions between sardines and anchovies.

In the four by four and the five by five models, I found that in the model

that represents the sardine and anchovy system both fish stocks are self-regulated.

Without self-regulation, the sardine-anchovy populations do not alternate or the

system is unstable and one stock goes extinct. Based on the review chapter, self-

regulation in sardines and anchovies was found to be a function of habitat

suitability. Sardine/anchovies will continue provided there are regions of suitable

habitat. In the four and five variable models, the type of interaction between the

sardines and anchovies was unimportant

The number of conditionally stable models increased when one or both fish

species had no self-regulation. This emphasizes the importance of the refuge areas

for the continued existence of sardines and anchovies. The conditions required to

stabilize the system could be satisfied by decreasing the fishing on the contracted

stock. Fishing in this case acts as a form of self-regulation for the contracted fish.

In a similar study, fishing was found to affect sardines stock that experience

environmental forcing negatively (Cisneros-Mata et all 1996). Such a stock takes

more time to recover when compared when there is no fishing. Adequate
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management therefore was also found to be important to prevent economic, if not

biological collapse.

Based on the results from Chapters Two and Three in Chapter Four, I

investigated whether there is any indication of the inverse cyclic behavior in

sardine and anchovy populations in Oman. A set of interview questions was

developed and a series of interviews conducted with sardine-anchovy fishers in

Oman. Based on the interviews results and review of literature on the fisheries in

the region of Oman, recommendations were developed on how to proceed with the

research, management, and development Omani sardine and anchovy.

Sardines and anchovies in Oman are secondary targets to the fishers and

landings a function of market demand. The fishers provided no evidence that

sardines and anchovies in Oman are inversely related. However, the fishers'

experience with the sardines and anchovies is limited by the primitive fishing

technology they use and their poor interest in the two fish stocks. The general

scarcity of scientific research on sardines and anchovies in Oman makes it difficult

to draw strong conclusions about possible sardine-anchovy alternations.

The findings of this study have important implications for understanding

sardine and anchovy populations around the world. Refuge areas are critically

important for the persistence of sardines and anchovies. It is important that fishing

agencies identify these areas and protect the fish when they are at low levels. Also,

the results suggest that the refuge areas have the environmental conditions

preferred by the sardines and anchovies. The proposed conceptual model for the

fluctuations of sardine and anchovy stocks should help to simplify the design of

research on stocks that have not been well studied.

The results from the modeling part of this research, although qualitative,

suggest that studies of possible interactions between sardines and anchovies should

not be given high priority. Instead, it is important to identify the stocks' refuge

areas and closely monitor fishing activities on the weaker stock. This study and

most studies in literature use landings as indices for abundance, because the
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fisheries have grown proportionally with the fish stocks. Egg and larval surveys

would be more reliable abundance indices, especially for lightly exploited stocks.

The results of the study emphasize the importance of oceanography in the

life of sardines and anchovies. Fishery management calculations of Total

Allowable Catches for sardines and anchovies should consider unpredictable

oceanographic changes and monitor the fishery closely. The ioop analysis can be

approached differently by replacing the fishing with biological predators and the

inverse predictability between sardines and anchovies analyzed. Are the results the

same as when using fishing only? The research also considered only two fish

populations. Would the fluctuation process change if more species were

considered in the models.

In addition the results of the current research are qualitative. The models

need to be quantitatively approached. The current research also does not indicate

the length of the sardineanchovy cycle. This could be identified with the

quantitative approach. The research indicates that fluctuations between sardines and

anchovies are a function of long-term environmental changes. Few studies correlate

sardines and anchovies with such environmental changes. More such studies are

needed to confirm the hypothesis.
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Appendix A. Summary of the Sardines and Anchovies Cases Studied.



