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PREFACE

The Mauritanian Exclusive Economic Zone (EEZ) is the site of complex
hydrographic and meteorologic processes. Mixing between the cold Sahara
Current waters and the warm Mauritania Current surface waters, as well as the
wind-induced coastal upwelling process, creates a unique environment favorable
for the spawning and survival of many temperate and tropical species on the
Mauritanian shelf and in adjacent coastal areas {Banc d'Arguin). As a result, a
number of commercially-important neritic species and demersal species are found
in this area. The objective of this study is to explore developing a generai fisheries
modelling framework that takes into consideration species-specific, environmental,
regional, fleet behavioral, and economic factors to better represent the Mauritanian
pelagic fishery.

The first chapter presents a description of the general geologic, physical,
chemical and biological characteristics of the Mauritanian upwelling zone as it is
presently understood. It also highlights differences between this system and other
major upwelling centers in the world {e.g., off Peru and California).

The second chapter explores the structure and timing of the seasonal
cycles of water temperature and wind in order to describe the hydrographic
conditions that prevail in the Mauritanian EEZ. The main focus is to identify any
recent changes in the upwelling regime and their potential impact on fish
populations. In addition this chapter investigates the applicability of using

iv



oceanographic data from coastal stations to adequately represent offshore
conditions.

Chapter three gives a quantitative description of the fishery. It main focus
is to identify catch compaosition, to characterize seasonal (hydrographic) and zonal
patterns, and to explore potential differences between fishing vessel types in the
yields of the small pelagic fishery.

The fourth chapter investigates how these seasonal patterns influence
abundance estimates of the individual species. Specifically, it looks at various
methods of adequately allocating the nominal fishing effort among species and
species groupings. In this regard, various methods of computing catch per unit of
effort (CPUE) are compared.

Chapter five presents a predictive model for the fishery and discusses the
management implications of using raw unpartitioned versus proportionally
allocated fishing effort in the model. It also derives a formula that can be used to
compute confidence intervals around the Maximum Sustainable Yield of the
species in the fishery. Finally, the summary section brings together all the pertinent

results, findings and limits of the study.
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ABSTRACT

Off Mauritania, Northwest Africa, small pelagic fish have long been a
valuable target of a large and diverse international fleet. In the early 1990's,
average annual catch was about 400,000 metric tons in which three to four
famiiies were frequently represented: carangidae (7rachurus trachurus, T. trecae
and Decapterus rhonchus); clupeidae (Sardina pilchardus, Sardinella aurita and
S. maderensis); scombridae (Scomber japonicus); and lately, trichiuridae
(Trichiurus lepturus ).

Using empirical orthogonal function analysis, it was shown that the study
area is a transition zone between permanent upwelling in the north (20-25°N) and
regions with seasonal upwelling in the south (10-16°N). Also, from 1985 to 1993,
a warming in the southern EEZ was identified as a part of a long-term successive
cooling and warming trends of sea surface temperature (1946-1988). These trends
were also reflected in coastal station data and suggest strong associations
between physical processes at local stations and the large-scale processes in the
Northwest African coast.

Univariate and multivariate time series analyses performed on catch per
effort (CPUE), hydrographic seasons, north and south fishing zones, and fishing
vessel types indicated considerable temporal and spatial patterns in species
yields. These variations are shown to be closely associated with hydrological

conditions. For instance, carangidae dominated catch composition particularly

xv



during transitional water seasons while, Sardina was most abundant during the
cold water season and in the northern fishing zone. Further investigations of the
CPUE computation suggested that proportional allocation of the fishing effort
among the individual species groups was a better alternative to computing CPUE
based upon the whole catch which is presently the case. This method used a
nonequilibrium Schnute's version of the Schaefer model, for which a new formula
was derived that allows computing confidence intervals around the maximum
sustainable yields. The results indicate that proportional allocation of the effort and
the multivariate regression model considerably enhanced the fit of the model.
Given the complexity of the fishery and species interdependence in species
catch, the techniques and procedures presented are highly recommended tools
to model the fishery.
Key words: Multispecies Fisheries Modeling, Upwelling, Schooling Species,

Mauritania, Northwest Africa.



CHAPTER 1
Overview on the Physical, Chemical and Biological
Characteristics of the Study Area

INTRODUCTION

The Northwest African upwelling system is considered among the most
productive ecosystems in the world (Letaconnoux and Went, 1970, Minas and
Peres, 1974; Richards, 1980; Longhurst, 1981; Hempel, 1982). The Mauritanian
region, particularly off Cape Blanc, is an area where the conjunction of different
water masses creates a highly diverse biomass of temperate and tropical species
(Hempel, 1982; Wolff et al., 1993). Extremely high catches of pelagic and
demersal fishes as well as shellfish are recorded from this area (Josse and Garcia,
1986; Josse, 1989; Chavance and Girardin, 1991). Although the Northwest African
upwelling has been extensively studied, most of the research has been directed
toward developing a broad picture of the system’s physical and biologicat
processes. Some studies, however, are specific to the Mauritanian shelf and have
a mesoscale framework (Brink, 1985; Wolff et al., 1993). Because the data used
in these studies are usually of short duration and irregularly configured in time and
space, many knowledge gaps still exist. Some general features, however, can be
distiﬁguished. It is the goal of this chapter to synthesize a description of the
general geologic, physical, chemical and biological characteristics of the
Mauritanian upwelling, which are important in understanding the diversity and

richness of the ecosystem.



THE STUDY AREA

The Mauritanian coast is about 720 km long and lays between 16°04'N and
20°36'N. The continental shelf can be divided into two parts with the division area
around Cape Timiris (19°20'N-16°35'W). in the northern part around Cape Blanc
(20°48'N-17°04'W) the inner shelf is relatively wide (60-90 km). The coast is
arcuate, concave to the west, and the Baie du Levrier and Banc d'Arguin are very
important morphological features (Figure 1.1). The shelf width decreases graduaily
as one moves toward Cape Timiris where the 200 m isobath is only about 15 km
from the coast. Numerous trenches and steep submarine canyons, often quite
deep, are in this area and it is common to observe the 300-400 m contours very
close to the coast. These canyons often have rocky and coralline faces (Maigret
and Ly, 1986). In the southern part, the shelf width does not exceed 50 km and its
borders are more regular. Few canyons are observed between 18°40' and 18°60'N
and between 16°30' and 16°50'N. Finally, the axis of the coastline changes from
a north-south to north-northeast-south-southwest trend off Nouakchott
(18°N16°W).
GEOLOGICAL ASPECTS: THE SEDIMENTARY REGIME

The texture and composition of the Mauritanian shelf sediments is, to a
great extent, influenced by the arid climate and upwelling (Chester et al., 1972,

Milliman, 1977, Diester-Haass, 1978; Szekielda, 1978).
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Because the river runoff is limited to the southern extreme of the Exclusive
Economic Zone (EEZ), i.e., Senegal River, the major source of terrestrial
sediments appears to be airborne dust (Milliman, 1977; Szekielda, 1978).
Atmospheric dust concentrations reach up to 1036 ug/m?® and the yearly offshore
transport of eclian dust is estimated to be between 15*10° and 65*10° mt/km of
coastline (Lepple, 1975). These relatively high concentrations are mainly due to
the presence of the Sahara Desert, which acts as a large reservoir for atmospheric
dust. Clay mineralogy analysis of the < 2 ym fraction, which makes up more than
60% of the total dust material (Chester at al., 1972) indicates a composition
dominated by illite (52%) and kaclinite (25%) with smaller amounts of chlorite and
montmorillonite. Quartz, however, appears to be a major constituent (16%) of the
bulk samples. These eolian dust concentrations are largely reflected in the marine
sediments’ composition, where concentrations of lutites average 50% (Domain,
1980). High organic content, a characteristic of upwelling regions, can be observed
off Cape Blanc and surrounding Cape Timiris wheré concentrations reach up to
5% and 7%, respectively (Diester-Haass, 1978). Low concentrations of organic
carbon are found near the coast and increase seaward. In this regard, Domain
(1980) described the sediment cover from shore to offshore as being composed
of sand (from 0 to 30-35 m depth), sandy silt (from 40 to 100-150 m) and silty sand
(from 150 to 200 m and deeper). Coarse sands are usually associated with rocky

outcrops on the shelf and appear at various latitudes. Generally, sands are
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carbonate-rich. On the middie and outer shelves, relatively fresh bivalve shells and
shell fragments are the dominant carbon components, while glauconite is the
dominant component of the non-carbonate grains. In contrast, the inner shelf
carbonate fraction is composed of echinoid spines and benthic foraminifera, while
quartz and feldspar are dominant constituents of the non-carbonates (Milliman,
1977). As mentioned earlier, there is strong evidence that the terrigenous grains
are derived from windblown solid material. In fact, their sizes are similar to those
transported by winds and their location seems to coincide with high concentrations
of atmospheric dust and suspended matter (Milliman, 1977). The input of sand and
dust from winds can contribute significantly to the concentration of inorganic
suspended matter in the water column (Chester et al., 1972; Milliman, 1977). Most
of the organic material derived from eoclian transport is resuspended within the
water column by currents (see next section) and much of the remainder is
reworked by benthic organisms. Thus, little of this organic material accumulates
in the sediment (Milliman, 1977, Barber and Smith, 1981). A peculiarity is the Baie
du Levrier where high concentrations of marine opal skeletons are observed in the
bay sediments (Diester-Haass, 1978). The aliochtonous or autochtonous nature
of these particles, however, remains unanswered. In the southern limit of the
Mauritanian shelf, there are appreciable amounts of mud, particularly between the
20 and 70 m isobaths, due to Senegal River runoff. Lutite concentrations in these

fine-grained sediments reach up to 95 % (Domain, 1980).



METEOROLOGICAL ASPECTS

Mauritania is largely under the influence of strong northeast trade winds.
There are three main factors that affect the climate off the Mauritanian coast: 1)
the northeast high-pressure anticyclone called the Azores High, which drives
equatorward winds over the Canary Islands region; 2) the Inter-Tropical
Convergence Zone (ITCZ), the result of austral and boreal air mass convergence;
and, 3) the nontropical, eastward-moving cyclones to the north of the trade winds
region. These trade winds include continental trades known as Harmattan, which
are distinct from the maritime trades. For a detailed analysis of the tropical
atmospheric circulation, see Cool et al. (1974), Nieuwolt (1977), Wanthy (1983),
and Hayward and Oguntoyinbo (1987). On a yearly scale, wind is mostly from the
NNE and averages between 6 and 10 m/s in the northern part of the EEZ
(Dubrovin et al., 1991). Seasonal variations in wind speed and direction are
affected by seasonal meridional (south-north) shifts in the position of the Azores
High and equatorial low pressure systems. During winter, the trade wind belt is
located around 25-30°N, while the ITCZ moves northward to 2 °N. At this time
pressure gradients are weak and, hence, so is the wind speed. In April-May, the
Azores High moves southward and the size of the equatorial low pressure
increases considerably because of spring/summer heating. As a result, pressure
gradients increase as does wind strength. In August-September, the Azores High

moves to its northernmost position and the trade winds weaken considerably.
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Intra-monthly variations are mostly due to nontropical, eastward moving cyclones.
Their interactions with high pressure modulate wind cycles from 2 to 6 days in
length, depending on season (Cool et al., 1974; Romanov and Bishev, 1974).
Winds are key factors drivihg physical processes in the Mauritanian EEZ and
influencing seasonal upwelling variations.
PHYSICAL ASPECTS

Water masses

Numerous studies (Allain, 1970; Wozniak, 1970; Fraga, 1974; Peters,
1976, Tomczak, 1977 and 1882; Manriquez and Fraga, 1982; Barton et al.,
1982; Tomczak, 1982; Fraga et al., 1985; Hagen and Shemainda, 1987; Dubrovin
et al., 1991) have observed the following water masses on the Mauritanian shelf
(Figure 1.2):
- Upwelling Water (UW) is cold water coming from great depths through the
upwelling phenomenon.
- South Surface Water (SSW also known as Guinean Water) is warm (>26 °C) and
moderately saline (35.3-35.7) surface water and forms a 30-40m thick layer. The
northern edge of this water mass delimits the thermal front that is prominent
around Cape Blanc in August-September. The SSW is separated from the SACW

(see below) by a strong pycnocline.
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Atlantic Central Water; SN, North Surface Water; SS, South Surface
Water; A, Water with sinking properties {(after Manriquez and Fraga,
1982).
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- North Surface Water (NSW also known as Canarian Water) is formed by the
southward flow of the Canary Current and is more saline (>36), colder and forms
a much thicker (about 60 m) layer than SSW.

- North Atlantic Central Water (NACW) is located between 100 and 900 m depth,
originates in the northern subtropical convergence, and flows southward.

- South Atlantic Central Water (SACW) is located between 100 and 600 m depth,
originates in the southern subtropical convergence, and flows northward.

- Banc d'Arguin Water (BAW) is very. warm, saline and is originally formed on the
Banc d'Arguin area where it sinks off the shelf and is found at depths between 260
and 300 m. The extent of its distribution is, however, very limited.

- Water mass "A" is pfobably formed by the mixing of Canary Current water and
the outer edge of the upwelling waters. Waters mass "A" then sinks and has
properties similar to those of the upper layer of NACW.

The seasonal variation in these water masses indicates the following
important shelf features (Figure 1.3, Dubrovin et al., 1991):

- In the northern part of the continental shelf (>19°30'N) during the warm
season, there is an interaction of the NSW and SSW in the upper surface layer
(50-70m). Below 100 m, the SACW and NACW mix. The SACW dominates down
to a depth of approximately 300-400m, below which the NACW dominates. During

the cold season, the NSW, SSW and NACW are present as distinct water masses
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Figure 1.3, Sample T-S diagrams for the Mauritanian waters by hydrographic
season and fishing zone; southemn zone is shown at top and northern
zone at the bottom (modified after Dubrovin et al., 1991).
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with some mixing at the interfaces. At greater depths (>100m) the NACW largely
dominates the SACW.

- In the southern part of the continental shelf (<19°30'N) during the warm
season, there is an interaction of the NSW and SSW in the upper surface layer
(20-30m). Below, there is mixing of SACW and NACW with SACW dominating
the depths between 200 and 250 m. During the cold season, the NSW and SACW
are observed in the surface layers, while in deeper layers there is an interaction
between NACW and SACW with SACW dominating depths greater than 200 m.

Flow patterns: surface and sub-surface circulation

Offshore and along the outer northwest African shelf, a northern flow
prevails. The flow is further enhanced by the meridional (latitudinal) large-scale
pressure gradient in the eastern Atlantic (Fedoseev, 1970; Mittelstaedt, 1982 and
1983). This gradient, which is a persistent feature, is composed of a near-surface
baroclinic component and a barotropic component (Mittelstaedt, 1983). The
density gradient is due to latitudinal temperatures differences, the large amount
of river discharge into the Gulf of Guinea, and high precipitation in coastal areas
north of the Gulf. The barotropic component is associated with the compensatory
flow due to the deflection of the Canary Current away from the coast around 20°N
and the water mass excess created by the eastward transport of the Atlantic's
Equatorial Countercurrent and Equatorial Undercurrent (Figure 1.4). Cape Blanc

appears to represent the boundary for this northern flowing current.



[ 0%' et L/O‘ N
> 4

N

/ C.B0JADOR
N .

0™

-

Figure 1.4. Idealized surface circulation during summer on the
Northwest African shelf. Small black arrows Indicate the
directions of the major current systems within the area. Large
open arrows denote the prevailing wind directions with
moderate to strong wind speeds. Large broken arrow denotes
intermittent changes in wind direction. Cross with 4 points
denotes an area with weak and variable wind (modified after
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On the inner shelf, however, circulation generally favors the movement of surface
waters southward towards the equator, i.e., in the direction of wind forcing, as long
as the trade winds out of the N-NE (Figure 1.5) are well developed (Mittelstaedt,
1983). When the trades weaken, the southward flow turns into a northward flow
at low latitudes (5-20°N). A very interesting feature of the interaction between the
shelf and offshelf circulation is the number of quasi-permanent cyclonic gyres that
are observed on the eastern border of the Canary Current. A cyclonic gyre is a
permanent feature around Cape Blanc (Fedoseev, 1970; Mittelstaedt 1976 and
1983).

In the subsurface layers, an undercurrent also flows northward along the
continental slope. This poleward current is characteristic of upwelling regions and
was noticed in the Peruvian and Californian upwelling system (Smith, 1978;
Neshyba et al., 1989). During the upwelling season, when the trade winds are
strong, the subsurface undercurrent is absent from the continental sheif, and some
evidence suggests that this undercurrent is the same as the subsurface
countercurrent opposite to the southerly (equatorward) flow on the shelf driven by
the trade winds (Mittelstaedt 1976 and 1983).

Although large-scale circulation along the Northwest African coast is well
studied, the circulation over the Mauritanian shelf remains poorly understood. |
present a generalized overview much of which is based upon Dubrovin et al.

(1991).There is need to stress a strong northward flow, the Mauritania Current
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major current systems. Large open arrows denote the prevailing
wind directions with moderate to strong winds. Large broken
arrows denote intermittent changes in wind direction and weak
wind speeds. Cross with 4 points indicates an area with weak
and variable winds (modified after Mittelstaedt, 1983).
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(Figure1.5; Kirichek, 1971; Burkov et al., 1973; Bulatov, 1986). The origin of the

Mauritania Current has been attributed in part to thé northern branch of the
eastward flowing Equatorial Countercurrent and the year-round northward flow
produced by the meridional, large-scale pressure gradient in the eastern North
Atlantic described above. During the warm water season (when the trade winds
weaken), the Mauritania Current is very strong and extends over the whole area,
including the continental shelf. On the shelf, two anticyclonic gyres are present
between 17 and 19°N. Further north and offshore, another gyre, which probably
delimits the boundary of the northward flow and the Canary Current, is observed.
During the cold water season, the Mauritania Current is felt in the surface layers
only south of 19°N. The shelf circulation is dominated by the trade-wind-induced,
southward flow, the Sahara Current (Figure 1.5). At the boundary of the Mauritania
and Sahara Currents, an anticyclonic gyre on the shelf occurs between 17 and
19°N. This circulation pattern is in agreement with geostrophic calculations and
data measurements in the area (Fedoseev, 1970; Mitteistaedt et al.,, 1975;
Mittelstaedt, 1983).

It should be emphasized, however, that this idealized scheme described
above represents only average conditions; deviations and complexities are likely
to occur at any specific time period.

Mesoscale circulation: the coastal upwaelling

Upwelling is a process in which deep, usually nutrient-rich waters are

brought to the surface. Hay and Brock (1892) define ten modes of upwelling: 1)
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wind-driven coastal upwelling; 2) equatorial upwelling; 3) upwelling at oceanic
divergences; 4) Kelvin-wave driven coastal upwelling; 5) upwelling from Ekman
pumping; 6) bathymetry-driven upwelling; 7) upwelling through mesoscale and
submesoscale cyclonic vortices; 8) upwelling from thermal domes; 9) current-
induced upwelling; and, 10} upwelling from divergences within ocean currents.
Although many of these modes can be found off the Mauritanian coast, our
discussion will emphasize number one, the wind-driven coastal upwelling
phenomenon. Longshore winds blowing equatorward along the eastern sides of
northern hemisphere continents provoke a net offshore transport that is directed
90° to the right of the wind direction (Ekman, 1905). The offshore transport is
directly proportional to the wind stress and inversely proportional to the Coriolis
parameter (Sverdrup et al.,, 1942; Smith, 1968; Bishop, 1984). Because of
continuity, offshore loss must be compensated by upwelled deeper water that is
continually advected away from the area of upwelling by horizontal wind-driven
flow. Studies of the Mauritanian upwelling have shown large dissimilarities within
the EEZ that clearly demonstrate the mesoscale character of upwelling. For
instance, observations indicate that near Cape Blanc, the upwelling occurs year-
round, while south of Cape Timiris its duration is only 9 months (Schemainda et
al., 1975). The hydrographic conditions in both areas seem to differ considerably
as mentioned above.

North of Cape Blanc, direct current measurements on the shelf (21°40'N)

indicate that the flow is essentially wind-driven and additionally enhanced by the
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southward jet of the Canary Current or one of its branches (Mittelstaedt et al.,
1975; Huyer, 1976; Barton et al., 1977, Halpern, 1977; Tomczak and Hughes,
1980). The depth of the upwelling water mass seems to be between 100 and 200
m (Barber and Smith, 1981) and the surface mixed layer often reaches the bottom
of the inner shelf. The thickness of the offshore flow is about 10-35 m and the
compensatory flow (onshore fiow) seems to occur in a bottorn Ekman layer. In fact,
observations show the presence of strong bottom onshore and alongshore
currents near Cape Blanc. These currents, while preventing an anoxic
environment, are responsible for high sediment resuspension in the area.
Sediments off Cape Blanc are mostly coarse and the water well-oxygenated
(Rowe et al., 1977). A peculiarity of this ecosystem is that the classical poleward
flow, mentioned earlier and noticed in other upwelling systems (e.g., off California
and Peru), does not exist on the inner shelf.

