Coleccion de Separatas

Unwersidad de Las Palmas de Gran Canana

Ano 1999

NP

[BIBLIOTECA BTVEABITARIA
l“\b P# y DE ( \ \{\[/\

N.°Copma 62-&_‘)6{_;:_

Facultad de Ciencias del Mar
Biblioteca de Ciencias Bdsicas

ion realizada por ULPGC. Biblioteca Universitaria, 2009

autores. Digif

© Del



\

i Depésito Lega: G.C. 912-2000
: ISBN 84-699-2551-2
i Imprime: Servicio de Reprografia dela U.LP.G.C. :
¢ hitp://www.ccbb.uipac.ee/cemar

H
1
H

S/

iversitaria, 2009

realizada por ULPGC. Biblinteca Uni

0, 08 af



http://www.ocbb.ulpgc.e6/ccma'

INDICE

, Almunia, J.; Basterretxea, G.; Arfstegui, J.; Ulanowicz, R. E. : Benthic-

pelagic switching in a coastal subtropical lagoon. Estuarme, Coastal and
Shelf Science, 1999, vol.49, p. 363-384

Barry, A. R.y Luque, A. : Ecology and distribution of the genus “Tamarix”
L. (Tamaricales: Tamaricaceae) on the island of Gran Canaria. Boletim do
Museu Municipal do Funchal, 1998, sup.no. 5,p.47-58 |-~

Basterretxea, Gotzon y Aristegui, Javier. : Phytoplankton biomass and

production during late austral spring (1991) and summer (1993) in the
Bransfield strait. Polar Biology, 1999, vol. 21, p. 11-22 " - -

Bessonart, M; Izquierdo, M. S.; Salhi, M.; Herndndez Cruz, C. M.;
Gonzélez, M. M., Fernandez Palacios, H. : Effect of dietary arachidonic
acid levels on growth and survival of gilthead sea bream ( ’Sparus aurata”
L.) larvae. Aquaculture, 1999, vol. 179, p. 265-275 = ‘..

Both, R. A_; Palero, F. J.; Arribas, A.; Boyce, A. y Mangas, J. :
Metallogenesis of lead-zinc deposits of the Alcudia Valley, Spain. Mmeral
deposits: processes to processing, Stanley et al. , 1999, p. 817-820 °

Caballero, Catalina y Castro, José J. : Effect of residence and size
asymmetries upon the agonistic interactions between juvenile white-
seabream (”Diplodus sargus cadenati” de la Paz, Bauchot and Daget,
1974). Agressive behaviour, 1999, vol. 25, p. 297-303

Carracedo, Juan Carlos; Day, Simon J.; Guillou, Hervé and Pérez Torrado,

. Francisco J. : Giant quaternary landslides in the evolution of La Palma and

El Hierro, Canary Islands. Journal of Volcanology and Geothermal
Research, 1999, vol. 94, p. 169-190 1~ * 7%

Castro, J. J.; Santiago, J. A.; Herndndez Garcia, V. y Pla, C. : Growth and
reproduction of the dolphinfish ("Coryphaena equiselis” and “Coryphaena
hippurus”) in the Canary Islands, Central-East Atlantic (preliminary
results). Scientia Marina, 1999, vol. 63, no. 3-4, p. 317-325 14 1777

Castro, J. J.; Santiago, J. A. y Heméndez Garcfa, V. : Fish associated with

fish aggregation devices off the Canary Islands (Central-East Atlantic).
Scientia Marina, 1999, vol.63, no. 3-4, p. 191-198 % /|

realizada por ULPGC. Biblioteca Universitaria, 2009

ios



http://sup.no

Davenport, R.; Neuer, S.; Herndndez Guerra, A.; Rueda, M. J.; Llinas, O.;
Fischer, G. and Wefer, G. : Seasonal and interannual pigment concentration
in the Canary Islands region from CZCS data and comparison with
observations from the ESTOC. International Journal of Remote Sensing,
1999, vol. 20, no. 7, p. 1419-1433 |13 #9

Eiguren Ferndndez, A. ; Sosa Ferrera, Z. ; Santana Rodrfguez, J. J. :
Application of cloud-point methodology to the determination of
polychlorinated dibenzofurans in sea water by high- o ¥Guid
chromatography. The Analyst, 1999, vol. 124, p. 487491 > ~o360%

Garcfa Jiménez, P.; Marian, F. D.; Rodrigo, M. and Robaina, R. R. :
Sporulation and sterilization method for axenic culture of “Gelidium
canariensis”. Journal of Biotechnology, 1999,vol. 70, p. 227-229 | 70?7#E .