Category California Japan Peru South Africa

Species California sardine Japanese sardine Peruvian sardine South African PiJ chard
(Sardinops caerulea) (Sardinops melanostictus) (Sardinops sagax) (Sardinops ocellatus)

Pacific sardine
(Sardinops sagax)

Spawning warm warm warm cool

temperature___________________________

spawning season January - June February to May September-March August - March

spawning area Punta Eugenia south of Kyushu Peruvian coast Cape Aguihas area
Southern California Bight north of 22 S
San Francisco Bay around Walvis Bay ( 22 to 24 °S)

Off Chili only north of Walvis Bay
Distribution at Punta Eugenia South and east of Kyushu north 27 OS
low abundance Southern California Bight small coastal areas western

San Francisco Bay and southern Japan

Distribution at Pacific coast Coastal range of south Along the coast of north of Cape Town and south
high abundance British Colombia Sakalina, Japanese sea coast Peru and of Walvis Bay

of the Korea Peninsula Chili as far as 40 °S along the Namibian coast
Surrounding seas of the
Japanese island

Major currents California Current Kuroshio Current Humboldt Current Benguela Current
Oyashio Current Peru Coastal Current

Peru Undercurrent
Peru Countercurrent



Appendix A continued

Category California Japan Peru South Africa

Species Northern anchovy Japanese Anchovy Peruvian anchoveta South African Anchovy
(Engraulis (Engraulis japonicus) (Engraulis ringens) (Engraulis Capensis)

Spawning cool cool cool warm
temperature_______________________
Spawning December- April March-December September and January in October and February
season
Spawning Southern California Scattered on the Pacific Ocean Peruvian coast between the Cunene River
area Bight and Japan Sea side and Mercury Island
Distribution at Southern California Ise and Mikawa Bays, Segami In the South cooler Cape Agulhas area
low abundance Bight Bay off Bojo Peninsula and in deeper cooler

areas on'y

Distribution at entire Pacific coast East China, Western Japan, The entire Peruvian north of Cape Town and
high abundance Seto Inland Sea, Coastal area coast south of Walvis Bay

of central to southern Japan on along the Namibian coast
the Pacific coast

Major currents California Current Kuroshio Current Humboldt Current
Tsushima current Peru Coastal Current Benguela Current

Peru Undercurrent
Peru Countercurrent
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Appendix B. Terminology

Community matrix

In any given model system interactions between the different variables in

the system can be represented by coefficients in a square matrix, called the

community matrix, which has one row and column for each variable.

Complementary subsystem

All the n-k variables that are not included in the open path, denoted as n-k,

where k is the number of variables involved in the open path and n is the

total number of variable in the model.

Complementary feedback

The feedback of the complementary subsystem, denoted as Fflk0m, where

F is feedback.

Conditionally stable system

A system that is achieves stability by satisfying one condition or more.

Conjunct loops

Loops that have at least one variable in common.

Disjunct loops (m)

Loops that have no variables in common.

Feedback (F)

The overall sign of the interaction between variables involved in a path.



165

Negative feedback

Occurs when an increase/decrease in one variable (the initiator) sets in

motion processes that lead to decrease/increase in that same variable.

Overall Feedback (Fe)

The feedback of the whole the system.

Open path

Path

The series of links that connect variables i to j without crossing any variable

twice.

A path is the interaction between two or more variables. A path is denoted

by (P) and a path Pij is read as path i from j.

Path length

Determined by the number of different variables in the path.

Positive feedback

Occurs when an increase/decrease in the initiator variable causes other

variables to change in such a way as to produce further increase/decrease in

the initiator.

Stable system

A system that, when perturbed from a stable equilibrium, will return to that

equilibrium. If the system fail to return to the equilibrium, the system is

described as an unstable system.



Table of predictions

A table constructed to show how each variable will change (increase,

decrease, or no change) as a result of changes in itself or any other variables

in the system.