Southward of Cape Blanc, the picture is likely to be more complicated by
morphologic and bathymetric considerations. There are many prominent capes on
the Mauritanian coast (e.g., Cape Blanc and Cape Timiris). In the lee of such
capes, upwelling is generally greater than elsewhere in the neighboring areas
(Mittelstaedt, 1983). Also, the deep canyons, which may act as channels for
onshore flow, contribute considerably to upwelling water not only on the shelf but
also nearshore, especially in the Banc d'Arguin area (Gostan and Guibout, 1974).
On this flat, semi-enclosed bank, shallow depths and excessive heating cause the

formation of warm and saline waters, the Banc d'Arguin water (BAW) mass. This
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very dense water sinks below the much cooler upwelled water at its frontal zone,
forming temperature inversions (Tomczak, 1973; Mittelstaedt, 1976, 1983 and
1991). At shallow depths, the BAW seems to flow southward; at greater depths
(100-200 m), the water flows northward carried by the undercurrent along the
continental slope (Peters, 1976; Mittelstaedt, 1983). Besides the presence of many
canyons near Cape Timiris (Herbland, 1978), the southern part of the EEZ (south
of 19°N) seems to have characteristics similar to those off the Peruvian coast
(Barber and Smith, 1981; Gostan and Guibout, 1974). As in the north, the
upwelling system may be confined to the shelf or extend as far as 50 km offshore
(twice the shelf width) depending on the strength of the local winds. Poleward flow,
however, appears to occur on this part of the shelf (Gostan and Guibout, 1974).

Sea surface temperatures (SST)

By analyzing monthly averages of sea surface temperature for one-degree
squares along the eastern shore of the Atlantic between 7° and 44°N, Wooster et
al. (1976) showed remarkable seasonality in the region's upweiling regime with a
year-round cool water band near Cape Blanc. Upwelling appears to be present
year round between 18°N and 30°N with maximum strength between 20 and 25°N
(Buglakov et al., 1985). In a recent study, Dubrovin et al. (1991) célculated long-
term, monthly mean SST for the Mauritanian shelf using a large grid of 20x20
minutes boxes, which is more representative of the mesoscale features of
upwelling. Based on an objective analysis approach that took into account such

criteria as zonal (onshore-offshore) and meridional (south-north) thermal gradients,
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they found four distinct hydrographic seasons: a cold water season (January-May);
a transitional cold-warm water season (June-July), a warm water season (August-
October); and a transitional warm-cold water season (November-December).

The annual average SST of the continental shelf is 21°C while monthly
means vary between 19 and 26 °C. During the cold wafer season, the whole shelf
is invaded by cold water masses and the average SST is 18.4°C. In contrast,
during the warm water season, the shelf is occupied by warm tropif:al waters (24-
27°C) and the average SST is about 25°C. Seasonal amplitude of SST can vary
up to 5 °C in the northern and up toc. 10 °C in the southern parts of the shelf.
Continuous conductivity, temperature and depth measurements have
demonstrated the patchy nature of the system, especially near Cape Blanc, where
very complicated thermal, nutrient and chlorophyll concentration structures were
observed (Tomczak, 1973, 1982; Weichart, 1974). Recent advances in satellite
imagery have confirmed that rapid changes and strong water temperature
gradients are permanent features of the Mauritanian EEZ (Szekielda, 1976; Van
Camp et al., 1991; Cuq, 1993).
BIOLOGICAL AND CHEMICAL ASPECTS

Nutrient distributions

The Mauritanian shelf is characterized by interactions of water masses of
different chemical and physical properties. The boundary limit between the NACW
and SACW is located around Cape Blanc (Fraga, 1974; Manriquez and Fraga,

1982; llinas, Fraga and Barton, 1985). As such there are generally meridional and
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zonal gradients in nutrient concentrations. The meridional gradient may be a
reflection of differences in the proportions of NACW and SACW, the latter having
higher nutrient concentrations. The zonal gradient most likely reflects coastal
upwelling. Nutrients not only increase as one approaches the coast but alsc from
north to south; and there appear to be wave-like shapes to the nutrient isopleths
that have been attributed to upwelling, downwelling and internal waves (Weichart,
1974). Waters are usually much richer in nutrients south of Cape Timiris (19 °N)
than north. Minas et al. (1982) indicate that phosphate and nitrate reach
concentrations of about 1.5 and 20 pg-atfl, respectively. Extremely high phosphate
concentrations have been observed in the waters near Nouakchott (known as the
"Mauritanian dome"; Weichart, 1970, 1974). In addition to the advection of new
nutrients into the area, many studies have emphasized the role played by
zooplankton, phytoplankton, nekton and bacteria in regenerating nutrients
(Leborgne, 1973 and 1978; Herbland and Voituriez, 1974; Smith et al., 1977,
Whitledge, 1978; Blackburn, 1979; Coste and Minas, 1982; Smith and Whitledge,
1982). High concentrations of silicic acid, a limiting nutrient for diatoms which
usually dominate upwelling areas (Strickland et al.,, 1969), are found in the
Mauritanian upwelling (Nelson and Goering, 1978). The presence of diatom
frustules in suspended particles and their absence from bottom sediments suggest
regeneration within the water column (Milliman, 1977). Likewise, water column
ammonium concentrations are high both before and after phytoplankton blooms

(Herbland and Voituriez, 1974; Leborgne, 1978). In the Mauritanian dome, nutrient
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concentrations remain high at the surface up to 120 miles offshore {Minas et al.,
1982).

Plankton abundance and distribution

As noted earlier, the physical processes in the Maurit}anian EEZ create
strong meridional and zonal thermal gradients, especially in the Cape Blanc area.
Despite the high levels of nutrients, chlorophyll concentrations and primary
production levels are generally low. This low production mostly noticed north of
Cape Bianc may be attributed to mixing and light penetration (Kullenburg, 1978,
Morel, 1978, 1962). Packard (1979) showed that the ratio of compensation depth
to mixed layer depth is around 0.7 over the northern Mauritanian shelf. Also, high
concentrations of suspended matter may limit light penetration, especially inshore
(Huntsman and Barber, 1977). Other authors report grazing as a potential cause
for the observed low phytoplankton biomass (Packard and Blasco, 1974; Smith et
al., 1977). Interestingly enough, some studies report very high chlorophyll
concentrations near Cape Blanc (Gillbricht, 1977) and around the latitude of
Nouakchott (Herbland et al., 1973; Walsh, 1876). A potential reason for these high
concentration values may be the circulation pattern (advection cells) which may
create favorable conditions for the aggregation of phytoplankton.

The interaction of the Mauritania and Sahara Currents results in the
simultaneous presence of both cold and warm water species of phytoplankton and
zooplankton. The phytoplankton community consists mostly of diatoms and

flageilates (Reyssac, 1976, 1977; Bak and Nieuwland, 1993). The zooplankton
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community seems to consist predominantly of copepods on the shelf and
euphausiceans and thaliaceans on the slope (Blackburn, 1979; Kuipers et al.,
1993).
CONCLUDING REMARKS

The Mauritanian EEZ is the site of very complex hydrographic and
meteorologic processes. The area north of Cape Timiris seems to be much less
unstable than the area south of it. Full understanding of the Mauritanian upwelling
is still lacking despite the considerable number of scientific expeditions to the area
of Cape Blanc and Cape Timiris in the 1970's. Because upwelling is inherently a
mesoscale phenomenon, it is important to bear in mind that the results of such
studies characterize the conditions only within the limited temporal and spatial
scales of a particular study. Unfortunately, a simplified two-dimensional scheme
(i.e., neglecting the alongshore component) is often used to describe the upwelling
(Huyer, 1976; Halpern, 1977; Smith, 1981). This implies that the depth-integrated
onshore-offshore flow must be zero (Brink, 1985). When one considers heat
(Bryden et al., 1980; Richman and Badan-Dangon, 1983) and momentum (Allen
and Smith, 1981) balances, however, the two-dimensionality of the system
becomes highly questionable (Hagen and Gurina, 1985). In fact, the three-
dimensionality of the flow fields and their highly time-dependant nature, as
indicated by Eulerian and Langragian current measurements (Hagen and Gurina,
1985) directly contributes to the highly irregular paths followed by individual

parcels of upwelled water, i.e., patchiness (Brink, 1985). In addition, bathymetry
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plays an important role in the production of mesoscale upwelling structures
because the potential vorticity is not locally conserved (Brink, 1985). Nonetheless,
| have synthesized a macroscale picture for the area which might represent a
qualitative description of the system as it is presently understood.

Mixing between the cold Sahara Current waters and the warm Mauritania
Current surface waters, as well as the wind-induced coastal upwelling process,
creates a unique environment favorable for the spawning and survival of many
temperate and tropical species on the Mauritanian shelf and in adjacent coastal
areas (Banc d'Arguin). As a result, a number of commercially-important neritic
species and demersal species are found in this area. Knowledge of the
oceanographic conditions is crucial to better management of these resources. In
this regard, the next chapter explores the hydrographic conditions that have
prevailed in the Mauritanian EEZ during the recent decades which are of interest

to the fisheries in the area.



CHAPTER 2
Spatial and Temporal Trends of Sea-surface Temperature
and Wind Patterns

INTRODUCTION

The richness of the Mauritanian ecosystem is due to the interaction of a
number of bathymetric and hydrometeorologic factors, in particular upwelling (Boje
and Tomczak, 1978; Richards, 1980; Longhurst, 1981). Pelagic fish in general,
and clupeoids in particular, are known to closely respond to variations in their
environment (Csirke and Sharp, 1984). As such, a clearer understanding of the
pelagic fishery can be reached by studying the hydrographic conditions in the
area.

The objective of this chapter is to explore the structure and timing of the
seasonal cycles of temperature and wind in order to describe the hydrographic
conditions that prevail in the Mauritanian EEZ. Other aspects of the seasonal cycle
which are relevant to the pelagic fishery, are also analyzed, i.e., annual variability
in the seasonal cycle and long term fluctuations in wind and sea surface
temperature (SST) patterns. The main focus is to identify any recent changes in
the upwelling regime which could potentially impact fish populations. The SST on
the continental shelf and wind data from coastal stations are examined to

characterize spatial and temporal variabilities and trends.
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MATERIAL AND METHODS

Water temperature data were mainly extracted from the database of the
National Center for Fisheries and Oceanography ("Centre National de Recherches
Océanographiques et des Péches" or CNROP), Nouadhibou, Mauritania.
Additional data were obtained from the National Oceanographic Data Center
(NODC), Washington, D.C., USA. These data contain measurements made by
scientific research vessels (national and international) and by vessels engaged in
regional industrial fishing. Because of the many gaps in these data, | restricted the
period of the first portion of the study from 1985 to 1993. For SST 31,828
observations were used (Table 2.1). At first, data were analyzed separataly
according to their origin, i.e., research or fishing vessel, because of the respective
qualities of the data. Data were checked for grossly erroneous values and
duplicate observations. Based on mean squared error, | determined that
collapsing these data does not increase the margin of error considerably. | then
divided the continental shelf into 20 minutes of longitude and latitude grids or
squares (Figure 2.1). Monthly and annual SST values were calculated for each
square and used for all further caiculations. | then partitioned the shelf into two
areas, north and south of the 18° meridian, and the year into four hydrographic
seasons according to Dubrovin et al. (1990,1991): cold water season (January-
May); transitional cold-warm water season (June-July); warm water season
(August-October) and; transitional warm-cold water season (November-

December).



Table 2.1. Number of ohservations for SST data on the Mauritanian shelf by
the 20' x 20’ squares and month (1985-1993). Location of the squares
is shown in Figure 2.1.

Squae | e Feb  Mw _ Aw My swm _ ui Mg S Od N Dec  TOTAL
1" 7 12 9 23 13 18 s ] 1] 0 )] 0 88
12 44 89 152 356 219 154 0 0 5 17 0 6 1042
21 32 k] 55 125 76 39 0 1] 6 14 0 19 401
2 48 73 -1 190 157 130 0 0 0 0 0 24 689
30 1} [} 9 0 0 0 0 0 7 0 0 [+] 2
E) 94 126 234 rat} 255 124 L] 0 14 0 8 39 115
32 17 2 25 68 57 59 0 1] 0 o [+] 21 278
40 " 3 12 2 19 [} ¢} 0 7 0 5 44 m
4 80 185 169 200 3 27 5 0 7 5 9 95 1553
42 0 10 0 1] 2t ] 1] Q 0 /] 4] 0 39
50 38 58 86 79 54 20 a 0 16 23 20 18 £12
51 135 167 208 27 470 423 1} 0 4 1} 9 0 1789
&0 88 99 96 74 30 39 7 0 T4 63 60 5 633
81 138 169 237 233 295 a7 24 0 M 12 26 139 1704
70 L] 28 23 -] 0 0 [ 0 15 15 18 a 123
n 176 183 173 176 248 298 48 5 89 59 13 167 1735
72 0 a 14 k4 % 13 0 0 0 0 0 0 108
80 7 6 8 0 0 0 [} 0 0 0 0o 0 21
8t 411 214 300 211 97 128 B1 8 a7 61 17 151 1520
a8 74 40 & 155 156 126 44 [} 8 5 19 n 718
2] 157 49 96 92 49 1w 12 0 % 16 2 15 561
€= 213 188 n 292 21 253 126 50 78 72 110 -+ 1986
102 93 113 188 104 104 79 20 158 251 103 49 43 1385
103 20 41 60 163 125 120 133 ¥ 25 46 3N 27 a8
12 5 s " 0 5 10 0 1} 21 5 0 [+] 62
113 45 72 1313 156 1qr a0 155 282 167 105 110 34 1448
114 < M 25 79 46 54 194 183 85 65 43 35 952
123 38 50 40 27 16 19 14 o7 k< ] 40 7 5 414
124 287 393 M6 28 95 665 925 428 310 20 170 4219
13 156 144 135 53 2 B 85 12 74 188 192 126 1344
134 300 463 386 165 83 AN 461 485 4980 423 283 181 3
143 16 16 b} A 3 24 2 25 19 17 20 2 290
144 0 7 0 0 0 0 0 0 B 12 [ M
ALL 2788 3144 3796 4005 3499 3084 2203 2377 2088 1676 1588 1600 3ez8
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Figure 2.1. Geographic location of the 20" X 20' squares. The X represents
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southern zones on either side of the 19°N meridian.
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Furthermore, long-term average SST have been derived and were used to
determine water temperature temporal and spatial anomalies. Also, bottom water
temperature data from a coastal station, Bayadere (20°40'N-17°04'W; Figure 2.1),
were extracted from the CNROP database. This coastal station is known to
represent typical upwelling variations in the northern part of the Mauritanian EEZ
(Arfi, 1985, 1987; Loktionov, 1989).

Wind data have been obtained from the meteorological stations of
Nouadhibou (21°N17°W) and Nouakchott (18°N16°W, Figure 2.1) for the period
1960-1993 (Agence pour la Sécurite de la Navigation Aérienne en Afrique -
ASECNA). These wind data consist of 8 daily observations sampled at 3 hours
intervais. For these two stations, which we assume represent the conditions in the
northern (Nouadhibou) and southern (Nouakchott) parts of the EEZ, daily, monthly
and yearly Ekman transports are estimated (see Bakun, 1873; Bakun et al., 1976;
Wooster et al., 1976). First, the tangential wind stress (1,; metric tons/ second per
100 m of coastline) is caiculated:

7,7p, Co V(u2+vA)* (1)
where p, is air density (1.22*10? g/cm?®);
C, is an empirical drag coefficient (1.05*107);
v is the component of tangential (alongshore) observed wind speed (ms™); and
u is the component of perpendicular (cross-shore) observed wind speed (ms™).
Then the surface Ekman transport also denoted as the Coastal Upwelling Index

(CUI; m®.s' per 100 m of coastline) was estimated by using:

CUl =T )
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in which T, is the tangential wind stress;
f (the Coriolis parameter) =2Q sing;
¢ is latitude of the given station; and
Q2 is the Earth rotation constant (0.729*10 s™).

Trend analysis was conducted on yearly CUl and water temperature values
using the Seasonal Kendall Test (SKT) for trend (Hirsh et al., 1982). This
nonparametric procedure is suitable because it is believed to be robust against
outliers, collinearity and seasonality (Hirsh et al., 1982). Long term trends as well
as large scales feature in SST were also investigated using the Comprehensive
Ocean Atmosphere Data Set (COADS). These data consist of monthly SST
measurements made around the shipping lanes in the Atlantic and averaged in 2°
x 2° squares. More than one million observations were collected in the study area
selected here which covers from 10 °N to 30 °N for about 43 years (1946-1988).
Empirical Orthogonal Function (EOF) analysis of the data set was conducted using
PRINCOMP (SAS, 1989). The EOF is a multivariate technique useful for data and
trend reduction which enables highly correlated variables to be reduced to a small
number of orthogonal functions (Preisendorfer and Mobley, 1988; Johnson and

-Wichern, 1992). This reduction technique is frequently applied to oceanographic
and meteorologic data (Craddock, 1965; Kundu and Allen, 1976; Wang and
Walsh, 1976; Weare, 1977; Servain and Legler, 1986). Whether the phenomena
observed at local coastal stations were reflected at larger scale (the above defined

squares) was investigated using Kendall Rank correlation coefficient (Conover,

1980) as well as regression techniques (Myers, 1986).



30

Finally, a Fourier analysis (Stuart, 1961; Chatfield, 1980) was performed on
monthly SST means to investigate possible periodicities in the data.
RESULTS AND DISCUSSION

Wind pattern

At Nouadhibou, monthly wind speed varies from 6 to 9 m/s. The highest
wind speeds are observed in May-June and the lowest in November-December
(Table 2.2). During most of the year, wind direction is northerly (90 % from NNW-
N-NNE (Table 2.3). From December to February, winds from the northeast or north
prevail. In spring, wind direction shifts to northerly and dominates April to June.
From July to September, a northwesterly component becomes visible. By October
winds from the northeast direction start to develop again. At Nouakchott, average
monthly wind speed is much less than at Nouadhibou and ranges from 3 to about
6 m/s (Table 2.4). Also, wind direction is much more variable with only 55%
coming from a northerly direction (NNW-N-NNE). The WSW component
contributes 10% to the wind spectrum during the year (Table 2.5).

The CUI closely follows the wind patterns. In the northern part of the EEZ,
the mean wind stress has a component from the north favorable for the
devélopment of year-round coastal upwelling, with maximal intensity from March
to July (Tables 2.2 and 2.4; Figures 2.2 and 2.3). In the southern part of the EEZ,

the CUI is much lower than in the north because of the reduction in wind speed
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Table 2.2. Monthly mean wind speed (V;m/s), its standard deviation (STD)
and alongshore component (UY;m/s) and Coastal Upwelling index

(CUL; m.s™ per 100m of coastline) at Nouadhibou.

MONTH Vv STD uy Cul
1 6.14 1.73 -4.98 97
2 6.9 1.02 -6.40 149
3 8.28 1.24 -7.67 199
4 8.39 0.82 -8.07 205
5 9.04 0.82 -8.77 237
6 8.22 0.58 -9.05 252
7 8.23 0.38 -7.72 201
8 7.54 0.56 -6.69 163
9 7.64 0.69 -7.06 173

10 7.46 0.94 -7.00 161
1 6.39 0.83 -5.77 115
12 6.17 1.09 -4.79 94

Table 2.3. Percent frequency of observed wind direction at Nouadhibou*.

Month
Wind direction 1 2 3 4 5 6 7 8 9 10 11 12 year
ENE 18 6 5 0 1 0 o 0 0 o 12 19 5
NNE 64 59 45 27 19 25 8 2 14 16 42 57 32
NNW 13 29 46 69 80 74 83 8 79 80 44 15 58
WNW 1 3 2 4 1 1 6 9 2 2 2 1 3
WsSWwW 4 2 1 0 0 o 1 2 2 1 1 5 1
Ssw 1 1 2 0 0 0 2 2 2 2 0 2 1
SSE* - - - - - - - 0
ESE*" - - - - - - - 0

* The SSE and NNE acounted for less than 1% and were rounded to zero.
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Table 2.4. Monthly mean wind speed (V;m/s), its standard deviation (STD)
and alongshore component (UY;m/s) and Coastal Upwelling Index
(CUI; m*.s™ per 100m of coastline) at Nouakchott.