Appendix C: Different calculations involved in analysis of a loop system.

a. The system:

e
FR

b. The community matrix

a5 0 aSFR

0 a4 aAFR

aFJ, aFJ,4 aF1)R

c. Defining loops and their length

Loops of length one Loops of length two

(-ass) (-aSFRaFRS)

(-a) (-aFpa,sJR)

(-aFRFR)
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d. Conjunct and disjunct loops in the system

Conjunct Disjunct

(-ass) and (-asFRaFRs) (-ass) and (-ayR) and (-a)

(-a) and (-aFaR) (-ass) and (-aFjaR)

(-aFRYR) and (-asFRaFRs) (-a) and (-ayRaF)

(-aFRYR) and (-aFayR)

(-aSFRaFRS) and (-aFRsasFR)

e. Feedback

Fl (ass) + (a) + (aFR)

2

F2 =
in1

addition of all loops of length 2 and subtraction of all combinations of pairwise
products of disjunct loops length 1(m).

F2 = (aAFR FP4) + (F .a) a55 aM a aFJR a,4 aFJ

3

F3 =
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= addition of all loops of length 3 and substation of all combinations of pairwise
products of length 1 with ioops of length 2 and addition of all combinations of
triplet products of disjunct loops of length 3.

F3 = None (ass )(aF a4J7),) (a )(aSFR a)J,) + (a )(a )(aFR)
(-1)(-1) (-1)(--1) + (-1)(-1)(l) = 1 1-1 = 3

f. Defining the complementary feedback for the different paths.

Path k Path length Complementary
(k-i) feedback (Ffl.k)

P11 1 0 F2
(1) (aFg)(-aF)
P12 3 2 FO

(-aF)(asFR) (-1)
P13 2 1 Fl
asFa (-a)
P21 3 2 FO

(aR)(-aFRs) (-1)
P22 1 0 F2
(1) (-asFR)(aFpA)
P23 2 1 Fl

(aAYR) (-ass)
P31 2 1 Fl

(-apRs) (-a)
P32 2 1 Fl

(-aFR) (-ass)
AFRFR 1 0 F2

(1) (-ass)(-a)

g. Predicting change:

v (At; YFcomP
A n-k

Lc
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Change in the equilibrium abundance of S (1) due to an increase in its own growth

rate (c) is

-
SS 2 + (l)(aRap.) + (1)

= +
Ac

Similarly change in the equilibrium abundance of A (1) due to an increase in the S
growth rate (c) is:

Afp3F
AS

Ac F',

Finally, change in the equilibrium abundance of FR (3) due to an increase in the S
growth rate (c) is:

4112
APR FIS'1 +(aF)(aM) +--
Ac

The same procedure is followed for the rest of the variables. The following table
shows the results of the prediction in the different variables.

Variables Sardine
1.

Anchovy Food Resource
'I,

Sardine + - +

Anchovy - + +

Food Resource - - +
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Appendix ft Tables of predictions and their polynomial coefficients for
different Basic Sets.

D.3.1. Basic Set 1 (a, b, and c) tables of predictions and their polynomial
coefficients (Feedback at different levels). The interaction between sardines and
anchovies is represented in the first colunm. Interactions between other variables
are fixed as indicated in the diagram at the top of each column. Zero overall
feedback indicates that the model fails to respond to any changes and therefor no
table of predictions can be obtained. The models that are shaded out are equivalent
to the ones directly above because of symmetry. Hence, due to symmetry in the
relationship between sardines and anchovies, under subsets (a) and (c), the
interactions for amensalism, commensalism and predator-prey are only analyzed
once. Note that the columns and rows of the matrix tables represent Fishing,
Sardine biomass, Anchovy biomass, and Food Recourse, respectively.
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D.3.1 continued

a b

Table of Polynomial Table of Polynomial
interaction prediction coefficient prediction coefficient