MONTH v STD uy Cul
1 4.91 1.04777 -2.16548 23
2 4.12 0.47631 -2.55131 30
3 4.82 0.46101 -3.20527 44
4 521 0.26208 -4.36578 67
5 5.31 0.20884 -4.65011 73
6 4.9 0.84060 -3.49244 55
7 4.41 0.58758 -2.38177 27
8 3.85 0.45576 -1.33258 20
9 3.08 0.29482 -1.12878 17
10 3.73 0.47625 -3.01677 35
11 3.92 0.563717 -2.34711 25
12 5.01 0.36313 ~1.23570 12

Table 2.5. Percent fraquency of observed wind direction at Nouakchott*.

Month
Wind direction 1 2 3 4 5 6 7 8 0 M 12  year
ENE 51 30 26 12 0 0 2 1 1 156 38 58 20
NNE 30 39 39 26 22 10 3 3 10 3t 42 14 23
NNW 12 17 26 58 68 56 37 20 27 43 16 5 32
WNW 0 5 0 1 9 24 48 52 36 6 0 0 14
Wwsw 8 8 10 3 2 10 10 118 21 2 6 23 10
Ssw 0 1 0 0 0 0 0 5 6 2 1 +] 1
SSE* - - = - - - - - - - - - 0
ESE* - - = - - - - - - - - - 0

*The SSE and NNE acounted for less than 1% and were rounded to zero.
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Figure 2.2, Average monthly wind speed (m/s) at Nouadhibou. Also shown
are standard deviations bars.
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Figure 2.3. Average monthly Coastal Upwelling index (m®/s per 100 m of
coast) at Nouadhibou. Also shown are standard deviations bars.
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and increased directional variability (Tables 2.3 and 2.5; Figures 2.4 and 2.5). In
fact, the trade winds favorable for the development of upwelling are more
consistent in the northern part of the EEZ year round. In the southern part, they
weaken considerably, especially around July. Variability in wind speed and
direction is mostly affected by the position of the Azores High pressure anticyclone
system and the Inter-Tropical Convergence Zone (ITCZ; see previous chapter).
During December and January, the trade wind belt is located around 25-30°N,
while the ITCZ moves northward to 2-5°N. At this time, atmospheric pressure
gradients are weak and, hence, the wind speed is also. From February to June,
the ITCZ continues to move northward, while its size increases considerabiy
because of spring/summer heating, and the Azores High Pressure anticyclone
moves southward. As a result, pressure gradients increase as does wind strength.
Beginning in July, and especially in August-September, the Azores High Pressure
System moves to its northernmost position and the trade winds weaken
considerably. During this period, which corresponds to the rainy season, we
observe the apparition of a wind coming from the south and associated with the
monsoons (Nieuwolt, 1977; Wanthy, 1883).

Intra-monthly variations were not investigated here but are mostly due to
nontropical, eastward moving cyclones (sometimes called easterly waves). Their
interactions with the ambient high pressure modulate wind cycles from 2 to 6 days,

depending on season (Cool et al., 1974; Romanov and Bishev, 1974). Previous
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Figure 2.4. Average monthly wind speed (m/s) at Nouakchott. Also
shown are standard deviations bars.
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Figure 2.5. Average monthly Coastal Upwelling Index (m*/s per 100 m of

coast) at Nouakchott. Also shown are standard deviations bars.
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studies of wind stability indicate that during most of the year winds stronger than
8 m.s™ last only for 3-5 days on average (Ould-Dedah, 1993). From April to June,
however, they last for 14 days on average. During this period weaker winds (<8
m.s™') are of short duration (Ould-Dedah, 1993).

Upwelling yearly mean intensity in the northern EEZ did not show a
statistically significant trend during the period 1960-1993 (Figure 2.6). Bottom
water temperatures at the Bayadere coastal station (1963-1988) show similarities
with the upwelling intensity. Bottom water temperatures appear to be colder at
times of high CUI values and warmer at times of lower CUI values. However, when
analyzing monthly CUI values over the period of the study (Figure 2.7), a
downward trend is observed; the SKT yielded the statistic $'=-536 and
var(S')=46122, (2'=2.7; P<0.004; see Hirsh et al., 1982). In a similar study, Arfi
(1985, 1987) indicated that the upwelling intensity showed important fluctuations
over the period 1950-1982. He identified a first phase (1955-1860) where strong
upwelling intensity occurred and a second phase (1960-1969) with minimal
intensity which was followed by a period of irregularities that showed a return to
initial conditions.

During the last decade (1983-1993) which is of particular interest to the
present study, it seemed that, on first examination, the northern station did not
show any trend. A closer investigation, however, revealed that the upwelling
intensity increased from .1983 to 1988 (S8'=36; Z'=1.89) and then decreased after

1990 (§'=-26; Z'=-2.7). A downward trend in the upwelling intensity occured at the
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southern station (Nouakchott) from 1985 to 1991 (S'=-54; Z'=-3.27). Previous

studies using the same data set have indeed suggested an increase of upwelling
intensity between 1983 and 1986 (Tchernikov and Chavance, 1988; Loktionov,
1989).

Sea surface temperature

Average monthly SST exhibit a strong seasonal pattern in both the northern
and southern zones (Figure 2.8). From January to May coid waters are observed
over the whole continental shelf. Later in the year, SST increases to a maximum
around August-September (warm season) and then drops quickly toward the end
of the year. On average, the northern zone has much coider SST than the south
(Figure 2.8). The seasonal warming-cooling cycle and north-south (meridional)
gradient are consistent with the physical processes active in the area. At the
beginning of the year, upwelling is very intense and the southward-flowing, cold
Sahara Current invades the shelf. This period is generally characterized by
relatively weak SST variability (Loktionov, 1989; Dubrovin et al., 1991). Average
SST is 18.4°C for the whole shelf (standard deviation + 0.94 °C; Table 2.6).
Beginning in June, SST rises due to increased solar radiation and a change in the
upwelling intensity, especially in the southern part of the EEZ, where the strongest
thermal gradients are observed (Dubrovin et al., 1991; Loktionov, 1989; Loktionov
et al., 1989). During the warm season (July-October) the trade winds favorable to
the development of upwelling weaken and the inner and outer shelves are

occupied by a warm, northward-flowing current, the Mauritania Current. Average
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Table 2.6. Mean sea surface temperatures (°C) and their standard deviations
(std) for the Mauritanian shelf during the different hydrographic

seasons. '

Season |[Southernzone std Northernzone std Whole shelf std
cold 18.52 0.95 18.21 0.97 1843 097
cold-warm 2145 198 2031 1.80 2101 1.99
warm 2560 257 2347 213 2458 259
warm-cold 2071 161 2005 1.00 2048 146
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SST is 24.5°C for the whole shelf (standard deviation + 2.59 °C, Table 2.6). From

November to December, there is a cooling of shelf SST and a rather quick return
to the initial conditions, where isotherms are distributed paralle! to the isobaths
(Dubrovin et al., 1991).

No long term warming or cooling of the SST on the shelf was easily
identifiable. It is possible that the interannual variability is so high that the SKT
could not detect any trend for the annual mean SST. However, when working with
monthly SST values for each year, there seems to be an upward trend in SST
(warming) in the southern zone (5'=47; var(S')=700; Z'=1.74). Plots of yearly
seasonal SST anomalies (seasonal SST value for the year minus the long-term
seasonal SST value) showed positive values in the southern zone which may be
an indication of such warming. Contours of average SST over the years (1985-
1993; Figure 2.9) show similar pattemns to the classical cooling-warming described
above.

Large-scale sea surface temperature pattemns

The eigenvalues of the EOF analysis indicate that three components
provide a good summary of these data (i.e., account for 97% of the total
variability). Subsequent components account for less than 1 % each (Table 2.7).

The first component (PRIN1) reflects the seasonal signal, since the first
eigenvector shows approximately equal loadings on all stations ( Figure 2.10).

This component accounts for 88.5 % of the total variability, a percentage which
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Table 2.7. Eigenvalues and eigenvectors of the empirical orthogonal
function analysis of sea surface temperature (°C) along the
Northwest African coast. PRIN1, PRIN2, PRIN3 denote the first
three orthogonal functions.

LATITUDE QORTHOGONAL FUNCTIONS TEMPERATURE

PRIN1 PRIN2 PRIN3 MEAN STD
28-30N 0.33 -0.05 0.07 20.24 1.66
26-30N 0.33 -0.06 0.24 20.27 1.49
24-26N 0.30 -0.23 0.69 19.66 1.41
22-24N 0.31 -0.32 0.19 19.64 1.28
20-22N 0.30 -0.43 -0.37 19.64 1.82
18-20N 0.32 -0.18 -0.38 21.79 2.93
16-18N 0.33 0.01 -0.27 23.13 3.25
14-16N 0.33 0.23 -0.21 23.93 3.40
12-14N 0.32 0.43 -0.05 2472 3.26
10-12N 0.29 0.63 0.13 25.86 2.34
%variance 88.50 6.10 270 - -
explained

Cumuliative % 88.50 94.60 97.30 - -
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Figure 2.10. Plots of time coefficients for the first three orthogonal functions
(l.e., PRIN1, PRIN2 and PRIN3) for sea surface temperature along the
Northwest African coast (10-30°N).
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actually shows the dominance of the seasonal signal in the Atlantic (Picaut, 1985).
Similar studies but on larger scales in the Atlantic reported values for the first
eigenvector between 80 and 84% of the total variance (Weare, 1977; Servain and
Legler, 1986).

The second eigenvector (PRIN2), which contributes 6.1% of the total
variance, has negative loadings on northern latitudes and positive loadings on
southern stations. This can be interpreted as a measure of spatial separation
reflecting the influence of upwelling. In this regard, it is interesting to note that the
latitudes between 18 and 26 °N have the highest negative loadings and are known
to be regions of permanent upwelling (Wooster et al., 1976; Speth and Detlefsen,
1979, 1882). Time series plots of PRIN2 appear to indicate an increase in the
amplitude of the separation between regions of permanent upwelling and regions
with sesonal upwelling (slope of regression significantly different from zero,
P<0.001; Figure 2.11). A closer look revealed an increasing trend in the upwelling
intensity and, hence, a long-term cooling trend for the regions between 20 and
26 °N. The reverse is observed for the southern regions, where consdierable
heating occured. This can explain why SST averaged over all square grids did not
show any trend.

What then is happening in the transitional waters between these two
regions? This question was addressed by plotting SST anomalies for months of

maximum upwelling intensity, i.e., January to May or the cold water season, at
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Figure 2.11. Plots showing linear trend (thick line) for the second
(top) and third principal component time coefficients (bottom)
for sea surface temperature along the Northwest African coast
(10-30°N).
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latitude 18-20 °N (Figure 2.12). Interestingly, when plotting SST anomalies for the

warmest months (August-September) at the above latitude, a downward (cooling)
trend can be easily identified (Figure 2.12), while south of 14 °N and north of 22
°N no such trend was observed. As such, | hypothesize that a southward
extension of the upwelling limit may be taking place. In other words, during the last
decades the front delimiting the ITCZ movement did not go further north as it
used to. Therefore, upwelling intensity in the warmest months (Agust-September)
increased in the northern regions and so did heating in the southern zones. This
may be seen by correlating the second principal component, which was interpreted
as being a measure of the spatial (latitudinal) separation, with the upwelling
intensity. It was expected that the correlation would be maximum for the cold
water, maximum upwelling season between January and May. It appeared,
however, that the correlation is much stronger during the warm water season
(August-September; Kandall Tau=-0.73, P=0.0001) than during the cold water
season (Kendall Tau=-0.21).

The third eigenvector (PRIN3) is more difficult to interpret but seems to
represent some spatial features of SST seasonal variability. The corresponding
time coefficients reveal a possible downward trend in SST (Figure 2.11).

The fourth and subsequent components have much more complex spatial
and temporal features. Their relative contribution (less than 1% each) is much
smaller than the previously discussed components and might be simply

considered as noise (see Craddock, 1965 and 1973; Weare, 1977).



49

24
: ' 1,
) . . .- LI
19 - - [ ] -
E ‘ :.' . e A ] b
3 st = » . .
& ..:. R T . T ? e ooy
E °. L - o - - 8o L2 - —
] [} . " =_ - # v
3 . L. [ 4 . ) -
- BRI PEANPCEEE JER PN
3 - * o [ ]
%"1- . -" : . *%e «® .o‘..
3 L -
= ]
-."'
T M T T M o e T T M| T T
JULAZ JANAS JULE4E JIANEO JUNEE DECTO JUNTE NOVEY RMAYET NOVEZ
DATE
a-
2: . e hd - -
= - . ., -
-
% | R — .. LN ] . e . :- L] -
. s
: s » . . .o
@ o L gt —
5 - . - . . .
E -® - L . :
-] 4 - - [ . e
. - - . »
- - . L]
s L]
- = - - L2 ]
E -
3
-3 4
T M - T T T v T T T T
JULAT JaN4S JULG4A JANSO JUNEBE DECTC JUNTE NOVE! WATET NOVI2
DATE

Figure 2.12. Plots of sea surface temperature anomalies showing linear trend
(thick line)during the cold water or maximum upwelling intensity
season (January-May; top) and warm water season (August-
September; bottom) for a selected 2° x 2° square (18-20°N) along the
Northwest African coast. Temperature anomalies are calculated by
substracting the mean monthly SST in a given year from the long-term
monthly average SST.
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Interannual variability

Fourier analysis of monthly SST revealed significant characteristic periods
at about one, 2 and 5 to 6 years (Figure 2.13). The one year period obviously
reflects the annuai (seasonal) cycle. The quasi-biannual si.gnal has been identified
in many analyses as a characteristic of the tropical Atlantic (Chu, 1984; Servain,
1991). Such a signal was somehow linked to the stratospheric zonal gradient
(Yasunari, 1989). Previous analysis of pressure fields specific to the study area
have also reported peaks of spectral density at frequencies of about 24 months
(Michelchen, 1980). The peak in spectral density at the 5-6 year interval may
reflect a cycle in cooling and warming trends. The study area went through some
successive cooling and warming events. Generally, the middle years of the last
decade (1982-1988) show relatively negative anomalies (cooling) in the northern
part of the Mauritanian EEZ (Figure 2.14). The SST anomaly was computed as
being equal to the mean monthly SST in a given year minus the long-term
average. Again this is in agreement with the high upwelling index values reported
earlier for the same time period. This cooling period was then followed by a
warming trend (1989-1993). This cooling and warming pattern may be a part of
long term processes affecting the Northwest African coast.

Link to coastal stations

There appears to be strong agreement between SST and CUI plotted for
selected months (January-May; Figure 2.15). The Kendall Rank Correlation

Coefficient indicates a negative association between SST and CU| computed at
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Figure 2.15, Temporal plot of sea surface temperature (°C) at latitude 18-
20°N and Coastal Upwelling Iindex (rh /s per 100 m of coastline) at
Nouadhibou during the cold water season, January-May (1960-1988).
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the station Nouadhibou (Kendall Tau b=-0.29, P<0.0001). This coastal station,

therefore, gives an adequate representation of the oceanographic processes in the
Mauritanian shelf waters. The representativeness of coastal stations is furthermore
supported by a previous study that found strong correlations between ship-
recorded pressure§ and sea-level coastal stations along the tropical Atlantic coast
of Africa (Bigg, 1993).

CONCLUSION

Investigations of the timing and structure of SST and bottom water
temperature and wind reveal seasonal patterns as well as complex spatial
patterns. The Mauritanian shelf is a confluence of the mixture between coider
waters in the north and warmer waters in the south as wefl as upwelling waters.
Hence, given the complexity of the area, a larger scale study was needed to
investigate the oceanographic processes. Coastal stations can give an adequate
representation of the seasonal cycle.

In the last decade, the shelf area went through a cooling trend (1982-1988)
and then a warming trend (1989-1993). This seems to be part of a long-term
process affecting the Northwest African coast. It was interesting
to note the discrepancies between northern regions with permanent upwelling and
southern regions where the upwelling is seasonal. It was hypothesized that a
southern extension of the upwelling limit is taking place. Also, although the
seasonai (annual) signal was dominant, periodicities at lower frequency (2 and 5-6

years) were also present. The peak in spectral density at 2 years is believed to
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represent atmospheric processes in the tropical Atlantic, while the 5-6 year peak
may represent the above mentioned cooling and warming trends. This latter
speculation, however, warrants further investigation. In addition, there was a
strong relationship between SST at 18-20°N and CU! computed at the coastal
station of Nouadhibou. This may allow for adequate predictions of oceanographic

processes over the Mauritanian shelf from coastal stations.



CHAPTER 3
The Small Pelagic Fishery

INTRODUCTION

Due to the combination of a number of hydro-climatic factors (as seen in the
previous chapter), the Mauritanian waters have a very high and diverse fish
biomass (Letaconnoux and Went, 1970; Hempel, 1982; Wolff et al., 1993). Small
pelagic fish have long been a valuable target of a large and diverse international
fleet. In the 1880's, annual catch has averaged about 400,000 metric tons
(Chavance and Girardin, 1991). Three major families are frequently represented
in the catch: Carangidae, composed of Atlantic horse mackerel (Trachurus
trachurus), cunene horse mackerel (T. trecae) and false scad (Decapterus
rhonchus), Clupeidae, represented by three species, European pilchard (Sardina
pilchardus), round (Sardinella aurita) and Madeiran (S. maderensis) sardinella;
and Scombridae consisting of a single species, chub mackerel (Scomber
faponicus). Lately, considerable catches of Trichiuridae have been made, in
particular largehead hairtail {Trichiurus lepturus). Bioprofiles of these species and
their fisheries have been reviewed (Garcia, 1982; Josse and Garcia, 1986; Josse,
1989; Chavance and Girardin, 1991). A succinct description of the biology and
fisheries of these species is presented because of their importance in interpreting

the evolution and variability of their catch statistics.
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SPECIES BIOLOGY

Clupeidae

Sardina pilchardus (Walbum, 1792) the European pilchard or sardine, was
originally distributed from the English Channel to 26 °N off Morocco (Freon and
Stequert, 1979). In the early sixties, the species range began to extend southward
to Cape Timiris (19 °N) off Mauritania (Boely, 1982) and today reaches as far
south as Senegal, 16 °N (Marchal, 1991a). This vast range, however, is occupied
by a number of distinct stocks. Off Africa, three populations have been identified,
although a limited degree of mixing is possible. The southern stock, shared by
Morocco and Mauritania, 21 °N-26 °N, is the subject of this study. In the
Mauritanian Exclusive Economic Zone (EEZ), sardine migration has a distinct
pattern. Sardines are taken in continental shelf waters during September-October
and disappear around June (warm season). Spawning occurs from October
through April with an apparent maximum in December-January (Chavance et al.,
1991a). The sardine is usually encountered in shallow waters (< 100 m) where it
forms schools and feeds mostly on phytoplankton. It can, however, colonize the
entire continental shelf (Chavance et al., 1991a; Marchal, 1991a).

Sardinella aurita (Valenciennes, 1847) round sardinella, is found along the
African coast from as far north as the Mediterranean Sea south to Angola (26 °S),
but is most abundant south of 24 °N (Boely et al., 1982; Boely, 1982; Marchal,
1991a and b). The northern population, which is targeted by fleets operating in

Mauritanian waters, has latitudinal boundaries lying between 12 °N and 24° N
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(Chavance et al., 1991a). Several authors hypothesize that this population
constitutes two separate stocks: a Saharan and a Mauritanian stock. Both stocks,
however, share the northern part of the Mauritanian EEZ as their reproductive site
(Chavance et al., 1991a). The round sardinella performs seasonal migrations
(rerpendicular to the coast) and daily vertical migrations depending on age, sex,
and hydrographic conditions (Ansa-Emmin, 1982). During the warm water season
(August-October), adults migrate along the coast following cold water masses
(Marchal, 1991a and 19291b) while younger fish remain concentrated in shallower
waters (Boely et al., 1982). During the upwelling or cold water season (January-
May), both adults and young migrate toward the coast. Some fraction of the
young and adult stock stays in the northern part of the Mauritanian shelf and does
not migrate at all. Therefore, round sardinella can be encountered off Mauritania
year around (Chavance at al, 1991aj. Two spawning séasons have been
identified for this species, December-January and July-August. Round sardinella
filter-feed on plankton as well as small detritus particles {Marchal, 1991b; Nieland,
1982).