+ + + + 2 + 0 + +
- + 0 0 + 0

no-interaction - + 0
7

+ 0
-5
- 2

+ 0 0 + + 0 0 + -1

amensalim
+ + 0 + -i

2
o + 0

- + 0
-7 -5

-2
+ 0 0 + -1 -1

0

-2
-5
-2
-1

commensalism
+ + + + -s

9
+ 0 + + -2

6- + 0 - + 0

- - + 0 - - + 0

+ 0 0 + + 0 0 + -1

+ 0 ± + -2
+ 0

-6

-2
+ 0 0 + -1
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D.3.1 continued

a /\ b

cO/O
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Appendices D.3.2, P.3.3, and P.3.4. Tables of predictions and their polynomial
coefficients (Feedback at different levels) for the models in Basic Set 2, Subset
A, B, and C groups (a, b, and c) as indicated. The interaction between sardines
and anchovies is represented in the first column. Interactions between other
variables are fixed as indicated in the diagram at the top of each column. Zero
overall feedback indicates that the model fails to respond to any changes and
therefor no table of predictions can be obtained. The models which are shaded are
equivalent to the ones directly above because of symmetry. Under Subsets a and c,
the interactions for amensalism, commensalism and predator-prey are only
analyzed once. Due to symmetry in the relationship between sardines and
anchovies. Note that the columns and rows of the matrix tables represent Fishing,
Sardine biomass, Anchovy biomass, Sardine Food Recourse, and Anchovy Food
Resource, respectively.
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D.3.2 continued
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D.3.3 continued
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Appendix E: Omani Fishers Responses to the Interview Questions by Region.

1 .The ages of the fishermen and how long they have been in the sardine/anchqyy

fishery.

Al-Batina

More than 50 years old, more than 20 years in sardine and anchovy fishing.

Muscat

More than 50 years old, more than 20 years in sardine and anchovy fishing.

Al-Sharqiya

More than 50 years old, more than 30 years in fishing.

Al-Wusta

32 years old and more than 15 years experience in the sardine and anchovies

fishing.

Dhofar

More than 50 years old, more than 20 years in sardine and anchovy fishing.

2. The sardine/anchovy seasons and whether the seasons are related to cold versus

hot months or to the monsoon.

Al-Batina

Sardines appear mostly in September to April, with peak abundance in December

and January. Anchovies, in contrast, have no particular season.

Muscat

Sardines are available all the year around. They disappear temporarily in summer

time. The peak for sardine abundance is during the colder months. Anchovies,

however, come and go without warning.

Al-Sharqiya

Fishers here hardly ever target for sardines or anchovies at any time. But sardines

are observed more during cold months. Anchovies have no particular season.
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Al-Wusta

Sardines are always around. Anchovies, however come, and go and have no

particular season.

Dhofar

The sardine season is defined. Anchovies on the other hand have no definite

season. Sardines are vulnerable to the fishers' gear all year around except during

the monsoon (June-early September in some areas).

3. Whether the sardines/anchovies caught together in the same gear.

Al-Batina

Sardines and anchovies are rarely caught with the same gear.

Muscat

They can be caught together when both are in high abundance along the shore. This

rarely happens, however.

A1-Sharqiya

No.

Al-Wusta

No. The fishermen never target sardines and anchovies together. If anchovies are

spotted, different gears will be used than if sardines are spotted.

Dhofar

No. The fishermen never target sardines and anchovies together. If anchovies are

spotted, different gears will be used than if sardines are spotted.

4. The ype of gear used for the sardines and anchovies and the gear types

pfe4.
Al-Batina

Beach seine is the most common gear for both fish. Purse seine can be used if the

fishers can afford it. Beach seine is preferred by most sardine and anchovy fishers

because it is cheap and easier to operate. There are few fishers that target sardines

and anchovies using purse seines. Nets used for sardines have bigger mesh size

than the ones used for anchovies.
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Muscat

Gilinet, beach seine, and purse seine can be used for both fishes. However the mesh

size used for anchovies is smaller than the one used for sardines. Beach seine is

mostly used for sardine and anchovies. Only a few or the well established, full-time

sardine and anchovy fishers use purse seines.

A1-Sharqiya

If there is any fishery for sardines or anchovies it is temporary. Beach seine with

smaller mesh size can be used for anchovies while with bigger mesh size for

sardines.

Al-Wusta

Beach seine, gilinet, and purse are the common gears for sardines and anchovies.

Which gear is used depends on the school size spotted. Purse seines are usually

used for bigger schools.

Dhofar

Gilinets, beach seines, purse seines, and cast nets. Which gear is used depends on

the school size spotted. Purse seines are usually used for bigger schools. Smaller

mesh size nets are used for anchovies, while bigger mesh size nets are used for

sardines.

5. The distance along the shore and offshore that the sardine/anchovy fishery

extends.

Al-Batina

4 to 6 meters deep offshore is where the gear can be operated. Along the shore the

fishery is limited within the village fishing area

Muscat

3 to 5 meters deep offshore is where the gear can be operated. Along the shore the

fishery is limited within the village fishing area

Al-Sharqiya

There are no specialist sardine or anchovy fishers in this region. But most of the

catch is obtained from near-shore in waters 4-5 meters deep.



193

Al-Wusta

4 to 6 meters deep offshore around the island and toward the offshore waters.

Dhofar

3 to 5 meters deep, only offshore. Along the shore the fishermen can only go up to

the boundary with the next fishing village.

6. The use and price of sardines and anchovies.

Al-Batina

Both types of fish are dried and used as fertilizer, food for cattle, and for human

consumption when sardines or anchovies are fresh. Anchovies are worth twice as

much as sardines.

Muscat

Both types of fish are dried and used as fertilizer, food for cattle, and for human

consumption.

Due to urbanization, most fishermen will sell the catch fresh to fish processing

companies nearby. Anchovies are worth more than sardines.

Al-Sharqiya

All the catch is used as bait only. Fishers are not allowed to use the catch for any

other purpose. Fishers might complain to the mayor of the fishing village if

anybody used the fish for other purposes.

Al-Wusta

Because Masira Island is very far from the primary markets, drying is the only way

to sell the catch. Only during the cold season can the fish be transported fresh to the

Muscat and Dubai Markets. The fish can keep its freshness if it is well maintained.

The price per truckload of sardine or anchovy has to be high for the fishers to enter

the fishery.

Dhofar

Most of the catch is used locally as food for cattle and as fertilizer after it is dried.

Anchovies are less expensive than sardines.

7. Whether sardines or anchovies are preferred by the fishers and why.
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Al-Batina

Anchovies are preferred due to their high price and demand. They are more favored

over the sardines because they are more often used for human consumption.

Because the sardines are more abundant fishers will target sardines.

Muscat

Some fishermen are indifferent between the two and will fish either sardines or

anchovies. Other fishermen will target the most expensive one according to the

market. The well established, full-time sardine and anchovy fishers target both

fishes. In general anchovies are worth twice as much as sardines.

Al-Sharqiya

Sardines ar preferred because they are more available and make good fish bait.

Al-Wusta

The fishers on the island prefer sardines to anchovies. Sardines are believed to be

excellent bait for different fishes. Anchovies are not targeted except if demanded

by the Muscat or Al-Batina markets. Because Masira Island is very far from the

Muscat markets, the Masira fishers require a buyer before they target the fish and

the price also should be high. Sardines and anchovies could be sold by the fishers

for up to 130-150 Omani Rials per ton (wet).

Dhofar

Fishers prefer sardines over anchovies because there is greater demand for sardines.

8. Periods and duration when sardines/anchovies disappear and whether the two

fish disappear together or alternately.

Al-Batina

Anchovies used to be more abundant than the sardines a long time ago. Sardines at

that time did not have a particular season. Things changed and sardines became

more abundant. The two fish alternately disappear. There are short periods when

sardines disappear; for a maximum of two months during summer. Anchovies

cannot be understood. They come and go without warning.



195

Muscat

Anchovies are rarely found in this region and they have no particular season. They

can disappear for up to 3-5 years before they return in higher abundance.

Anchovies stayed for two month before they disappeared again. Anchovies in the

50s were more abundant than sardines and at that time the sardines had no defined

season. Since then sardines have never disappeared from the local waters except for

short periods in the summer (June-July). The fishermen believe that sardines and

anchovies do not exist together in high abundance.