Sardinella maderensis (Lowe, 1838) also known as Sardinella eba
(Valenciennes, 1847) Madeiran sardinella, extends from Cape Barbas (22 °N)
southward to at least Angola (26 °S) and perhaps further south (Fischer et al.,
1981). It is a coastal species inhabiting rather shallow depths (<50 m) with fairly
high salinity and warm temperatures (>24 °C; Boely, 1982; Marchal, 1981b). This

species does not appear to undergo large seasonal migrations. The major part of
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the spawning season occurs between May and September with a secondary peak
in early winter, December-January (Chavance et al.,, 1991a). In Mauritania, an
important nursery for this species is located in the Baie du Levrier and Banc
d'Arguin areas (Maigret, 1972). The Madeiran sardinella is an active filter-feeder,
whose stomach contents have contained zooplankton, detritus and anchovy
larvae (Nieland, 1982).

Carangidae

Trachurus trachurus (Linnaeus, 1758) the Atlantic horse mackerel, is
encountered off the African coasts from the Strait of Gibraitar to Senegal (14°N).
Its geographic distribution extends northward into the Mediterranean Sea and
along the European Atlantic coasts up to Norway (Chavance et al., 1991a; Fischer
et al., 1981). In Mauritania, this species is taken on the continental shelf during
the cold water season and moves southward, reproducing along the coast (Garcia,
1982). Spawning occurs in water temperatures between 15 and 18 °C. During the
transitional cold-warm water season, they start reversing their migration, moving
back toward the north and exiting the Mauritanian waters by July (Garcia, 1982;
Chavance et al., 1991a). Acoustic surveys have detected important concentrations
between 18° 05'N and 19° 47'N (Josse and Chavance, 1988a,b). Atlantic horse
mackerel feeds on fish, squid and zooplankton, especially copepods and
euphausiads (Fischer et al., 1981; Boely and Freon, 1980). Frequently, this
species inhabits waters 100 to 200 m deep over sandy bottoms, but may be found

at greater depths (Fischer et al., 1981; Chavance et al., 1991a).
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Trachurus trecae (Cadenat, 1949) the Cunene horse mackerel, is
distributed from Mauritania to southern Angola (Fischer et al..’ 1981). This species
is present year round on the continental shelf. Its migration is closely related to the
displacement of the ITCZ front (Chavance et al., 1991a). During the coid water
season, Cunene is abundant in the southern part of the continental shelf. it starts
migrating northward with the arrival of warm waters from the south and, hence,

| occupies the whole shelf region during the warm season (Chavance et al., 1991a).
Two regions have been delimited as the spawning ground for this species: the
area between 14° 45'N and 19° 20'N (Boely and Freon, 1980); and the area
surrounding Cape Blanc (20 °N) during the cold season (Overko, 1971). Cunene
horse mackerel has the same feeding habits as the Atlantic horse mackerel, but
occupies more coastal waters, 20-100 m depth (Chavance et al., 1991a; Fischer
et al., 1981).

Decapterus rhonchus (Geoffroy Saint-Hilaire, 1817) also known as Caranx
rhonchus or false scad, has a distribution range similar to the Cunene horse
mackerel (Chavance et al.,, 1991a). It extends from the Angolan coasts up to
Morocco and even Spain, but is most abundant off Morocco and Senegal
(Fischer et al., 1981). This species is present off Mauritania year round being most
abundant in the southern part of the continental shelf (Chavance et al., 1991a).
False scad appears to migrate along the African coast in response to hydrological
conditions, i.e., ITCZ movement (Garcia, 1982). Like the carangid species, listed

above, false scad feeds on fish, squid and crustaceans (Fischer et al., 1981). ltis
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found most frequently in depths of 30 to 50 m but can be taken at greater depths
(= 150 m, Fischer et al., 1981; Chavance et al., 1991a).

All three species form schools during the day and break into individuals or
smaller shoals at night (Chavance et al., 1991a; Fischer et al., 1981).

Scombridae

Scomber japonicus (Houttuyn, 1780) chub mackerel, is a cosmopolitan
species inhabiting temperate, subtropical and tropical waters of the Atlantic, Pacific
and Indian Oceans (Fischer et al., 1981; Krivospitchenko, 1979). It is distributed
over the entire Mauritanian continental shelf at depths ranging from 15 to 400 m
(Krivospitchenko and Domanevski, 1984). Its migration scheme is closely
connected to hydrologic conditions, such as the displacement of the 19 to 20°C
isotherm (Schemainda and Nehring, 1975; Krivospitchenko and Dubrovin, In
press). Chub mackerel shoals start to concentrate in the southern part of the
Mauritanian continental shelf around April and move northward, where their
abundance is highest from June to September. They start migrating southward
and exit the Mauritanian EEZ by Decembér (Chavance et al.,, 1991a). Chub
mackerel is a schooling fish found mostly in coastal waters and feeds on small
pelagic fishes, especially clupeids and pelagic invertebrates (Fischer et al., 1981;
Krivospitchenko and Domanevski, 1984).

Trichiuridae

Although many species of this family are taken in the fishery, only one is

abundant, Trichiurus lepturus (Linnaeus, 1758) the largehead hairtail. It is found
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throughout the African coasts (Fischer et al., 1981). Off Mauritania, no studies
have been conducted on this species. Largehead hairtail is a benthopelagic fish
found mostly in coastal waters where it feeds on various kinds of fish, and
sometimes cephalopods and crustaceans (Fischer et al., 1981).
THE FISHERIES

In Mauritanian waters, small pelagic fish have long been targets for targe
international fleets from Cuba, France, Germany, Ghana, Irag, Rumania, the old
Soviet Union, Poland and Spain. During the last decade, Rumanian, Russian, and,
to some degree until 1986. German vessels have made up most of the effort. By
Russia | mean the old Soviet Union which now consists of such countries as
Estonia, Lithuania, Russia and Ukraine. For simplicity these latter countries will be
referred to as Russia throughout the remainder of the text. Rumania has been
exploiting pelagic species off Mauritania since the 1970's with a diverse fleet
consisting of purse-seiners and trawlers of different sizes. Since 1978, however,
the Rumanian fleet has been comprised of a single size category of vessel,
namely “RTMS". The Russian fishery, however, started operating in the fifties with
some interruptions. After 1985 Russian vessels were present every year and
accounted for at least 60% of the total effort in the pelagic fishery. Rumania was
responsible for mading up virtually the rest of the pelagic fishing effort until 1991
when they ieft the fishery leaving the Russian trawlers responsible for virtually all

of the fishery effort in the study area. The other minor either had effort that was
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consistent for only a few years (Germany) or was episodic (Bulgaria, Ghana, etc).
The fleets of interest operate in the EEZ under agreements from the Mauritanian
government and the ship's country. These joint ventures are then managed by
local Mauritanian companies. The Mauritanian government and local companies
receive a portion of the ship's profits. For example, some of the foreign fleets are
required to have a crew of about 35% Mauritanians and generally turn over about
30% of the total gross profits (Ould Soueilem, 1992). Vessel landings, which
consist of frozen fish and at-sea processed products such as fish meal and oil, are
not landed in Mauritania itself, but rather are carried by cargo-ships to Eastern
Europe and Sub-saharan Africa. This study focuses primarily on the Rumanian
and Russian fleets during 1987-1993 when they dominated the fishery. These
fleets are composed of highly mobile, mid-water trawlers whose average
characteristics fit into four categories or vessel types (Table 3.1).

Most of the studies off Northwest Africa have indicated that the small
shoaling fish stocks are not yet overexpoited (Josse and Garcia, 1986; Josse,
1989) although these species have always been characterized by large catch
fluctuations (Saville, 1980; Csirke and Sharp, 1984, May, 1984; Csirke, 1988;
Roy, 1990; Cury and Roy, 1991). For example sardine landings (Mauritania and
Sahara combined) were extremely high in the 1970's increasing from 80,000
metric tons in 1969 to 650,000 metric tons in 1976 (Freon and Stequert, 1979),

dropping to zero in the early 1980's, and increasing again with little variability by



Table 3.1. Physical characteristics of the different vessels operating

in the Mauritanian EEZ in 1989 (after Chavance, 1991).

Vessel type Name Width (m) Length Nation  Displacement Crew  Horse-
(m) (Metric tons) Power

1 "Super Atlantik® (RTMS) 152 102 Rumania 3163 88 3880

2 *Super Atlantik® (RTMS) 152 102 Russia 3019 87-92 3880

3 "Atlantik® (RTMA) 14 82 Russia 2177 80-96 2320

4 "Medium Trawlers” (BMRT) 14 85 Russia 2400 77-93 2000

14
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the late 1980's (Josse, 1989; Chavance et al., 1991a). The catch variability may

be partially explained by the spatial and seasonal distribution patterns of the
species involved. Moreover, environmental variables, manifested in the four
hydrographic seasons, and fleet fishing capabilities (strategies) play key roles in
describing these patterns (see below).

This chapter analyzes commercial catch data for small pelagic fishes off
Mauritania during the period 1987-1993. | am primarily interested in investigating
and characterizing spatial and short-term temporal variations in species’ catch per
unit effort (CPUE). Also, | will focus on potential similarities and differences
between Rumanian and Russian fleets as well as differences within Russian
vessels.

MATERIAL AND METHODS

Data description

Commercial fisheries statistics from 1987-1993 were compiled from official
tandings provided by the ships operating in the EEZ and were kindly made
available through the Centre Nationai de Recherches Océanographiques et des
Péches (CNROP) Nouadhibou, Mauritania. Some supplementary data were
extracted for the year 1989 from the CNROP archives (Chavance, 1990).
Reported catches are expressed in metric tons by country, fishing vessel type,
month, year and species or species group. Nominal fishing effort is expressed in
days. Since some ships report only combined catch, the following species or

species groupings had to be used: Sardina pilchardus, Sardinella (Sardinella aurita



66
and S. maderensis combined), Scomber japonicus, Trichiurus lepturus, and
Carangid (Trachurus trachurus, T. trecae and Decapterus rhonchus combined).
All other species, if any, were grouped within the "OTHER" category, which
generally includes pelagic fishes such as anchovy and tuna and, demersal fishery
species such as hake and octopus. Monthly data were summed by hydrographic
season, according to Dubrovin et al. (1991). The continental shelf was divided into
two fishing zones: a northern zone, located north of the 19 °N parallel, and a
southern zone {16°N to 19°N). Vessels types were defined after Table 3.1.

Statistical analyses

| used the general linear model (GLM) procedure in SAS (SAS®, 1989) to
perform univariate (ANOVA) and multivariate (MANOVA) data analyses.
Multivariate analyses (Anderson, 1984; Johnson and Wichern, 1992) were
deemed appropriate because 1) interdependence likely exists between the
response variables (i.e., CPUE of different species); 2) they test for simultaneous
main effects (i.e., fishing zone, fishing vessel type, hydrographic season) on the
response variables; and, 3) they offer overall control of experimentwise error rate
(Type | error). Also, | used contrasts tests for specific & priori comparisons. Post
hoc comparisons were carried out using Tukey's studentized multiple comparison
test at the 5% significance level. The MANOVA used CPUE of the different
species or species groups as dependent variables and fishing vessel type (TYPE),
fishing zone (ZONE) and hydrographic season of the year (SEASON) as

independent variables. The treatment YEAR was considered as a block, i.e., any
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year-to-year variations have been removed. Possible linear trends associated with
the block, however, were tested using contrasts. The CPUE distribution was found
to be lognormal; therefore, all means presented were geometric means.
Descriptive statistics were generated and various plots of catch, effort and CPUE
were produced to investigate seasonal and spatial patterns as well as fishing
vessel differences. Also, a considerable amount of the analysis was directed to
assessing the magnitude of the possible interactions. If interactions are not
statistically significant, then the treatment effects (i.e., zone, type and season) are
independent; hence, direct interpretation of the main effects would be adequate.
When interactions do exist, however, determining the nature of the interaction is
important because one should not make direct inferences on the main effects. In
such cases, there is a joint or combined effect of treatments on the dependent
variables.
RESULTS

General considerations on effort and catch

From 1987 to 1993 total effort droppéd from about 9661 to 7092 fishing
days (Figure 3.1). Most of the decrease in effort resulted from the loss of the
Rumanian fleet (Vessel type 1; Table 3.2). After 1890, the Rumanian vessels
stopped operating in the EEZ. The majority of the remaining total effort was due
to the Russian vessel type 2. Vessel type 4 had the lowest contribution, while
types 1 and 3 were somewhat comparable. Although the fleet effort was almost

constant from month to month (Figure 3.2), it exhibited large seasonal and spatial
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Figure 3.1. Yearly total catch (metric tons) and effort (fishing days) for all
taxa, hydrographic seasons, fishing vessel types and fishing zones
(1987-1993).



Table 3.2. Total effort (fishing days) and percentage of effort by vessel
type (%typtot) for all taxa each year (1987-1993).
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Figure 3.2, Percentage of effort (fishing days) spent in the northern fishing
zone and average monthly effort values for all vessel types combined
(1987-1993). Also presented are the hydrographic seasons: cold, cold
to warm, warm, and warm to cold.
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variations (Tables 3.3 and 3.4). During the beginning of the year (January-July) 51-
61% of the effort occurred in the southern zone. During the remainder of the year,
the reverse was true, 59-76% of the effort occurred in the northern continental
shelf waters (Table 3.3). The distribution of effort across the northern and southern
fishing zones was about the same. On average, most fleets spent more time
fishing in the northern zone (53%) than in the south (47%:; Tabie 3.3). The Russian
vessel type 2 seemed to be the only vessel category that had fished considerably
more in the south (58%) than in the north (Table 3.4).

Total catch decreased from 426,000 metric tons in 1987 to 328,000 metric
tons in 1993 (Table 3.5; Figure 3.1). The year 1990 was of particular interest
because it was the only year where Sardinella catch, 107,400 metric tons,
exceeded the carangid catch (89,950 metric tons; Figure 3.3, Table 3.5). Overall
catch compaosition indicated the dominance of Carangidae (40%) and Clupeidae
(Sardina pilchardus and Sardinella spp. combined=28%). Scombridae and
Trichiuridae accounted for only 5% and 19%, respectively (Table 3.5). When
looking at species seasonal differences, 74% of the total Sardina (Sardina
pilchardus) catch was made during the cold season and 40 % of the Sardinella
(Sardineila spp.) catch occurred during the warm season; similarly, Sardina
represent 20% of the total catch during the cold season and Sardinella 27 %
during the warm season. On average, 39% of the Carangidae catch was taken
during the cold season. The proportion of Carangid catch to the total combined

catch (i.e., all taxa combined), however, was more or less constant over the year



Table 3.3. Total, mean, range and percentage of fishing effort (days) by
hydrographic season and fishing zone (N=northern; S=southern)
for all vessel types combined (1987-1993).
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Table 3.4. Total, mean, range and percentage of fishing effort (days) by
vessel type and fishing zone (N=northern; S=southern) for all
hydrographic seasons combined (1987-1993).
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|---=--mmmenen 4-=---- et S fmmm e —m dm——-- dmmm—— -
| 1 (Rumanian) | 6346| 132| 273| 66| 3236 67| 236| 34|
R et o= s fmm——- R tom—m- fmmm—— +----|
| 2 | 11766| 140| 463| 42| 16028] 191| 640| 58]
[ ===mcmmmeeaes - Hmm——— 4mmo=- it e omm-- oo e atd
| 3 | 9826| 126| 290| 66| 5170 65| 231] 34]
R ettt ————-- Fmmnnw - hmmm o= S ks fmm—-- r----|
| 4 | 2768] 44| 2139| 54| 2393| 36| 192| 46|
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Table 3.5. Yearly total effort (fishing days) and catch (metric tons) by

taxa.
YEAR Effort Sardina Sardinella Scomber Trchiyrus Carangid  Other Total cafch
1987 9661 30654 56613 24301 60644 204750 49845 414385
1988 9074 39628 59600 30545 64208 187828 36712 411798
1089 7659 47016 57061 17149 55194 165617 33904 375168
1990 8357 32902 107408 20077 57458 89956 66328 365829
1991 7901 51735 57582 8223 77785 112259 8477 324713
1692 7789 29380 47554 16723 76374 131552 8579 327027
1993 7092 46792 45371 16186 88636 125157 6292 334922
Mean 8219 39730 61502 19029 68614 145303 30020 364835
Percentage 1 17 5 19 40 8 100

of total catch
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(37-54%) with two peaks occurring during the transitional seasons (43-54%; Table
3.6). Zonal differences indicated that Sardina, Sardinella and OTHER catch were
primarily taken in the northern zone (88, 62 and 70% of total catch, respectively)
while Carangid catch was higher in the southern region (60% of total catch).
Scomber (Scomber japonicus) and Trichiurus (Trichiurus lepturus) did not exhibit
zonal differences (Table 3.7).

Single species analysis
Sardina pilchardus

On average, Sardina catch accounted for 11% of the total combined catch
(Table 3.5). Catch was highest, 20% of the total combined catch, during the cold
season (January-May) when 74% of the Sardina catch was taken (Table 3.6).
During the cold-warm transitional and warm seasons, Sardina's percentage of the
total catch decreased to 2-4% and finally increased again during the warm-cold
transitional season when 20 % of the Sardina catch was taken (14% of the total
combined catch;Table 3.6). Sardina catch was considerably higher in the northern
zone (88% of all Sardina catch; 18% of thé total combined catch) than in the
southemn zone (3 % of the total combined catch; Table 3.7). Also, in the northern
zone, Sardina represented up to 36% of the total catch for the Rumanian fleet
(vessel type 1; Table 3.8). For the Russian vessels (types 2-4), this proportion
ranged between 11 and 14% (Table 3.8). By contrast, the proportion of Sardina
in the southern zone was low (2-4%) for all types of vessels. Likewise, Sardina

catch made up to 44% of the total combined catch in the northern zone, but never
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Table 3.6. Seasonal mean catch (metric tons) and percentage of total
combined catch for species or species groupings (%species) and
percentage of that taxa's total catch by hydrographic season
(%season) for all vessel types and fishing zones combined (1987-

1993).
| Sardi-|Sardi-|Scom -|Trich-|Caran- | |Grand
| na |nella | ber |iurus | gid |Other |Total
----------------- e L R e D i
mean | 915]| 597| 176 868| 1770} 312| 4576
-------- e L e e e
cold ¥species| 20| 13| 4| 19| 38| 7] 100
-------- Ll L et DR Ll el S e LR R
‘geason | 74 | 30| 29| 39} 39} 33| 40
------- el L L et EELE L T L e el e el DR L LS ]
mean | 74 1029]| 462 | 978| 2316| 445| 5206
-------- Lol L it Dl E el o b el b R R
transl |%speciesa| 1] 19| 9| 18] 45| 8] 100
-------- R D e el Rk e
$¥season | 2| 20| 31| 19| 21] 19| 19
------- L L L e L L L bl SEEEELE LR et T
mean | 95| 1210| 229 909| 1656| 455| 4476
-------- LR R T bl DR il s LEE LS L L
warm ¥species| 2 27| 5| 20| 37| 10| 100
-------- B e et T et EE R
tseasgon | 41 40| 23 26| 22} 29| 25
------- L Dk L e ek L R o alal T
mean ] 680] 444 247 885| 1914| 441| 4462
-------- L e b Rl L Y DL E e
trans2 |%species| 14| 10| 5| 19| 43| 9] 100
-------- el et Tt L
tgeason | 20| 10| 17} 16| 18| 19| 16
------- LR e EEE D D e el L DLl T ST

Table 3.7. Mean catch {metric tons)and percentage of total combined catch
for species or species groupings (%species) and percentage of that
taxa’s total catch by fishing zone (%zone) for all vessel types and
hydrographic seasons combined (1987-1993).

T e ——

| sardi-|sardi-|Scom -|Trich-|Caran-| |Grand

| na |nella | ber |iurus [ gid |Other |Total
----------------- L D R e e e E T P
mean | 983| 1011| 267| 897| 1534| 498} 865
-------- N L e L L Rt L e e TP
north. |%species| 18| 20| S| 17| 30| 10| 100
fighing|-------- toomumom +-m-o-- domm——— oo - tom—--- T
zone tzone | 8s| F] 53| 50| 40] 70| 54
------- L et LR R L EEE LRSS LR LT DEEET RS E el Ry bl
mean | 137| s59s| 232| 902] 2243| 212 736

south. |-------- tmmm——- tmmmm—- tmmmm——— #mmm--- tmm———- $mm———— ==
fishing|¥spacies| 3| 14| 5| 20| 53| 5| 100
zone  |---==-=a= 4mmmmm- $mmmmm— tmmm———— $mm—e=- - tom———— o
‘zone I 12| 38| 47| 50| 60| 3o 46

- A e R NN B R R M N ER M M RN AR R TR AP TR WP G e Y A D M R R e e e e W
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Table 3.8. Mean catch (metric tons) and percentage of total combined catch
for taxa by vessel type and fishing zone {N=northern; S=southern) for
all hydrographic seasons combined (1987-1993).

| Sardi-|Sardi-|Scom -|Trich-|Caran-| | eGrand
| na |nella | ber |iurus | gid |Other |Total
---------------- Rl e el R s L LR
TYPE | ZONE | |
R L e |

mean 1956} 978 465 59| 1623| 313 -

N |-==-==- t=m——-- Fm————- - e ———— m————— Fom=———-- e

% | 36| 18| 9| 1| 30| 6| 100

1 e e ———— e $om———— +-————- Fom————— - -
mean | 102| 554 246| 66] 1341| 96| -

8 |------ tommae- t-mm——— +-=----- --—--- temrm—— m————— toev—---

% | 4| 20| 9| 2] 50| 15| 100

bl DR T b F------ tem———— fmm———— L e o ———— m—————
mean | 21000| 1291 310| 1830| 2507| 543 | -

N |-====- - fom———- - +ommrm- o————- - fm————-

¥ | 13| 17| 4] 25| 34| 7| 100

2 il Ll b o —— = hmm———— Fommma tomenan +------ t=m-——— t————--
mean | 226 1068] 369| 2169| 4919| 311 -

8 |-=---- tmm———— +------ +o—=--- - F-———-- - 4===—--

% i 2| 12| 4| 24 | 54| 3| 100

kbl et Skl - $mmmm—- Frmmm—— Fum———- tomm———- tom———— +------
mean | 875| 1318| 254 864| 1223| 804 | -

N |[re==--- +--=---- - - +=———- - +-——mm- rm————

L3 | 15| 25| S| 16| 24| 15| 100

3 il DL LD +ommmma +------ +------ - pm————— tomm——- o
mean | 130| 376| 195| 546| 1114| 190| -

5 |------ F--—r-— fmmm———— $r===-- Fmmmm—— - +---=-- o

s | 4| 15| 8| 21} 45| 8| 100

et TR L F+o--m—- L pmm————— hm————— o mm———— dmmmmee foe————
mean | 197 230| 63| 301 434| 298| -

N |~====-- tm————- $omm——— po———-- Fom————— Fom———- Fommm—- o

% ] 11§ 15| 4| 20| 30| 20| 100

4 SRl etk +-—---- tom————- +-=----- +-=-=-=-=- o= +--=--= ===
mean | 43| 267 76 | 237| 627 168 | -

S |[--=--- t-=---- dommmm- Fomrmm e - pm————— $=———--

L] | 3| 19| 5| 16| 46 11} 100

[ L L Y L L L L R R e L e e
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exceeded 4% in the southern zone (Table 3.9). These spatial and temporai
variations in Sardina catch were clearly seen in the fishing zone effect and
hydrographic season effect (P< 0.0001;Table 3.10) and in the significant
interactions of zone*type and zone*season (P < 0.000). After examination of the
sum of squares (Table 3.10) and the interaction plots (Figure 3.4), careful
interpretation of the main effects is possible. In general, CPUE was always greater
in the northern part of the EEZ for the cold season, and for the Rumanian
vessels (Tables 3.11-3.13). For example, the highest Sardina CPUE was found in
the northern zone during the cold season (11.9 metric tons/day) while negiigible
yield was recorded in the southern zone during the transitional cold-warm and
warm seasons (0.1-0.2 metric tons/days; Table 3.14). Vessel type 1 (Rumanian)
appeared to catch more Sardina particularly in the northern zone (6.6 metric
tons/day) than did their Russian counterparts (Tables 3.13 and 3.15).
Sardinella aurita and S. mederensis (combined)

Over the study period, Sardinella spp catch accounted for 17% of the total
combined catch (Table 3.5). Catch was particularly high (27% of the total
combined catch) during the warm season (August-October) when about 40% of
the Sardinélla catch was taken (Table 3.6). More Sardinella were caught in the
northern zone (62% of the total catch; Table 3.7) than in the southern zone (38 %).
Russian vessels type 3 took the highest proportion of Sardinella in both the

southemn and northemn zones, 15 and 25% , respectively (Table 3.8). These spatial
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Table 3.9. Mean catch (metric tons) and percentage of total combined catch
for taxa by hydrographic season and fishing zone (N=northern;
S=southern) for all vessel types combined (1987-1993).

A SA WS MR S W b e e e e e e e e em A W W MR A S S BB e e e em e e e ey v oW W

Sardi-|Sardi-|Scom -|Trich-|Caran-
na nella ber iurus | gid Other |Total
----------------- et L L R el L R A e T L PP
SEA- | ZONE
SON
- - _+- - + ------
mean 1578 557 74 584 515 317 -
N |--===-- tmmm——— tm————- Frmmr - $mm————- - Fm————- o ————
L7 | 44 | 15| 2| 16| 14| 9| 100
cold|----4=w=--=~- o ———— - e to—m-—- e mm———— $ee--—-
mean | 240| 636| 278| 1156| 3025| 307| -
8 |-e---- pmm———— o tom————— - e hm————— e
% | 4| 11| 5| 20] 54 | 5| 100
i S El e $----=- e Fmm—-—-- Fm——-—— omm - Fe----- tom-——-
mean | 136| 1322| 534| 885( 1987| 602 -
tra-| N |[~e=v-- Fom————- mmmm-- Fowww—— o rmmm——a o —— tom -
nsl ¥ | 2| 23| 10| 16| 37| 11| 100
bt $-————- - - ———— trmmm—— trmem—— ————-- o ———
mean | 14| 749 | 394| 1069| 2639| 287] -
8§ |-====- oo m———-- +------ +t------ F-m-—-- oo m—-—— t-—————-
% | o] 14| 8| 21| 52| 5] 100
il s m————— - $rom——— Femmm——— - o ——— +mmm——-
mean | 176| 1844| 368 1340| 2524| 763 | -
N |=e=-=- pm————- tommena Fommann - hmmm——— - +mmm——-
% | 2] 27| S| 19| 36| 11| 100
warm|----+------ +------ torm- Fowee—— .- - +------ oo
mean | 9| s585] 82| 472] 788 137| -
§ |-===--- pm————— Fmmmm—- Fomme— e dmm———— o ———— +-====-
% i 0] 29| 4| 22} 38| 6] 100
e L L DR el ------ - dmm———— prmmm——— o= Fo————-
mean | 1223| 521| 315| 1001| 1932] 587| -
N [|[------ d=————- tomen— +e---- +o————- o m——— - m————-
] ! 21| g| 6| 18| 35| 11| 100
tra-|----4--~--- +---=--= o———-- ------ tom————— Fmemm - e +-==---
na2 mean | 137| 373} 181} 768| 1898| 299| -
8 |====-=- pm————— Fmm——-- Fommmna Hm————- tm————— - -
% | 3| 11| 5| 20| 53| 8| 100




Table 3.10. Analysis of variance test resuits with interactions for
differences in CPUE (metric tons/day) for Sardina due to
yoar, vessel types, fishing zones and hydrographic seasons.

Source df Sum of squares F Pr>F
YEAR 6 5562 233 0.0349
TYPE 3 14.78 12.50 0.0001
ZONE 1 3463 87.84 0.0001
ZONE*TYPE 3 435 3.68 0.0136
SEASON 3 70.54 59.64 0.0001
TYPE*SEASON 9 467 1.32 0.2323
ZONE"SEASON 3 18.40 15.56 0.0001
ZONE*TYPE*SEASON 9 232 066 0.7482

Note: Bold values are significant at «<0.05
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Table 3.11. CPUE (metric tons/day) geometric mean values for each
species grouping by fishing zone (N=northern; S=southern) for
all vessel types and hydrographic seasons combined.

Zone __Sarding Sardinefla Scomber JTrchiurys Carangid  Other

N 2.9 6.3 1.9 5.3 9.8 3.1
S 0.5 5.2 2 5.4 18.4 2.3

Table 3.12. CPUE (metric tons/day) geometric mean values for each
species grouping by hydrographic season for all vessel types
and fishing zones combined. Aiso presented are Tukey's
studentized multiple comparison tests by taxa. Treatments with
nonoverlapping letters are siginficantly different at «<0.05

Season  Sardinga  Sardinella @ Scomber Ihchiyrus Carangid Other

cold 45 (A)44 (B) 13 (B) 54 (A) 9.3 (B)24 (A
trans.1 02 (C)7 (B) 35 (A) 6.1 (A) 17.7 (A)24 (A
warm 04 (C)101 (A) 15 (B) 51 (A) 125 (B)27 (A)
trans.2 23 (B)32 (B) 2 (B) 48 (A) 1861 (A)3.3 (A)

Table 3.13. CPUE (metric tons/day) geometric mean values for each
species grouping by vessel type for all hydrographic seasons
and fishing zones combined. Also presented are Tukey's
studentized muitiple comparison tests by taxa. Treatments with
nonoverlapping letters are siginficantly different at an «<0.05.

Vessel Sardina Sardinella Scomber Irichiurus Carangid Other
type
1 28 (A)6.3 (AB) 29 (A) 04 (C) 13.7 (B) 1.5 (B)
2 1 (B)59 (AB) 18 (B) 123 (A) 22 (A)29 (A
3 15 (B)65(A) 21 (AB) 6.5 (B) 88 (C)2.8 (A)
4 12 (B43(B) 15 5 (B) 119 (B)35 (A

82
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Table 3.14. CPUE (metric tons/day) geometric mean values for each species
grouping by fishing zone (N=northern; S=southern) and hydrographic

season for all vessel types combined.

Season

cold
trans.1
warm
trans.2
coid
trans.1
warm

nomwnnzzZz2Zz2Z

11.8
0.4
0.6
5.2
1.4
0.1
0.2
0.7

4.9
10.2
9.7
2.9
4
4.6
10.5
3.6

0.7
3.9
1.7
22
1.9
3.2
1.3
1.9

Zone Sardina Sardinella Scomber Trichiurus Carangid Other

5
5.7
5.6
4.9
5.9
6.5
4.6
4.7

4.8
13.6
10.9
12.2

17
22.8
14.2

21

3
3
3.1
3.4
2
1.8
2.3
3.2

trans.2

Table 3.15. CPUE (metric tons/day) geometric mean values for each species
grouping by fishing zone (N=northern; S=southern) and vessel type for

all hydrographic seasons combined.

Vessel type Zone Sardina Sardinella Scomber Irchiurus Carangid Other

1

B ON=22BWN

nhoOwnnzazZ2ZZ2

6.6
2.1
3.1
1.7
0.9
0.3
0.5
0.7

6.5

7
7.4
4.2
6.1

5
57
4.4

2.4

2
2.1
1.3
3.5
17

2
1.6

0.3
13.1
5.7
5.7
06
11.6
7.4
4.4

9.8
17.4
5.3
9.5
19.1
27.9
141
14.8

1.2
3.5
3.5
4.3
1.9
2.3
2.2
2.7
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and temporal variations in Sardinella catch were seen within the significant
hydrographic season and vessel type effects and fishing zone*hydrographic
season interaction (Table 3.16). Based on sum of squares, the seasonal effect
accounted for most of Sardinella CPUE variability (F=15.95; P<0.0001; Table
3.16). The hydrographic season*fishing zone interaction plot indicated that
Sardinella CPUE was higher in the northern zone from January to July, but lower
during the remainder of the year (Figure 3.4). Highest CPUE's were observed in
the southern zone during the warm season (10.5 metric tons/day) anq in the
northern zone during the cold-warm transitional and warm seasons (10.2 and 9.7
metric tons/day, respectively; Table 3.14). Post hoc comparisons of vessel types
indicated that Russian type 3 vesseis had significantly higher Sardinella yields (6.5
metric tons/day) than type 4 (4.3 metric tons/day; Table 3.13).
Scomber japonicus

On average, chub mackerel catch accounted for about 5% of the total
combined catch (Table 3.5). Catch was highest (9% of the total combined catch)
during the transitional coid-warm season (June-July) and lowest from January to
May (Table 3.6). The overall distribution of chub mackerel catch between the
northern and southern zones was about the same, accounting for 53 and 47%,
respectively (Table 3.7). Chub mackerel represented up to 9% of the total
combined catch for the Rumanian fleet (vessel type 1) in both fishing zones (Table
3.8). For the Russian vessels, this proportion ranged between 4 and 8% (Table

3.8), depending on the fishing zone. It appeared that CPUE varied mostly with



Table 3.16. Analysis of variance test results with interactions

for differences in CPUE (metric tons/day) for Sardinella
fishing zones and

dus to year, vessel types,

hydrographic seasons.

Source df Sumofsquares F Pr>F
YEAR 6 1664 546 0.0001
TYPE 3 533 3.50 0.0174
ZONE 1 0.83 1.64 0.2026
ZONE*TYPE 3 091 059 0.6195
SEASON 3 24.30 15.95 0.0001
TYPE*SEASON 9 260 057 0.8206
ZONE*SEASON 3 439 2.88 0.0379
ZONE*TYPE*SEASON 9 1.12 0.25 0.9869

Note: Bold values are significant at o<0.05
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hydrographic season and vessel type (Table 3.17). Vessei type*hydrographic
season and fishing zone*hydrographic season interactions were significant
(P<0.016 and 0.001, respectively, Table 3.17). The CPUE's were statisticaily
higher during the transitional cold-warm season (3.5 metric tons/day) and low the
rest of the year (1.3-2.0 metric tons/day; Table 3.12). The northern zone had the
highest yield except during the cold season (Table 3.14). The Rumanian vessels
have the highest yield in both the southern (3.5 metric tons/day) and northern (2.4
metric tons/day) zones, while type 4 vessels had the smallest average CPUE in
the southern (1.3 metric tons/day) and northern zones (1.6 metric tons/day;
Table 3.15).

Trichiurus lepturus

Trichiurus landings accounted for 19% of the total combined catch and this
contribution to the total catch was almost constant over the four hydrographic
seasons (Tables 3.5 and 3.6). Catch was also equally distributed between the
northern and southern zones (Table 3.7). More Trichiurus were caught in the cold
and warm seasons (39 and 26%, respectively) than in the transitional seasons (16-
19%). The Russian fleet caught the vast majority of largehead hairtail in both
zones (e.g., 16-25% of the total combined catch) while Rumanian vessels took
very few, 1- 2%, from either fishing zone (Table 3.8). Only vessel type and
hydrographic season were significant in the analysis of variance (Table 3.18).
Enough evidence was present, however, to examine the possible fishing

zone*vessel type interaction (P<0.097; Table 3.18). Vessel types 1 and 3 had



Table 3.17. Analysis of variance test results with interactions for
differences in CPUE (metric tons /day) for Scomber due to
year, vessel types, fishing zones and hydrographic

seasons.

Source df Sum of squares F Pr>F
YEAR 6 543 4.14 0.0007
TYPE 3 423 645 0.0004
ZONE 1 0.18 0.82 0.3669
ZONE*TYPE 3 0.85 130 0.2774
SEASON 3 12.91 19.67 0.0001
TYPE*SEASON 9 467 237 0.0155
ZONE*SEASON 3 358 546 0.0014

ZONE*TYPE*SEASON 9 1.17 059 0.8001
Note: Bold values are significantat «<0.05




Table 3.18. Analysis of variance test results with interactions for
differences in CPUE (metric tons/day) for Trichiurus due
to year, vessel types, fishing zones and hydrographic

seasons.

Source df Sum of squares F  PrF
YEAR 6 3.32 160 0.1523
TYPE 3 9740 €83.72 0.0001
ZONE 1 0.00 0.00 0.9465
ZONE'TYPE 3 223 215 0.0889
SEASON 3 293 282 0.0410
TYPE*SEASON 9 117 038 0.9449
ZONE*SEASON 3 147 141 02409

ZONE*TYPE'SEASON 9 167 053 0.8480
Note: Bold values are significant at «<0.05
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higher largehead hairtail CPUE's in the southern than the northern zone; the
reverse is true for vessel types 2 and 4 (Figure 3.3, Table 3.15). Russian vessel
type 2 had a significantly higher CPUE (12.3 metric tons/day) while Rumanian
vessels harvested the least (0.4 metric tons/day; Table 3.13). The seasonal
variation appeared to be weak, since catch comparisons did not show any
significant seasonal yield differences (Table 3.12). On average the highest CPUE
was observed during the cold-warm transitional period (6.1 vs. 4.8-5.4 metric
tons/day; Table 3.12).
Carangidae

Carangid catch dominated the fisheries landings accounting for 40% of the
total combined catch (Table 3.5). The carangid proportion of the total combined
catch by hydrographic season was always high ( 37-45%), being highest during
both transitional seasons (Table 3.6). It also appeared that carangid catch was
higher in the southern zone (60% of the category catch or §3% of the total
combined catch) than in the northern zone (40% of the category catch or 30 % of
the total catch; Table 3.7). In the southern zone, carangids represented 50% of the
total combined catch for the Rumanian fleet and ranged between 45 and 54% for
the Russian vessels (Table 3.8). In the northemn zone the carangid proportion was
lower for all vessel types (24-34%; Table 3.8). All treatment main effects, i.e.,
fishing zone, vesse! type and hydrographic season, were significant as was the
zone*season interaction (Table 3.19 and Tables 3.11-3.13). The fishing

zone*vessel type interaction was almost significant (P<0.06; Table 3.19). Exami-



Table 3.19. Analysis of variance test results with
interactions for differences in CPUE (maetric tons/day)
for Carangids due to year, vessel types, fishing
zones and hydrographic seasons.

Source df  Sum of squares F PrF
YEAR 6 34.198 22.82 0.0001
TYPE 3 26.766 35.72 0.0001
ZONE 1 12.984 51.98 0.0001
ZONE*TYPE 3 1.860 248 0.0631
SEASON 3 6.483 8.65 0.0001
TYPE*SEASON 9 2408 1.07 0.3874
ZONE*SEASON 3 5556 741 0.0001

ZONE*TYPE*SEASON 9 1468 0.85 0.7500
Note: Bold values are significant at «<0.05
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nation of the interaction plots and sum of squares values (Table 3.19; Figure 3.4)
indicated that the near significance of the fishing zone*vessel type interaction
indeed warranted consideration. Carangid yields were higher in the southern (18.4
metric tons/day) than in the northern fishing zone (9.8 metric tons/day). Also,
seasonal differences indicated that CPUE was higher during both transitional
seasons (cold-warm and warm-cold) with average values of 17.7 and 16.1 metric
tons/day, respectively. Significantly lower CPUE's were recorded during the cold
(9.3 metric tons/day) and warm water seasons (12.5 metric tons/day; Table 3.12).
The CPUE for Russian vessel type 2 was statistically highest (22.0 metric
tons/day) while type 3 yields were the lowest (8.8 metric tons/day; Table 3.13).
Vessel types 1 and 4 had similar yields (Tables 3.13 and 3.15).
OTHER species

On average, species group OTHER accounted for about 8% of the total
combined catch and varied little throughoqt the year (Tables 3.5 and 3.6). OTHER
catch was considerably higher in the northern zone (70% of species group catch
or 10% of the total combined catch) than in the southern zone (5 % of the total
catch; Table 3.7). Also, OTHER represented 7-20% of the total combined catch
for the Russian fleet in the northern but only 3-11% in the southern zone (Table
3.8). The reverse was observed for the Rumanian vessels (Type 1) for which the
proportion was higher in the southern (15% of the total combined catch) than in

the northern zone (6%, Table 3.8).
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The variability in CPUE for the OTHER category was characterized by

significant differences in vessel types, fishing zones, and the combined effect of
type and zone (Table 3.20). Type 1 vessels had the lowest CPUE vaiues, 1.2 and
1.9 metric tons/day in the northem and southern fishing zones, respectively. Yields
for Russian vessels were always higher in the northern than in the southern zone
(Table 3.15).

Multispecies analysis

As stated earlier, univariate analysis allowed us to test for differences
among vessel types, hydrographic seasons and fishing zones for each species or
species grouping. These results, however, would not guarantee an overall error
protection, since catch of one species influences the catch of other species. Also,
some significant results might be spurious because serial univariate analyses
inflate the overall experimentwise error rate. As such, in order to validate the
univariate analyses, these variations at the joint or combined taxa level need
investigation (Table 3.21).

First, it should be noted that year (treated within the multivariate analysis
as a blocking factor) had a significant (Table 3.21) effect as it did in all univariate
(individual taxa) analyses except for Trichiurus (P<0.153; Table 3.18). Moreover,
total fishery CPUE tended to show an overall statistically significant linear and
quadratic trend over the years (Table 3.22). In the previous sections, the various
species or species groupings exhibited spatial and temporal variabilities as was

the case for the multivariate analysis of total fishery CPUE. Univariate analyses



Table 3.20. Analysis of variance test results with interactions for
differences in CPUE (metric tons/day) for OTHER species
due to year, vessel types, fishing zones and hydrographic

seasons.