AI-Sharqiya

Sardines never disappear from the area and fishers avoid catching sardines to keep

them available. The fishers believe that sardines are an important food resource for

the tunas that are available in their waters. Anchovies come and go from the region.

The fishers did not know whether the two alternate because we do not target either

fish.

Al-Wusta

The sardines never disappear from around the island. Anchovies, however, are rare

but they are rarely targeted and the fishers were not interested in them. The fishers

remember that anchovies used to be more abundant than sardines a long time ago,

sometime during the 70s. They believe that anchovies and sardines are never found

together.

Dhofar

Anchovies used to be more abundant than sardines a long time ago. Anchovies then

disappeared and sardines became dominant. Sardine and anchovies do not show up

at the same time.

9. Whether the sardine/anchovyjlisappearance is cop1etely or whether they can be

found in identified areas.
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Al-Batina

The fishers in this region believe anchovies goes to deeper waters where they can

not be caught by the traditional gears. Sardines are always available along the

shore, but the fishermen do not always target them.

Muscat

Anchovies never disappear completely from the Omani waters. They always can be

found in Al-Batina region. Fishermen do not know where the sardine can be found

when they disappear for long time.

Al-Sharqiya

Fishers in this region know that sardines and anchovies are targeted in the Muscat

and Al-Batina regions all the year around. In Sharqiya, however, sardines are never

targeted directly, but the fishers never fail to get what they need as bait.

Al-Wusta

Sardines never disappear from this region. Anchovies are believed to always be

abundant along the Al-Batina coast.

Dhofar

Sardines and anchovies never disappear completely from the Dhofar region. They

are present all year and are believed to be in deep waters where they cannot be

reached by the traditional fishing gear. The fishers in this region believe that

anchovies are always available in the Al-Batina region.

10. How the fishers respond to increases and decreases in sardines and anchovies in

terms of purchasing gear. Also, the fishers' practices of gear sharing.

Al-Batina

Some fishermen buy more fishing gear and increase their effort when the fish

become more abundant. The majority, however, do not. Regardless of whether the

fishers buy more gear, they have to stay together to reduce the operating coast.

Extra nets, when not used, are covered on the beach until the next fishery.
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Muscat

The fishermen in this region are satisfied with what they make from these two

fisheries, so they do not increase their effort by buying more fishing gear when the

fish are more abundant. The gears are always kept on beach when not being used.

A1-Sharqiya

No measures are taken to develop the fishery when the sardines or anchovies are

more abundant. The goal is to preserve the sardines or anchovies as food sources

for the large pelagic fish species.

Al-Wusta

Masira is a small island. The fishers there work together and do not buy more gear

for sardines or anchovies when these fish are more abundant.

Dhofar

The sardine and anchovy fishery in the Dhofar region is localized. Increasing the

frequency of fishing is enough to satisfy the local market demand.

11. How the fishers respond to increases and decreases in the sardines and

anchovies: whether by increasing their fishing frequency or by hiringe new

employees to increase their fishing activities. In addition, what happens to the extra

gear and employees (if any) when the stocks decrease.

Al-Batina

The majority of the fishermen increase the frequency of fishing by hiring more

fishers.

When sardines or anchovies disappear the hired extra employees are laid off. Most

of these employees are part timers and have other part-time employment are not

affected by the laying off.

Muscat

If they have to, the fishermen prefer to hire more fishermen and help than buying

new gears. Because it is easier to get rid off the extra fishermen whenever it is

necessary.
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A1-Sharqiya

No change.

Al-Wusta

Fishers increase the frequency of fishing with the available number of fishermen.

They might stop targeting other fish stock and concentrate on sardines or anchovies

depending on the demand.

Dhofar

Fishers increase frequency of fishing with the available number of fishermen. They

might stop targeting other fish stock and concentrate on sardines or anchovies

depending on the demand.

12. When the sardines/anchovies retuin after a long disappearance, which of them

tends to come back in higher numbers.

Muscat

Anchovies, but for short period of time

A1-.Sharqiya

Do not know the answer

A1-.Wusta

Anchovies, but for a short time.