Source df Sum of squares F PrF
YEAR 6 42.54 20.33 0.0001
TYPE 3 16.82 16.08 0.0001
ZONE 1 1.83 5.54 0.019%
ZONE*TYPE 3 3.10 2.96 0.0341
SEASON 3 1.95 1.87 0.1379
TYPE*"SEASON 9 2.58 0.82 0.5978
ZONE*SEASON 3 0.81 0.77 0.5115
ZONE*TYPE*SEASON 9 1.07 0.34 0.959%

Note: Bold values are significant at «<0.05
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Table 3.21. Multivariate analysis of variance test results with
interactions for differences in CPUE (metric tons/day) for the
joint or multispecies model by year, vessel types, fishing zones
and hydrographic seasons. Numdf=snumerator degrees of
freedom; Dendf=denominator degrees of freedom.

Source Wilks' Lambda F Numdf Dendf Pr>F
YEAR 0.17 8.73 36 635 0.0001
TYPE 0.10 27.73 18 408 0.0001
ZONE 0.54 20.50 6 144 0.0001
ZONE*TYPE 0.74 2.51 18 408 0.0006
SEASON 0.25 14.47 18 408 0.0001
TYPE*SEASON 0.72 0.98 54 738 0.5092
ZONE*SEASON 0.62 411 18 408 0.0001
ZONE*TYPE*SEASON 0.82 0.54 54 739 0.9974

Note: Bold values are significant at «<0.05

Table 3.22. Multivariate analysis of variance test criteria and F statistics
for the hypothesis of no overall linear or quadratic effect and no
differrences between cold and warm hydrographic seasons, and no
differences between fishing vessel type 1 and 2. Numdf=numerator
degrees of freedom; Dendf=denominator degrees of freedom.

Contrast Wilks' Lambda F Numdf Dendf Pr>F
Linear year 0.369 41.10 6 144 0.0001
Quadratic year 0.845 4.41 6 144 0.0004
Vessel type 1 vs. 2 0.201 95.26 6 144 0.0001
Cold vs. Warm season 0.542 20.24 6 144 0.0001
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showed that some taxa yields were higher in one fishing zone during specific
hydrographic seasons énd that some fishing vessel types tended to have high taxa
yields in a particular fishing zone. For example, Sardina yields were highest during
the cold season, fishing vessel type 3 tended to catch more Sardinelfa in the
north. As such, and given the nature of interdependence between species, all taxa
jointlyexhibited an overall combined fishing zone and hydrographic season as well
as fishing zone and vessei type effects (P<0.001; Table 3.21). Most of the
variability in the response variable (total fishery CPUE) can be explained by
differences in vessel type (P<0.001), fishing zone (P<0.001) and hydrographic
season (P<0.001; Table 3.21). Rumanian fishing vessels also differ considerably
from the Russian ones; and yields in the warm water season are much different
from those taken in the cold water season (Table 3.22).
DISCUSSION

Total effort consistently decreased from 9661 to 7092 fishing days during
1987-1993. This is only an apparent decrease, however, because the Rumanian
fleet stopped operating after 1990. Since 1991, the nominal fishing effort remained
about the same. More importantly, on a monthly basis, the total effort did not show
any variability (Figure 3.2) implying that the various vessel types tended to fish at
the same level throughout the year. In fact, the distribution of total effort between
the two fishing zones is almost identical (Table 3.3) Seasonal variations within
zone, however, indicate a high degree of fleet mobility over the continental shelf.

Vessels tend to move gradually toward the southern zone at the beginning of the
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year and by May more than 80% of the effort is distributed within the southern
zone. At the beginning of the transitional cold-warm water season (June-July),
fleets start to move toward the northern zone, where 85% of the total effort is
concentrated by August (warm water season). Southward fleet movement starts
again around the transitional warm-cold water season (November-December).
This pattern has been described by Chavance (1988, 1990) although his
observations were Iimited to a single year. It should also be noted that Russian
vessel type 2 tended to stay longer in the southern zone (Table 3.4).
Multivariate and univariate analyses indicate combined effécts of fishing
zone and vessel type and zone and hydrographic season (Tables 3.10 and 3.15-
3.21). Jointly all taxa yields clearly show spatial and temporal variability in fishing
zone, hydrographic season and fishing vessel types. Each species or group of
species, however, has distinct characteristics depending on the hydrographic
season, fishing zone, and whether or not it is a primary fishery target. For
carangids, the highest catches are observed during both transitional water
seasons (Table 3.12). These seasons appear to match the migration period of
Trachurus trachurus and 7. trecae over the Mauritanian continental shelf
(Chavance et al., 1991a and b; Josse, 1991). Carangid yields also appear to be
lower in the north than in the south, and are lower during the cold water season.
This latitudinal difference is probably due to the presence of colder water masses
over the whole continental shelf and particularly within the northern zone. In fact,

acoustic evaluations conducted on the Mauritanian continental shelf indicate that
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carangids dominate the pelagic biomass in the southern zone, especially during
the cold water season (Josse and Chavance, 1988a and b). During the cold water
season, carangid catch is principally composed of Trachurus trachurus in both the
northermn and southern fishing zones, with Decapterus rhonchus being absent from
the north during the cold season (Chavance et al., 1991a) while T. trecae is
predominant only in the south. During the remainder of the year, however, T.
trecae, is the dominant species for both fishing zones. In fact, Chavance et al.
(1991a) found the following mean carangid composition based on the Russian
vessels catch (1986-1989) for both fishing zones combined: T. trecae 64.5%, D.
rhonchus 25.2 %, and T. trachurus 10.3 %.

Seventy-four percent of the Sardina catch is taken during the cold season
with an additional 20% taken during the transitional warm-coid water season
(November-December; Table 3.6). Sardina migrate onto the Mauritanian
continental shelf in September-October and disappear around June (Chavance et
al., 1991a). The species appears to prefer the cold waters that invade the
continental sheif during the cold water season and, therefore, yields are much
higher in the northern fishing zone. When the water is cold, Sardina catch can
represent up to 20% of the total combined catch. The actual fishery catch may be
lower than availability would suggest given that acoustic surveys indicate that
Sardina represents up to 45% of the pelagic fish biomass in the northern part of

the continental shelf during the cold season (Josse and Chavance, 1988a and b).
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Sardinella spp. catch is the reverse of that for Sardina being particularly
high during the warm water and transitional cold-to-warm seasons. The catch for
Sardinella spp. during the warmer seasons probably reflects their spawning
seasons. Round sardinella spawns between July and August and a major part of
the Madeiran sardinella spawning season occurs between May and September
(Chavance, 1991). It is difficult to distinguish the catch of one Sardinella species
from the other. Both species are present year round, although acoustical surveys
show that round sardinella disappear from the northern part of the continental sheif
in May (Josse and Chavance, 1988a). As such, | expect that the catch of the
transitional cold-warm water season to probably be composed of Madeiran
sardinella.

Chub mackerel catch is low during the cold water season (January-May)
especially in the northern zone. It abundance increases during the remaining
months of the year. This seasonality reflects their migrational pattern, i.e., chub
mackerel schools appear to follow certain environmental conditions like the
displacement of the 19 to 20°C isotherm (Schemainda and Nehring, 1975;
Krivospitchenko and Dubrovin, In press). Shoals start to concentrate over the
southern continental shelf around April and move northward, where their
abundance is maximal from June to September. Afterwards they start migrating
southward and exit the Mauritanian EEZ by December (Chavance et al., 1991a).

There are several strong indications that all fishing vessel types tend to

primarily target carangid species. First, the composition of the total combined
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catch is largely dominated by this group (40%, Table 3.5). Second, throughout the

year, this species group is consistently present making up at least 30% of the total
combined catch. Third, fleet displacement tends to follow their migration scheme.

Clupeids constitute the second primary target for the pelagic fleet. They
account for about 38% of the total combined catch. Fishing vessels concentrate
heavily on Sardina during the cold water season, when abundance is maximal
(74% of the Sardina catch is taken during this period). Also the carangid catch is
not very high during the cold season, especially in the northern zone. Sardinella
spp., on the other hand, are caught throughout the year, but their maximum yield
is taken during the warm season, when Sardina have disappeared from the
continental shelf. As mentioned earlier, this season corresponds to the spawning
period of the two Sardinella spp. (round and Madeiran sardinella; Chavance et al.,
1891a).

The final group targeted includes largehead hairtail, chub mackeret and the
OTHER category consisting of unidentified species. Although these species or
species groups exhibit large seasonal and spatial variations, their catch is primarily
determined by the availability of the primarily and secondarily targeted groups (i.e.,
Carangids and Clupeids) and by the type of fishing vessel rather than by species
availability. For example, Trichiurus lepturus catch comprises between 16 and 25
% of the total catch of the Russian fleet (vessel type 2-4), whereas, it comprises
only about 1% to 2% of the total combined catch of the Rumanian fleet (vessel

type 1). Likewise, catch for the OTHER category is low for the Rumanian vessels
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and higher for the Russian vessels. There appears to be no indication of any
considerable effort being specifically directed toward catching chub mackerel and
all vessel types have comparable yields.

Key differences were also noticed between the Rumanian and Russian
Clupeidae catch (Sardina and Sardinella spp. combined). Although the proportion
of Sardinella catch to the total combined catch is aimost identical for the four
vessel types, Rumanian ships have a much higher Sardina catch with an average
proportion of 36% of the total catch in the northern zone, while the Russian fleet's
average catch proportion does not exceed 15%. In the socuthern zone, all fleets
have low Sardina catch {(2-4% of the total catch). Finally, it appears that catch
differences within the Russian fleet (vessel types 2-4) are mostly attributed to
differences in the physical characteristics of the vessels. On average, type 2 has
the highest yields, and taxa yields for type 3 vessels are generally higher than type
4 vessels, except for the Carangid group. This may be a reflection of type 3
vessels tending to stay more in the northern part of the continental shelf, on
average 66% of their total effort is spent in the northern fishing zone (Table 3.4).
As such they seem to catch more Clupeidae and fewer Carangidae (Tables 3.12
and 3.15).

A key point to natice is the complex interaction of fleet displacement and the
seasonal availability of the species. All fleets during alf four seasons tend to follow
the maximum Carangid concentrations possible, whereas other species'

abundances may be maximal elsewhere. For example, during the cold water
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season, Sardina pilchardus yield is relatively high, especially in the north. Yet, the
vast majority of the fleet stays in the south to harvest Carangids. During the warm
season, Sardinella spp. contribute greatly to the total fleet catch because it is
ubiquitous and Carangid abundances are generally low. Trichiurus yield is
constant year round and is targeted only by Russian vessels. As mentioned
above, no considerable effort is directed toward the chub mackerei.

1 have limited this study to the identification of catch composition, to the
characterization of seasonal and zonal patterns, and to the exploration of potential
differences between fishing vessels types in the CPUE of the small pelagic fishery.
Aithough we are not primarily interested in yearly differences, our analyses show
that CPUE exhibits significant yearly trends. This yearly variability as weli as

species interdependence will be further investigated in the next chapters.



CHAPTER 4
Estimation of Catch Per Unit of Effort

INTRODUCTION
As indicated in the previous chapter, species catch varies seasonally. -
Therefore, assessing the impact such variations might have upon our abundance
estimates is of interest. Although some biomass estimates are available from
acoustic surveys, most of the abundance estimates have to rely upon fishery
dependent data, i.e., catch and effort data from commercial fisheries. Catch per
unit of effort or CPUE is the most commonly used index of fish abundance in
fisheries science and plays a key role in many stock assessment models
(Gulland, 1964). It is defined as the catch realized by a fishery per unit of fishing
effort expended (Cook, 1984). The CPUE or catch rate is often computed as the
ratio of total catch to total effort for a given year.
it is generally assumed that the average CPUE (U) is proportional to the
average density (A) according to: U=q*A, where q is the catchability coefficient
which is assumed to be constant (Gulland, 1964 and 1983; Clark, 1985) . This
relationship is far from reality, for fishes are not uniformly distributed in the ocean.
Even catches made by the same boat at about the same place and time tend to
vary. This estimate also does not take into account such effects as seasonal or
spatial variability. Gulland (1955, 1956) attempted to address the assumption of
q being constant for the North Sea haddock (Melanogrammus aeglefinus) and

102
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plaice (Pleuronectes piatessa) fishery. First, he divided the data area into small

space grids and time intervals, then, he compared the overall abundance or
density index to the calculated subdensities at a given time period. If fish were
uniformly distributed, the ratio of both density indices would be 1. Instead, he
found that fishermen tended to concentrate their effort in subareas where fish
concentrations were presumed to be high. Also, he noticed seasonal fluctuations
in fish concentrations. The heterogeneity becomes even more pronounced in the
case of schooling species which form aggregates. As a result, dividing the fishing
area into the smallest grid possible, in which fish density is nearly uniform, became
common practice of the International Tropical Tuna Commission {Clark, 1985).
Clark (1985) proposed an alternative approach by considering fishing as a
random process that foliows a Poisson distribution (Paloheimo and Dickie,
1964).Therefore, CPUE, would be a random variable whose expectation is in part
determined by fish density and updated using prior information from the
fishermen’s logbooks (average number of schools encountered, experience, etc).
Regardless of the models used, determining the best CPUE estimate is still a
crucial step.

The first section of this chapter concentrates on estimating CPUE given
catch and effort data only. The objective is to assess the variability associated with
the CPUE estimates by comparing regression and ratio estimators. Furthermore,
the following questions will be addressed: 1) Should catch and effort be treated as

a ratio of two random variables? What is the distribution of the data when the
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variables are not independent? 2) Should we force the regression through the
origin even when these data show the presence of a significant intercept? 3) How
appropriate is the use of a regression model? Is a simple linear model adequate
or is there a curvature that adjusts for variability at high effort levels?

The second section of this chapter deals with estimating CPUE for
individual species or species groupings. At the present time, the pelagic fishery's
effort data are reported as total effort for the combined catch rather than at an
individual species level. The techniques mentioned above will be used in an
attempt to adequately partition the effort among individual species or species
groups.

MATERIAL AND METHODS

Data description

Fisheries statistics were provided by the Centre National de Recherches
Océanographiques (CNROP), Nouadhibou, Mauritania. They consist of catch
(metric tons) and effort (fishing days and number of trawling hours) data extracted
from the logbooks of pelagic fishing vessels operating in the Mauritanian EEZ. The
time period covers 1991 through 1993. Only vessels of similar physical
characteristics were included in this study. As such | have considered only one
vessel category, i.e., Super Atlantic Trawlers or vessel type 2. Each year was
divided into four distinct hydrographic seasons as follows: season 1 (January-
May); season 2 (June-July); season 3 (August-October); and, season 4

(November-December) following Dubrovin et al. (1990, 1991). The continental
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shelf was divided into two fishing zones: a northern and a southern fishing area
demarketed by the 19°N parallel (see Chapters 2 and 3 for more details).

The statistical design, therefore, consisted of a 3*4*2 factorial design (3
years"4 seasons*2 zones). For each of the 24 cells, a CPUE index was computed
using the ratio and regression methods outlined below. The techniques were
evaluated on the basis of model adequacy and variance of the estimates.

It is important to note that the choice among the two techniques presented
depends primarily on the objective of the study. The ratio method is based on
simple random sampling and has very limited assumptions, while the regression
method assumes an infinite popuiation. If the researcher is primarily interested in
modeling rather than population estimation, the regression method could be the
better choice as will be shown later.

Ratio estimators

There are two main advantages in using ratio estimators (Cochran, 1977).
First, the computations are easily compared to other statistical techniques such as
maximum likelihood methods. Second, there are limited assumptions about the
frequency distribution of the parameters. Usually, analyses focus on looking at the
shape of the distribution (problems related to excessive skewness and asymmetry)
while little attention is given to its functional form.

For a given cell, CPUE index was calculated as the ratio of total catch

(metric tons) to total effort (fishing days) according to the following formula:
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where Yij is total catch for all j vessels’ catch vaiues in the i cell;

Xij is total effort for all j*" vessels’ effort values in the it cell;

R, is CPUE index or catch rate for the i*" cell;

X, is average effort in the i cell; and

Y, is average catch in the i cell.

The distribution of ratio estirmates is complex but tends to be normal as the
sample sizes increase (Cochran, 1977). In general, ratio estimators are consistent
but biased. The bias is of the order of n"* and becomes negligible in large sample
sizes (Konijn, 1973; Cochran, 1977). Exact bias formulae are given by Hartley and
Ross (1954) who derived an exact formula for the bias of the ratio estimator by

considering:

cov(R, X) =s(%*§) ~E(R)E(X) =Y-XE (R)
where cov( ) denotes covariance of the given random variables, E( ) is the
expected value, and R, X and y are estimators for CPUE, average fishing effort
and average catch, respectively, as in equation (1).

Henceforth, the bias is:
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Using Schwartz's inequality (Casella and Berger, 1992), we have

- 0. O O. O
|bias (R) |= e i "‘Is R_Xx
P4 X

where 0 denotes standard error and p denotes the correlation coefficient

between catch and effort. Then an upper bound on the bias is:

. o
____lbia; (R) | $—==cv(X)

i
where cv( ) denctes the coefficient of variation.
Using Taylor series (Cochran, 1977; Caseila and Berger, 1992), an

approximation for the bias is given by:

Bias (R) =—1—(R"zci - o, ) (2)

x v

The variance of the ratio has been shown (Cochran, 1977; Sukhatme and

Sukhatme, 1984) to be approximated by:

+ R - 2Ro,) (3)
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Values given in formulae (2) and (3) are valid provided that the sample sizes are
large enough (n>30) so that the coefficients of variation for x and y do not exceed

10% (Cochran, 1977). Tin's modified and Beale's ratio estimators (Tin, 1985) were
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also used for a comparative purpose. These two ratios are corrected for bias of
order n”'.

Regression estimators

Regression is an alternative method that can‘ be used to determine CPUE
indices. Under certain conditions (Bibby, 1977; Myer, 19868), least squares
estimators (LSE) are known as Minimum Variance Unbiased Estimators (MVUE).
Such conditions imply that the error terms are normally distributed, uncorrelated
and have common variance (homoskedascity). This method, however, can be
extrerﬁely lengthy (Smith, 1980).

Most of the work in this section has been directed toward coming up with
the best model to describe the relationship between catch and effort. The general

model used is:

B
Yier™ Hljk Xy gk Xijkm exp (€} 4)

where: Y= catch (metric tons) for i year, j* season, k™ zone and I replicate;
Xy~ effort (fishing days) for i year, j*" season, and k™ zone;
ay= slope for i year, | season and k™ zone;
By= power term for i"" year, j" season and k™ zone;
e~NID(0,0°), i.e., the error terms are independant and normally distributed:;
and i=j=k=zl; i=1,3; j=1,4; k=1,2 and I=1,n (replicates).

Note that the model assumes that the errors are multiplicative. Equation

(4) was linearized using a natural log transformation:

lnriikl:Ziik 1n (A +Eijk Bie*ln(X,,,) +e (5)
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The previous model was also fitted by restricting the power term (B,) to 1, so that
the slope will yield a CPUE estimate. This restriction resulted in an ordinary linear

regression model of the form:

In Y, 0= 2000 %y 10X ) + € (6)

To assess the validity of the regression model, plots of the error variances
against the dependant variable (effort) were generated. Depending upon whether
the variance is constant, proportional to X2, or proportional to X, adequate weight
functions could be, respectively:

X 4,9,

%, ®

C)

l*'1 ™
o[ e

Equation (9) is not the same as the ratio estimator presented in equation (1)
because, once again, the assumptions are different. It is interesting, however, to
note that this estimate is a Best Linear Unbiased Estimator (BLUE) provided no
significant intercept is detected and the variance of the error terms is constant

(Cochran, 1977).
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In equations (7-9) x'=In(X) and y'=In(Y,} are normalily distributed (u,0% while in

equations (3-6), X,and Y, are log-normally distributed with

g (10)

n,=e
Oi=e W2 _ g2wed? (1)
Finally, the Mean Square Error (MSE) for an estimator was defined as:
MSE = Variance+ (Bias)? (12)

Proc GLM and Proc REG (SAS, 1989) were used for model fitting and hypothesis
testing. Also, INSIGHT (SAS, 1989) as well as a BEST FIT software were used
to fit the distribution of the data.
RESULTS AND DISCUSSION

Ratio estimators

Individual ratio estimates performed on the raw CPUE data (total catch/total
effort: metric tons/fishing days) range from 10.25 to 32,12 (Table 4.1). The
corresponding standard errors were so high that many of the confidence intervals
include zero values. This is a reflection of the high variance, since both the
coefficients of variation for catch and effort exceed 10% in all cases (Table 4.1).
As such, variance calculations based on equation (3) may not be adequate.
Beale's ratio estimate and the Tin's modified ratio estimate performed well in
reducing the bias (Tables 4.2). The standard errors, however, either remained
about the same or increased slightly. None of the estimators is notably more
efficient than the other with regard to total variability (variance and bias). It might

be then more appropriate to use a less biased estimator (Tin or Beale's). Similar



Table 4.1. Individual standard ratio estimates (R) and associated standard errors and bias.
Also presented are correlation coefficient and coefficients of variation

for effort and catch data by year, hydrographic season and fishing
zone (N=northern; S=southemn).