Dhofar

Anchovies, but for a short time.

13. The sardines/anchovies expansion whether it is along the shore or offshore.

Al-Batina

Along the shore and offshore.

Muscat

Along the shore and offshore.

Al-Sharqiya

It should be along the shore because it is found in Muscat and Al-Batinah
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Al-Wusta

around the island and offshore

Dhofar

along the shore and offshore.

14. The periods when the fishermen stop fishing sardines/anchovies even though

they are available: why and for how long.

Al-Batina

Anchovies are caught whenever they are abundant. Sardines are function of market

demands and the availability of other valuable fish.

Muscat

Sardines and anchovies prices are always function of the market for most

fishermen. Oniy few fishers stay in the sardine fishery even when the market is not

demanding. These fishers sell their catch to companies, which use the sardine as

bait.

Al-Sharqiya

No sardines fishery going on in this region at all. Sardines are caught whenever

more bait is needed only

Al-.Wusta

Most of the fishers stop fishing sardines and anchovies unless there is a demand for

it. They stop fishing as well in sunmier time (Jun to August) due to rough

environmental conditions.

Dhofar

During monsoon some villages are forced to stop fishing because the sea condition

is rough. June to early September.

15. The types of fish caught by the fishers other besides sardines/anchovies.

Al-Batina

Yes. Fishermen will go for any other fish that are more valuable and demanded by

the market. Including Kingfish, tuna, miscellaneous of ground fishes.



Muscat

Yes. Fishermen will go for any other fish that are more valuable and demanded by

the market. Including Kingfish, tuna, miscellaneous of ground fishes.

Al-Sharqiya

Yes. This region is famous for it large pelagic fisheries especially Tunas.

Al-Wusta

Fishers go for any other valuable fish if exist. Including Kingfish, tuna,

miscellaneous of ground fishes.

Dhofar

Fishers go for any other valuable fish if exist. Including Kingfish, tuna,

miscellaneous of ground fish, lobster, and abalone.

16. Whether the fishers continue fishing for sardines/anchovies when other fish are

available or fishers decrease their activities so they can catch other fish as well.

Al-Batina

Normally fishing activities depend on the market demand and supply. Because

other fish are more expensive than sardines, fishers reduce their activities on

sardines and target other fish. Anchovies on the other hand are always targeted

whenever they are available.

Muscat

All year around fishermen will split the time to day and night time fishing. Daytime

will be for sardines and anchovies, easy to spot. Nighttime fishing will be for other

fish species.

Al-Sharqiya

Sardines and anchovies never targeted as a fishery by itself in any circumstances.

Al-Wusta

Sardine and anchovy fishing is a function of market demand. The fishers will target

the sardines or anchovies when the Market demands for them. Otherwise fishers

target other fish.
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Dhofar

Sardines and anchovies are targeted whenever they are available because there is

always a demand for it by the farmers.

17. Whether the fishermen noticed any changes in the oceanographic conditions

(water temperatures, currents, or appearance of rare species) that they think might

be related with changes in sardine and anchovy abundance.

Al-Batina

No particular change in the sea condition that they can remember. However, when

anchovies used to be abundant fishermen used to have more date trees. So they will

split their fishing time between the two income sources. When anchovies

disappeared the date trees dried. Fishermen realized that the salinity of the

underground water increased which basically kills the trees.

Muscat

Kingfish and Tunas are the main fish species that are observed with the anchovies

and sardines. The fishers do not remember anything about changes in oceanic

condition However, they do remember that when anchovies were available the sea

was more productive.

A1-Sharqiya

No particular change remembered except that the sea used to bring more tunas and

large pelagic long time ago than now.

Al-Wusta

Kingfish and Tunas are the main fish species that are observed with the anchovies

and sardines. The fishers do not remember anything about changes in oceanic

condition

However, they do remember that when anchovies were available the sea was more

productive.
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Dhofar

No particular change in the sea condition that they can remember. However, when

anchovies used to be abundant fishermen used to have more fish to catch beside

anchovies.