Correlation Coeff. var. Coeff. var.

Year  Season Zone R Error Bias Coefficient effort catch
91 cold N 10.25 574 -1.24 091 113 1.35
91 cold S 19.68 6.42 -0.36 0.80 0.38 0.54
g1 cold-warm N 20.80 6.84 0.06 0.80 045 0.56
91 cold-warm S 28.51 810 .52 0.84 0.39 0.52
a1 wam N 25.78 17.77 -0.78 072 .68 1.00
21 warm s 2218 9.41 -2.95 0.92 0.72 0.98
g1 warm-cold N 2493 8.36 0.08 0.92 0.79 0.86
91 warm-cold S 2917 8.84 0.20 0.88 0.57 0.64
92 cold N 17.04 10.59 0.02 0.80 084 1.04
g2 cold S 27.27 7.22 0.56 0.91 0.62 0.65
g2 cold-warm N 26.22 13.50 0.04 0.75 0.58 077
g2 cold-warm S 32.12 12.25 0.26 0.80 0.52 0.63
92 warm N 19.70 959 2.16 0.66 0.58 0.60
92 warm s 16.25 7.65 -1.46 0.89 0.7 0.98
g2 warm-cold N 17.50 7.97 -2.85 0.94 0.95 1.20
92 warm-cold s 26.91 12.46 2.70 0.88 0.64 0.91
93 coid N 16.57 10.36 -4 68 082 0.98 1.38
93 cold ] 26.30 9.56 -0.85 0.88 0.60 0.74
93 cold-warm N 2313 9.92 -1.61 0.86 0.58 0.81
1 X] cold-warm S 30.97 6.75 0.84 0.80 0.50 0.48
83 warm N 16.28 6.26 0.03 0.88 o 0.80
93 warm S 15.38 7.73 -1.39 0.86 0.68 0.95
93 warm-cold N 21.44 1287 -5.80 0.92 1.01 1.39
93 warm-cold S 20.41 8.10 0.72 0.83 0.52 0.70

LLL



Table 4.2. Individual Beale’s (Rb) and Tin's modified (Rm) ratio estimates and associated
standard errors (Se) and bias by year, hydrographic season and fishing zone
{(N=northem; S=southem).

Year Season Zone Rb Se(Rb) Bias{Rb) Rm Se{Rm) . Bias(Rm)
91 cold N 10.80 5.65 -0.55 12.87 593 2.08
1) ] cokd S 20.00 6.40 -0.32 20.42 6.39 0.25
91 coldwarm N 20.75 6.94 0.05 2069 6.94 0.04
91 codwarm S 2897 8.07 -0.45 29.56 8.04 -0.36
91 warm N 2632 17.75 -0.54 27.37 17.73 -0.05
a1 warm s 2413 8.88 -1.95 28.48 8.46 027
91 warmcod N 2489 8.36 0.05 24.78 8.36 -0.02
91 wamcold S 29.02 8.84 0.15 28.77 8.84 0.07
92 cold N 17.02 10.59 0.01 16.99 1059 0.01
92 cold S 26.87 719 0.40 26.16 717 013
g2 coldwarm N 26.19 13.50 0.03 26.14 13.50 0.01
92 coldwarm S 3191 1224 021 3159 1224 012
92 wam N 18.09 927 161 1561 895 0.77
92 warm S 17.18 7.51 -0.93 19.29 7.41 0.26
92 warmcold N 19.00 755 -150 2367 790 268
92 warmcod S 28.82 12.10 -1.91 3257 11.74 0.37
93 cold N 18.96 9.51 -2.39 27.25 10.79 553
83 cold S 26.93 851 -0.63 28.03 9.46 023
g3 cokdwarm N 24.33 9.75 -1.20 26.46 9.56 048
93 codwarm S 30.30 6.68 0.67 2932 6.60 043
93 warm N 16.26 6.26 0.02 16.22 6.26 0.00
93 wam S 16.33 759 -0.95 18.28 7.46 -0.04
93 wamcod N 24.30 11.87 -2.86 34.60 13.82 774
93 warm-cold S 20.99 8.05 057 21.89 8.00 -0.33

cll
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results were reported by Tin (1965) and Konijn (1973). In all cases the coefficient
of correlation is more than 2 of the ratio of cv(x)/cv(y) which indicates the probable
superiority of the ratio estimator over the simple mean estimator (Cochran, 1977;
Scheaffer et al., 1990).

Similar calculations were then performed on Napierian (or natural) log-
transformed values and the results were satisfactory. Unlike the previous case, the
efficiency of various ratio estimators differ. Tin's (1965) modified estimator is the
most efficient among the three (Table 4.3). In fact, the lognormal distribution
seems to fit the distribution of catch and effort well (Andersen, 1964). As such,
working under the assumption that the catch and effort are asymptotically bivariate
lognormal yields apparently the best ratio estimates. It is important, however, to
note that the values presented are geometric means. Equation (10) can be used
to compute the arithmetic mean and equation (11) the corresponding variance.

These results were not expected given that CPUE ratios tend to have a
normal distribution. Normality has been noticed by various authors who have
stated that the sampling distribution approaches normality as sample size
increases, a result of the Central Limit Theorem (Cochran, 1977). In this case, the
log, -transformed values provide better estimates than the untransformed catch
and effort values because of the skewness of the raw variables (Tabie 4.4).

Regression estimators

The first series of outputs are simple linear regressions on the raw CPUE

data. The intercepts did not significantly differ from zero (P<0.0001). The regres-



Table 4.3. Relative efficiency of standard (R), Beale's (Rb) and Tin's (Rm)
ratio estimators using mean squared error as the basis for
comparison of log,- transformed catch (metric tons) and effort (days)
by year, hydrographic season and fishing zone (N=northern;
S=southern). Also presented is the average relative efficiency.

Year Season Zone R Rb Rm RiVR Rm/R

1] cold N 0.94 0.58 0.26 0.62 0.28
91 cold s 0.02 0.02 0.02 0.97 0.95
91 cold-warm N 0.09 0.07 0.06 0.86 0.72
9N cold-warm S 0.03 0.03 0.03 0.97 094
H watm N 0.16 0.13 0.10 0.81 0.62
A warnm S 0.74 0.52 0.30 0.70 041
a1 wam-cold N 0.25 0.20 0.15 0.80 0.60
H wam-cold S 0.20 0.17 0.14 0.84 0.67
92 cold N 1.61 0.99 0.43 0.61 027
92 cold S 0.04 0.04 0.04 0.94 0.87
92 cold-wanmn N 0.12 on 0.10 0.92 0.84
92 cold-warm s 0.12 0.11 0.09 0.90 0.79
92 warmn N 0.10 0.10 0.08 0.94 0.87
92 wam S 0.32 0.25 0.18 0.78 0.56
92 warm-cold N 0.93 0.55 0.21 0.59 0.23
92 warm-cold S 0.15 0.13 0.11 0.88 0.76
93 cold N 522 1.98 0.23 0.38 0.04
93 cold S 0.05 0.05 0.04 0.91 0.82
93 cold-warm N 0.23 0.20 0.17 0.87 0.73
93 cold-wam S 0.25 0.20 0.16 0.82 0.63
93 warm N 0.18 0.16 0.13 0.86 0.72
93 wam 1] 0.28 0.22 0.15 077 053
93 warm-coid N 0.68 0.42 017 061 0.24
93 wam-coid s 0.12 0.10 0.09 0.87 0.74

average 0.53 0.30 0.14 0.80 0.62

143°
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Table 4.4. Some descriptive statistics and goodness of fit test resulits for
catch per unit effort (metric tons/day) and the individual catch
(metric tons) and effort (fishing days) variables.

ralio catch effort

Statistic
Minimum 045 0.00 1.00
Maximum 6549 4060.00 114.00
Mode 12.81 10.15 1.81
Mean 21.36  469.56 20.11
Std Deviation 11.04 537.53 18.83
Variance 121.91 3928 354.53
Skewness 0.46 2.47 1.72
Kurtosis 2.82 12.14 6.51

Goodness Chi-Square

of fit

Function

Lognormal 1.04 0.02 0.15
Normal 0.20 4650.65 11.85
Gamma 0.41 " -

K-S Test

Lognormal 0.09 0.10 0.09
Normal 0.06 0.20 0.17

Gamma 0.07 - -
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sion coefficient estimates are very close to the ones obtained by ratio estimation
(Table 4.5). The standard errors are, however, much lower in the regression case.
Also, residual plots indicate non-homogeneity of the error variances (Figures 4.1
and 4.2). As such these models, using untransformed values, were not deemed
appropriate. The next model considered was the general model presented in
equation (4). This model was the best candidate based on standard errors of the
estimates and residual plots. Different versions of this model were fitted and their
behavior evaluated based on resiual plots and standard errors of the estimates
(Figure 4.3 and 4.4). The first hypothesis tested was that the power term (B) differs
between hydrographic seasons and fishing zones within the same year. The GLM
output of the covariance analysis shows no significant differences at the a=0.05
level (Table 4.6). The power terms were 1.17, 1.20 and 1.16 for the years 1991,
1992 and 1993, respectively.

The power term was tested against one (i.e., B=1) and the hypothesis was
rejected. Catch and effort can not be described by a simple linear model.
Surprisingly, catch seems to have high variability at low levels of effort (all B>1).
This point needs further investigation. One might hypothesize that this curvature
is related to high uncertainty at very low levels of effort. For practical reasons, we
restrictively set the power term to be one. The fit results are given in Figure 4.4.
This model is the best candidate for computing the CPUE values. Finally, we fitted
a log,-log, model with no slope. This model is just another variant of the above

model and seems to fit the data well (Figure 4.5).



Table 4.5. Catch per unit effort values from Ordinary Least Square
(OLS) and restricted power model and associated standard
errors by year, hydrographic season and fishing zone
(N=northern; S=southern).

OLS Power

Year Season Zone Reg. coeff Stand. enor Reg. coeff Stand. eror

91 cold N 10.79 361 213 0.1
N cold S 19.99 0.95 291 0.10
91 cold-warm N 20.76 3.28 2.85 0.12
91  cold-warm S 28.95 222 327 0.1
91  warm N 26.30 1.32 298 0.10
91  warm s 2407 6.25 291 012
91 wamn-cold N 2489 3.36 3.00 0.12
91 warm-cold S 29.02 314 14 0.13
92 cold N 17.02 359 264 0.12
92 cold S 26.88 0.71 322 0.11
92  cold-warm N 26.19 1.89 3.10 0.1
92 cold-warm S 31.92 1.72 3.33 0.12
92 wamm N 18.11 0.96 2.89 0.09
92  wamm S 17.16 1.77 254 0.12
92  wamm-cold N 18.98 227 252 0.10
92  warm-cold S 28.78 1.76 303 0.1
93 cold N 1893 4.82 259 0.09
93 cold S 26.92 0.58 310 0.08
93  cold-warm N 24.30 297 291 0.10
93 cold-wam S 30.31 2.50 343 0.1
93 wam N 16.26 212 255 0.10
93 warm S 16.30 268 250 0.12
93 wanm-cold N 24.24 302 270 0.12
93 warmm-cold S 2097 1.79 29 0.12

AR
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intercept (y=a + b*x).
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Table 4.6. Analysis of covariance test results for differences in the slopes of
catch per unit of effort estimates (LOGEFF) between hydrographic
seasons and fishing zones within each year.

--------------------------------- YEARS199] ~-cmwc-cmcmccmcmmmcccmcccmcrmaana
Source df Mean Square Pr » F

LOGEFF 1 146.68033 0.0001

SEASON+*ZCNE a 16.63126 0.0001

LOGEFF*SEASON*ZONE 7 0.51182 0.0832

Error 179 0.2789% {df (error) =195}
--------------------------------- YEAR=1982 ===-v-mmme-mmmeeoccmmmmrmen—aean
Source df Mean Square Pr > F

LOGEFF 1 261.294 0.0001

SEASONYZCNE 8 24.981 c.0001

LOGEFF*SEASON*ZONE 7 0.314 0.6031

Error 269 0.402 {df (error) =285)
--------------------------------- YEAR=1993 -----ocmemmmcmememmmemeeeee—aena
Source DF Mean Square Pr > F

LOGEFF 1 274.023 0.0001

SEASCN+*ZCNE 8 31.300 0.c001

LOGEFF*SEASCN*ZONE 7 0.509 0.1300

Error 238 0.314 (df (erroxr})=254)
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in summary, the regression approach given in equation (8) fits the data well
and produces goeod estimates of CPUE. Although this method is recommended
for estimating CPUE indices, an investigation of methods such as restriction and
tangent, that yield CPUE values should be studied further. The regression method
has the advantage of small standard errors for the estimates. Another advantage
is that a given area and time period can be fixed as standard and variations of
CPUE for other areas and time periods calculated accordingly. Ratio estimators
(equation 8) would have outperformed this model only if the error variances were
proportional to X (i.e., effort in days).

It also appears that the regression model given in equation (4) yields the
best CPUE estimates. The fact that this relationship is curved certainly creates
doubts about how CPUE's are usually estimated. For schooling fishes there is
enough evidence to revise the way CPUE's are calculated. It is generally assumed
that 1) CPUE is proportional to fish abundance; and 2) CPUE is deterministic.
These assumptions can be met only when we resclve our grid scales and time
intervals to be small enough that CPUE becomes proportional to fish density. Had
this been the case, catch would be proportional to effort. Even then, there will be
some areas where the CPUE average expectation is zero. The best method may
involve updating CPUE estimates by using a Bayesian approach as suggested by

Clark (1985).
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Proportional allocation of effort

The procedures and results presented in the previous section were carried
further to study the effect of proportional allocation of the fishing effort among
species or species groupings assuming that the fishery is still in the ascending arm
of the maximum sustainable yield. It should be noted that effort is usually recorded
for the fishery as whole and rarely for individual taxa. That is, one does not reaily
know the effort (nominal) exerted on an individual species within the multispecies
fishery. This should have an impact on our modeling approaches and inferences,
which would tend to underestimate the CPUE, especially for the sbecies that are
not dominant in the catch. Four types of allocation schemes to proportion total
fishery effort among individual species and species groups were tried: 1) allocating
the whole fishery effort for each species, i.e., if a species is caught in a day then
count one unit (day) of effort (methodology presently used in fishery); 2) putting a
threshold vaiue, i.e., if a species proportion in the catch is more than 65%, then
aliocate all the effort for that particular species; 3) same as in number 2 above but
with a threshold value of 50 %; and, 4) allocating the effort proportionally to the
species according to its composition within the total fishery catch. The number of
fishing hours per day were used as a weighting factor.

The last model allocation method (i.e., proportional) provides the best fit
(Figures 4.6-4.9). Furthermore, using proportional allocation of effort seems to
eliminate the curvature in the catch effort relationship mentioned in the previous

section. it is strongly recommended that this method be considered as an useful
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Figure 4.6, Plot of Sardinella spp. catch {metric tons) vs effort (fishing days)
for allocation method 1 presented in the text (all fishery effort
assigned to each species).
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tool for computing CPUE when the effort has not been partitioned adequately
among species. Although the proposed method works well with these data, further
investigations are needed to assess what impact it will have on the estimation of
the management parameters in a fishery. The next chapter will address this

question in more detail.



CHAPTER §
Surplus Production Modeling

INTRODUCTION

Surplus production models, also called production models or biomass
dynamic models, are basic tools used to establish safe harvest levels in a fishery
when only catch and effort data are available. Many fisheries handbooks and
textbooks provide a detailed explanation of these models and their underlying
assumptions. Surplus production models have received wide applications in
fisheries literature and in formulating fishery management plans by some agencies
such as the International Convention for the Conservation of Atlantic Tuna
(Beverton and Holt, 1957; Ricker, 1975; Brown et al., 1976; Clark, 1876; FAO,
1978; Pauly, 1979; Pope, 1979; Gulland, 1983; Hilborn and Walters, 1992).

One of the most common production models is the Schaefer modsl
(Schaefer, 1954). This model assumes that the total growth rate of the population
(i.e., biomass change over time) is equal to its logistic growth minus the catch rate
(C). It also implies that: 1) the catch per unit effort (CPUE=U=metric tons/day) is
proportional to the biomass (B=metric tons); and 2) catch rate (C=metric tons/day)

is proportional to the effort (E=fishing days) and B:

dB _ _B,_
?t--rB (1 k) C (1)
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U=8 (2)

C=qEB (3

where r is the intrinsic rate of increase of stock;
Kk is the maximum unfished biomass; and
q is the catchability coefficient (fraction of a fish stock which is caught by
a defined unit of the fishing effort; Ricker, 1975).
By using equations (2 and 3), equation (1) can be rewritten and condensed
in terms of CPUE change which might be of more interest to the manager

(Schnute, 1977). First, we replace B in equation (1) by U/q (equation 2} and C by

EU (equation 2 into 3):

dulq) Yy . Ya,_
7 r(q)(1 ) EU 4)

After rearrangement (q being a constant does not enter into the derivation),

equation (4) becomes:

1dU_U . U, _
——== (1 qk) UE (5)

gdt q

If we multiply both sides by {g/U), we get:

14dU U r
—_— =r (1-=) - gE = r-—-U-gE
U ot ( qk) q p q (6)
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Equilibrium form of the Schaefer model
Only when the conditions in a fishery change little from year to year, can
it be assumed that the fishery is in equilibrium. In this case a plot of CPUE against
effort will result in a line with a negative slope (-kq%r) as effort increases above
zero, since by setting the right hand term of equation (4) to zero and after

rearranging:
U =gk - (#)E (7)

Under equilibrium conditions, a fish population grows until it reaches the
carrying capacity of the environment (k). The surplus production generates a
parabola that rises at a decreasing rate to a maximum at k/2; the surplus
production is zero at biomass of zero and k at the higher end of the parabola.

Dynamic form of the Schaefer model

It is sometimes difficult to meet the assumptions that a fishery is in
equilibrium. The models discussed below are non-equiiibrium versions of the
Schaefer model.

Schnute (1977) showed that integrating (7) over time steps of one year gave

—U = = - -
eqk -1 _ r_qEI_1 e"qEI_1 (ef";%uf-Fqu-i

- = - )(e®) (8)
o #U,_, r-gg, e -qE1 -1
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where U, is CPUE for year i,
U., is CPUE for yeari-1,
U=(U+U.)/2,
E=(E+E.,)/2,
e~NID(0,0%, i.e., the error terms are independant and normally distributed.
Schnute (1977) has also shown that equation (9) is a good approximation

of equation (8) if an error term is added.

in(—Ly=r - L0, - q, ()
-1 qk

The above equation is a linear form of the Schaefer model in the form of a
multiple regression with intercept (r) and slopes r/(gk) and q with respect to U and
E. Itis dynamic because it involves past information about the fishery; that is, not
only does equation (9) take into account current year, but also past year CPUE are
accounted for. Note that equation (9) can be derived directly by integrating
equation (6) over time steps of one year.

Attempts to linearize the Schaefer model only gi\(e an approximation of the
original functional form (equation 8). Nonlinear procedures often produce more
accurate estimates for the parameters r, k and q (Schnute, 1977; Hilborn and
Walters, 1992) but are computationally intense. They also require starting values
for the parameters r, k and g which often can be found only by fitting a linear

version of equation (9).
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There are three objectives in this chapter. The first objective is to predict
catch and effort levels in the Mauritanian-Senegalese pelagic fishery using a
dynamic version of the Schaefer mode! (Schnute, 1977). The second objective is
to investigate the effect of allocating the total fishery effort to each taxa in
proportion to its contribution to the catch composition of the total fishery landings.
The third objective is to put confidence intervals around the Maximum Sustainable
Yield (MSY) estimates and to discuss their managemeni implications. The resuits
are contrasted with the results of an analysis using untransformed effort data.
MATERIAL AND METHODS

Catch and effort data

Yearly catch and effort data were provided by the Centre National de
Recherches Oceanographiques et des Peches (CNROP), Nouadhibou,
Mauritania. They consist of reported Mauritanian-Senegalese pelagic fishery
landings from 1979 to 1993. Because the original catch data were often reported
by species groups, individual species catch has been estimated using a data set
generated by the CNROP that sampied the landings from German (1979-1984)
and Rumanian and Russian fishing vessels (1985-1993). Given the various sizes
of the fishing vessels and changes in the fishing flests characteristics, Ould
Soueilem (1992) standardized the effort (fishing days) and generated fishing

power coefficients (unitless) which are presented in Tabie 5.1.
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Table 5.1. Fishing power coefficients used for standardizing the fishing
effort (days) of the pelagic fishing fleet in the Mauritanian-Senegalese

region {after Ould Soueilem, 1992).

Vessel

Rumania

| "BMRT"

0.74

| "RTMA"

0.53

0.83

| "RTMS"

1.00

1.34
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Model fitting

The method adopted here uses Schnute's version of the dynamic Schaefer
model (Schnute, 1977). From equation (9), if we let Y=In(U,,/U); Z,=U,, the CPUE;

and Z,=E, the effort, then, the regression becomes:

Y = Bo + B‘IZ1 + [3222 + € (10)

where the coefficients B,, B, and 8, correspond to r, -r/(kq) and -q, respectively.

The model was fitted using a multivariate approach that takes into
consideration possible correlations among species catch and effort. Since the
catch of one species is not independent of the catch of another species, and since
effort is reported only for combined species or species groups, it is likely that the
error terms are correlated. In such cases, Ordinary Least Squares (OLS) can be
inconsistent (Srivastava and Giles, 1987; Johnson and Wichern, 1992). The
model, therefore, was solved through simultaneous equations. This method,
known as Joint Generalized Least Squares, Zellner's method, or "Seemingly
Unrelated Regression” (SUR) uses estimates of the covariance of the error terms
across the equations to increase the efficiency of the estimates (Zellner, 1962,
Srivastava and Giles, 1987). The SUR method, which is mainly known to
econometricians, has also been applied to fisheries data (Polovina, 1988).

Iif we were to consider a general case where we have n years of
observations, m number of species, and p predictor variables, then the model in

matrix notation (Johnson and Wichern, 1992) becomes:
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Y = Z B + ] (11}

(nam) (n(p+1)) ((p+1)*m) (n+m)
with the assumptions that 1) E(e,)=0; and
2) Cov(e,,eq)=E(ee")=0,l (i,k=1,2,....m)
where 0 is a zero matrix and | is an identity matrix.

For this specific case, n=13, m=6 and p=2 (U and E). Aiso from equation
(11), it should be noted that: 1) there is an intercept; and 2) some elements of the
vector B; will be zero because certain explanatory variables will be absent from
certain equations.

Actually, equation (11) is a muitivariate regression model which is a
general case of the SUR model. In other words, each equation corresponds to one
species and is treated as a classical linear regression of the form:

Y, = ZB+ g (I=1,....m) (12)
with Cov(e(l))=c,l. However, the errors for different species response variables in
the same year can be correlated (Johnson and Wichern, 1982). Note that
equations (10) and (12) are equivalent.

The model was fitted using the raw standardized effort data and the effort
calculated by proportional allocation (allocation method number 4) in the previous
chapter. This was done to investigate the effects of these two treatments of effort
on the MSY fits.

PROC SYSLIN (SAS, 1989) was used to solve the SUR model for individual

species using a linear version of the Schnute’s model (equation 9). The aggregate
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models by species group (e.g, carangidae. clupeidae) were soived iteratively using
PROC NLIN (SAS, 1989). The regression estimates from the Schnute's linear
version (equation 9) were used as starting values for the latter model (equation 8).
In all cases, outpdt of the covariance matrix was used to calculate the variance
around MSY.

RESULTS AND DISCUSSION

Derivation of an approximate asymptotic formula for computing
confidence intervais around MSY

Because previous authors have apparently not fitted confidence intervals
about their estimates of MSY, | derived the formuia that is explained below. Given
the model specifications are indeed correct, Least Squares Estimates of the
parameters r, k and q wiil also be Maximum Likelihood Estimates (MLE). Thus,
MSY (=rk/4) being the product of two MLE, is ailso an MLE because of the
invariant properties of MLE. An approximate asymptotic variance for MSY can be
found using Taylor series approximation, sometimes known as the delta method
(Seber, 1982; Casella and Berger, 1990).

Consider n random variables x,,...... X, with mean §,,...... .8, and define
X=(x,,.......X,) and 8=(8,,....,8,). Suppose there is a function g(X) whose derivatives
exist, then a first-order Taylor approximation of the variance of the function g(X)

about 8 implies that:

Vary [9(X)]=Eq ([9(X)-g(8)]*)
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. cg °dy (g
=7, (3;‘)2 Var (x,) -2 3., &) (E—xj) Cov (x; , x) (13)

Now consider that r and k are random variables with means a and b,
respectively, then the function to be estimated is g(a,b)=a*b. It follows that the
derivatives are (dg/da)=b and (dg/eb)=a and a first-order approximation of the
variance of MSY will be:

Var (MSY)={Var(rk/4)}={(1/4%)*Var(rk)}

={(1/16)*[(b* Var(a) + a? Var(b) + 2*(ab) Cov(a,b)]} (14)

This formula applies when direct estimates of a and b are available (e.g,
from a noniinear fit of the data). However, if a linearized form of the Schaefer
model is used (e.g., equation 7), the regression model produces estimates of r, g
and r/(kq) with means a, b and c, respectively. In this case, one may use the
following transformation:

MSY=rk/4={(1/4)*[a%bc]} (15)

Using the same reasoning as above, it follows that the derivatives are
(0g/da)=2albc, (3g/ab)=-a’/b’c and (3g/ac)=-a*/bc? and a first-order approximation
of the variance of MSY will be:

Var (MSY)={(1/16)*Var(a¥/bc)}

={(1/16)*( 4*Var(a) + (a*/b?) Var(b) + (a*/c?) Var(c)

- [(4a/b) Cov(a,b)]- [(4alc) Cov(a,c)] + [(2a¥/bc) Cov(b,c)])} (16)
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All the terms involved in the above formulae are available in the covariance
matrix of the parémeters estimates and should be easily accessible, if someone
is using a statistical computing package such as SAS, SHAZAM, SPSS.

Comparison of the partitioned and unpartitioned effort data

qur of the six individual species fitted the linear version of the Schaefer
model (Figure 5.1-5.3). Models with raw effort data tend to give a relatively poor
fit of the Schnute’s version of the Schaefer model compared to the ones using
partitioned effort (Figure 5.4). In most cases, the linear term was the only term
significant and no curvature was observed. One possibie cause of the relatively
poor fit is that variations in effort (small range) provide us with poor contrast in the
plane fitted by the regression. Also, the raw unpartitioned effort tends to mask the
trends for under-represented species, i.e., species or species groups that have
small contributions to the total multispecies fishery catch. Hence, it appears that
using the unpartitioned total effort undoubtedly overestimates the optimal fishing
effort (f,,) and consequently the MSY estimate will be erroneous. Since the
ultimate goal of any production model is to evaluate thé impact of fishing pressure
on the stock, the use of the raw effort data is inherently erroneous. On the other
hand, MSY estimates for the partitioned data are more consistent. It appears,
however, that the fitted parameters could be underestimating the species for which

the effort is not large enough (Figure 5.2).
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Figure 5.1. Fits of the Schnute’'s version of the dynamic Schaefer
model for Trachurus trecae (top) and Decapterus rhonchus
(bottom). Also shown are 95% confidence limits around the
Maximum Sustainable Yield estimate,
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For example, Sardina pilchardus and Scomber japonicus have MSY's of about
85,000 and 46,000 metric tons, repectively. It is possible that increases in effort
will result in increases in catch and generate higher estimate of MSY.

To evaluate the appropriateness of using the SUR over the OLS model, |
analyzed the correlation matrix of the independent variables for the unpartitioned
data. Considerable correlation between species catch and effort was observed
(Table 5.2). For instance, the CPUE for Sardina pilchardus is highly associated
with the CPUE for Sardinella maderensis and to a lesser extent Scomber
japonicus. However,Sardina pilchardus shows a strong negative correlation with
Sardinella aurita CPUE and weak negative association with Trachurus trachurus
CPUE. Also, it seems that Sardinella aurita has a negative correlation with
Scomber japonicus. The fact that catch has been aggregated over a year makes
interpretation of these results difficult because of the known seasonal variations.
These cross model correlations may simply reflect the fleet's fishing strategy as
alluded to in Chapter 3. Nonetheless, statistically these results are an indication
of the appropriateness of the SUR model over the OLS model for the unpartioned
data. Had the cross model correlations been negligible, SUR and OLS models
would be equivalent. In the presence of cross model correlations, however, using
the SUR model considerably reduces the standard errors (Srivastava and Giles,

1887).
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Table §.2. Cross model correlation for the seemingly unrelated regression
for the linear fit of the surplus production model applied to the
pelagic fishery catch in the Mauritanian-Senegalese region (data
source: Centre National de Recherches Oceanographiques et des
Peches).

SPECIES

Sardina pilchardus(Sp)

Sardinella aurita (Sa)

Sardinella maderensis (Sm)

Decapterus rhonchus (Dr)

Trachurus trecae (Tte)

Trachurus trachurus (Tta)

Scomber japonicus (Sj)
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Aggregate species models

Because no previous similar study has been conducted on individual
species in the area, there is no basis for comparison for these results. In this
regard, models for aggregate catch of carangidae, clupeidae and total pelagics
were considered. The results are given in Table 5.3 and Figure 5.3. Clupeidae
include only the two Sardinella species (S. aunta and S. maderensis) and does not
include Sardina pilchardus because no data were available from the Sahara region
(north of Mauritania) in which most of the fishing pressure is located (Ould
Soueilem and Fonteneau, In press). Carangidae include the two Trachurus
species (T. trachurus and T. trecae).

The MSY estimate for carangidae is around 220,000 metric tons (Table
5.3). The lower and upper bound ranges from 160,000 to 277,000 metric tons. The
MSY for total pelagic fishery catch (excluding Sardina pilchardus) is about 479,
000 metric tons with lower and upper 85% confidence limits of 370,000 and
590,000 metric tons. Clupeidae showed much larger variations around the
estimate for MSY which is about 200,000 metric tons. The lower and upper 95%
confidence limits are 84,000 and 310,000. These wide confidence limits around
Clupeidae MSY are probably due to a projection outside our existent data range,
for the fishery is believed to be still on the ascending arm of the parabola
describing the Schaefer model.

To get more accurate parameters estimates, the models for aggregate

species were solved iteratively. The nonlinear procedure used is the DUD method
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Table §.3. Maximum sustainable yield (MSY) and associated ninety five
percent confidence limits (95% CL) and standard errors (STD)
estimates for the linear fit of the surplus production model applied to
the pelagic catch in the Mauritanian-Senegalese region (data source:
Centre National de Recherches Oceanographiques et des Peches).

MSY(metric tons) | 95% CL 95% CL STD

Species group

Lower limit | Upper limit
Carangidae 218,352 159,529 277,174 27616 ||
Clupeidae 196,708 84,022 309,394 48994 “

369,782 589,026

TOTAL pelagic 479,404
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(SAS, 1989) that is less precise than other methods such as Marquardt. The

convergence of the parameters was achieved rather quickly in all cases. With the
Clupeidae calculation, the nonlinear fit yielded negative estimates for the MSY and
hence was not reported (Table 5.4). For carangidae, although MSY estimates are
very close to the linear version estimates, the non-linear fit provided narrower
confidence limits around MSY with limits ranging from 187,000 to 300,000 metric
tons (Table 5.4). The nonlinear fit for the total pelagic fishery (minus Sardina
pilchardus) provided narrower confidence intervals for the MSY as well. The lower
and upper 95% confidence limits for the total pelagic fishery are 383,000 and
498,000 metric tons.

The estimate calculated for the carangidae MSY is close to the one
reported in an earlier study (Ould Soueilem and Fonteneau, In press) which used
the method of Fox (Fox, 1970) to estimate the MSY at about 300,000 metric tons.
Ould Soueilem and Fonteneau (In press) also indicated that the Clupeidae MSY
was 760,000 metric tons and the total pelagic fishery MSY was around 1.2 million
metric tons. This total fishery estimate is twice that calculated in Table 5.3. There
are two possible reasons why their MSY estimates are so large. First, the authors
used the total fishery effort instead of partitioning the effort among species groups
(Clupeidae case). Their estimated optimal effort was, hence, estimated far beyond
the range of our existing data. Second, they used an equilibrium version of the
surplus production model which might contribute to the MSY'’s overestimation, for

the fishery is most likely in the ascending arm of the surplus production curve.
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Table 5.4. Maximum Sustainable Yield (MSY) and associated ninety five percent
confidence limits (95% CL) and standard errors (STD) estimates for the
nonlinear fit of the surplus production model applied to pelagic catch in the
Mauritanian-Senegalese region (data source: Centre National de Recherches
Oceanographiques et des Peches).

95% CL

Species group | MSY(metric

tons) Lower limit Upper limit
Carangidae 242,525 184,654 300,395 25161 "

Clupeidae - - - -
TOTAL pelagic | 498862 ) 382,359 _598,364 |
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The authors point out, however, that their MSY estimates are probably influenced
by the species abundances being largely affected by environmental variabilities.
It would be interesting to put a confidence intervat on these estimates for a more
plausible comparison.

Note on environmental and economic factors

Attempts to incorporate a coastal upwelling index (CUI; see Chapter 2) as
an index for environmental variations into the model presented in equation (11)
were conducted. Those attempts, however, géve unrealistic results probably
because of the following reasons. First, in Chapter 3 it was noted that the fishing
strategy is fundamentai in determining catch composition. For example, although
vessel types 1 (Rumanian) and 2 (Russian) have identical physical characteristics,
their yields are different even when such factors as fishing zone and hydrographic
season are accounted for (Chapter 3). Furthermore, it was shown that the fleet
tends to stay in fishing zones where species availability is not maximal. That is, the
majority of the fleet stays in the southern zone when the Sardina pilchardus
abundance is maximal in the northern zone. The cross-model correlation matrix
(Table 5.2) indicated that CPUE's for individual taxa were interrelated which might
be a reflection of the fleet's fishing strategy (or associations in species life history).
Second, the catch was not reported originally by species. The gross errors
involved when partitioning the aggregate catch into species may account for the

spurious correlations reported.
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The results were aiso not satisfying when | tried to incorporate economic
incentives into the rﬁodel by including dummy variables for species values (price
weightings). In fact, given that the vast majority of the fleet is composed of what
once was known as the "Eastern Block” countries which had socialistic economic
philosophies, it was hypothesized that the fleet had adopted fishing strategies that
did not necessarily maximize their profit. Contrarily, catch was mainly driven by a
“mass production” economic policy. Incorporating an environmental or economic
factor is rather a straightforward extension of the model presented. However, the
available data did not allow plausible results. Although in the short term, such a
model is very realistic, further investigations are needed.

CONCLUSION

The procedures used in this chapter can be outlined as follow. First, fishing
effort should be allocated adeguately among species or species group. The
proportional allocation (allocation method 4) yielded significantly improved
estimates in these specific cases. The CPUE caiculation involved the restricted
power model presented in Chapter 4 and used log,-transformed CPUE data. Then,
the nonequilibrium Schnute's version of the Schaefer model was fitted using
equation (12). This can be done linearly or nonlinearly. The parameter estimates
from the linear fit (equation 9) can be used as starting values to soive the
nonlinear fit (equation 8). Then confidence limits around the MSY can be
calculated from equation (14). If only a linear fit is used, the confidence intervals

around the MSY can be found by applying equation (16). The nonlinear fit is
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preferred to the linear fit. Also, the nonequilibrium version should always be fitted
first. The equilibrium version (equation 7) can be derived subsequently. The
variance formulae derived for the MSY confidence intervals may not work weill if
the parameter estimates are not well behaved. In such case, a second or third
order Taylor series approximation may be needed.

In summary, it is strongly recommend that these resuits and procedures be
used to continue to monitor the fishery both at the aggregate level and at the
individual species or species group level using proportional allocaftion of effort. The
variance around the MSY estimate and the large discrepancy in MSY estimates
between the present study and the Quid Soueilem and Fonteneau (In press) study

highlight the need for cautious informed management decisions.



SUMMARY

In the first chapter, the physical, biological and chemical characteristics of
the study area were presented. The area is under the influence of the trade winds
which largely regulate the physical processes in the area. The Mauritanian and
Sahara Currents as well as the upwelling process bring together water masses
with different physical and chemicai properties. The flow regime as well as
topographic considerations makes the area suitable for the presence of highly
diverse fish biomass.

The second chapter explored the timing and structure of water temperature
and wind. The Mauritanian shelf is a transition zone between a northern region
with permanent upwelling and a southern region with seasonal upwelling. Using
empirical orthogonal function analysis, it was shown that discrepancies in SST
between these two regions increased over time. Warming in the southern EEZ
from 1985 to 1993 is connected to long-term successive cooling and warming
trends in SST in the Northwest African coast. Also periodicities in the monthly SST
were identified at one, 2 and 5-6 years. The peak in spectral density at 1 year
reflects the seasonal signal. The peak at 2 years is believed to represent
atmospheric processes in the tropical Atlantic, while the 5-6 year peak may
represent the above mentioned cooling and warming trends. This latter
speculation, however, warrants further investigation. In addition, there was a

155
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strong relationship between SST at 18-20°N and CUI computed at the coastal

station of Nouadhibou. This may aliow for adequate predictions of oceanographic
processes over the Mauritanian shelf from coastal stations.

The third chapter gave a detailed description of the catch and effort.
Muitivariate and univariate analyses of variance revealed complex spatial and
temporal patterns in species yields and are largely influenced by hydregraphic
conditions. For instance, Carangidae dominate the catch particularly during the
transitional water seasons {June-July and November-December), while Clupeidae
are mostly represented during the cold (January-May) and warm (August-
October) water seasons. The Sardina pilchardus makes up a large portion of the
catch in the northern fishing zone and during the cold water season. Fishing
strategy was a key factor in determining differences in species yields between
vessels. Rumanian vessels tend to target Clupeidae more than the Russian
vessels. which tend to foilow Carangidae concentrations.

The fourth chapter emphasized two methods for calculating the CPUE. The
regression approach is more appropriate for modeling purposes while the ratio
estimators is a sampling based approach. Among the regression models’
investigated (i.e., simple linear regression, with and without intercept, and fuil
and restricted full power models), the power model was found to be the more
appropriate model because it provides more reliable CPUE estimates than the
commonly used simple linear regression. Likewise, proportional allocation of the

fishing effort based on the contribution of the species or species groupings to the
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total fishery catch was shown to be the best method for computing CPUE in this
specific case. The other methods of partitioning the effort, which were based on
assigning threshold values to compute the effort, did not allow adequate
partitioning of the effort among species or species groupings. Methods that
incorporate additional information (such as number of schools, number of trawl
hauis) should be investigated as tools that improve CPUE reliability,

In chapter five, the fisheries management implications of proportionally
allocating the fishing effort among species or species groups were evaluated
using a Schnute’s version of the Schaefer model. 1t was shown that the approach
using proportional allocation of fishing effort is conservative assuming the fishery
is still in the ascending arm of the MSY. The nonlinear fit of the Schaefer model
outperformed the linear fit and is recommended for use whenever possible. The
method provided relatively good fit resuits based on confidence intervais around
MSY for which a new variance formula was derived. This variance formula is a
handy tool that should be used to make guided management strategies. The
procedures used in this chapter can be outlined as follow. First, fishing effort
should be allocated adequately among species or species group. The proportional
allocation (allocation method 4) yielded a significantly improved estimates in this
specific case. The CPUE calculation involved the restricted power model
presented in Chapter 4 and used log,-transformed CPUE data. Then, the
nonequilibrium Schnute's version of the Schaefer model is fitted using equation

(12). This can be done linearly or nonlinearly. The parameter estimates from the
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linear fit (equation 9) can be used as starting values to solve the noniinear fit
(equation 8). Then confidence limits around the MSY can be calculated from
equation (14). If only a linear fit is used, the confidence intervals around the MSY
can be found by applying equation (16). The nonlinear fit is preferred to the linear
fit. Also, the nonequilibrium version should always be fitted first. The equifibrium
version (equation 7) can be derived subsequently. The variance formuiae derived
for the MSY confidence intervals may not work weill if the parameter estimates are
not weil behaved. In such case, a second or third order Taylor series
approximation may be needed.

The link between environmental variables (e.g., CUl} and catch was
investigated but gave unrealistic results and, therefore, was not established in the
model. Likewise, economic variables such as price indices were also considered.
It was concluded that the fleet's fishing strategy, a dominant driving force, which
determines catch composition, can override hydrographic considerations and does
not necessarily aim at maximizing profit. Such links require a more suitable catch

data set and should be the subject of further research.
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