Hemnédndez Cruz, C. M.; Salhi, M.; Bessonart, M.; Izquierdo, M. S.;
Gonzélez, M. M. y Fernéndez Palacios, H. : Rearing techniques for red

porgy ("Pagrus pagrus”) during larval development. Aquaculture, 1999,
vol. 179, p. 489-497 19,w 25

Hemnéndez Leén, Santiago; Postel, Lutz; Arfstegui, Javier; G6mez, May;
Montero, Marfa Fernanda; Torres, Santiago; Almeida, Carlos; Kithner,
Eugen; Brenning, Ullrich and Hagen, Eberhard. : Large scale and
mesoscale distribution of plankton biomass and metabolic activity in the
northeastemn central Atlantic. Journal of Oceanography, 1999, vol.5§, p.
471-482 {91+

Heméndez Le6n, S.; Torres, S, Go6mez, M. and Montero, 1. : Biomass and
metabolism of zooplankton in the Bransfield strait (Antartic peninsula)
during austral spring. Polar Biology, 1999, vol.21, p. 214-219 (4,3 89

Ivanova, A.P.; Robaina, R. R.; Martfn, J. y Stefanov, K. L. : Effect of
glycerol on the lipids in the red alga "Gratelupia doryphora”. Grasas y
aceites, 1999, vol. 50, fasc. 6, p. 469-471 |9 ;. 88

Lorenzo, José M. y Pajuelo, José G. : Biology of a deep benthopelagic fish,
roudi escolar "Promethichthys prometheus” (Gempylidae), off the Canary
Islands. Fishery Bulletin, 1999, vol. 97,p. 92-99 (4 39

Martinez, Antonio; Pérez, Esther y Bruno, Miguel. : Variation of the tidal
properties around Gran Canaria. Oceanologica Acta, 1999, vol. 22, no. 1,
p19-30 1q9)yyz




Medina, L.; Garcfa Jiménez, P.; Luque, A. y Robaina, R. : The community
“structure of phytoplankton as indicator of coastal water quality in the )
tourist area. Boletim do Museu Municipal do Funchal, 1998, vol. 50, no.
1 288,p.91-106 |4/15Y |

Mendoza, H.; Martel, A.; Jiménez del Rio, M. y Garcfa Reina, G. : Oleic
acid is the main fatty acid related with carotenogenesis in “Dunaliella
salina”. Journal of Applied Phycology, 1999, vol. 11, p. 15-19 ;9 (5 #

Montero, D.; Marrero, M.; Izquierdo, M. S.; Robaina, L.; Vergara, J. M. y
Tort, L. : Effect of vitamin E and C dietary supplementation on some
immune parameters of gilthead seabream (”Sparus aurata”) juveniles
_ subjected to crowding stress. Aquaculture, 1999, vol. 171, p. 269-278 19/72 T4

Montero, D.; Izquierdo, M. S.; Tort, L.; Robaina, L. y Vergara, J. M. : High
X stocking density producegs crowding stress altering some physiological and
biochemical parameters in gilthead seabream, ”Sparus aurata”, juveniles.
- Fish Physiology and Biochemistry, 1999, vol. 20, p. 53-60 (% /39/(

Pacheco, M. M.y H erra, A. : Seasonal variability of recurrent |
phytoplankton pigmentfin’ Islands area. International Journal
f Remote Sensing, 1999, vol. 20, no. 7, p. 1405-1418 19 )92y

Rodriguez J. M.; Herndndez Le6n, S. and Barton, E.D. : Mesoscale
A distribution of fish larvae in relation to an upwelling filament off northwest
- Africa. Deep-sea Research I, 1999, vol.46, p. 1969-1984 /719 46

Rodrfguez Santana, A.; Pelegrf, J. L.; Sangré, P. y Marrero Dfaz, A. :
Diapycnal mixing in Gulf Stream meanders. Journal of Geophysical
'Research, 1999, vol. 104, no. C11, p. 25.891-25912 /4,95y

Roo, F. J.; Socorro, J.; Izquierdo, M. S., Caballero, M. J.; Herdndez Cruz,
C. M.; Ferndndez, A. y Ferndndez Palacios, H. : Development of red porgy
"Pagrus pagrus” visual systems in relation with changes in the digestive

 tract and larval feeding habits. Aquaculture, 1999, vol. 179, p. 499-512 19176C

Salhi, M.; Hernéndez Cruz, C. M.; Bessonart, M.; Izquierdo, M. S. y
Fernédndez Palacios, H. : Effect of different dietary polar lipid levels and
~\/ " different n-3 HUFA content in polar lipids on gut and liver histological
structure of gilthead seabream ("Sparus aurata™) larvae. Aquaculture,
1999, vol. 179, p. 253-263 |99 7¢




Santana Rodrfguez, J. J. : Fluorescent study of organic compounds of
environmental interest in organized molecular systems. Analytical
applications. Third Conference on Fluorescence Microscopy and
Fluorescent Probes, 1999, p. 179-192 | 91938% .

sobre Diversidad Biolégica. Medio ambiente Canarias, 1999, no. 13, p.
21-23 92005

Sosa, Pedro A. y Lindstrom, Sandra C. : Isozymes in macroalgae
(seaweeds): genetic differentiation, genetic variability and applications in
 systematics. European Journal of Phycology, 1999, vol. 34, p. 427-442 )90759

>< Sosa Henrfquez, Pedro. : El acceso a los recursos genéticos en el Convenio

Urgeles, Roger; Canals, Miquel; Roberts, John and SNV "Las Palmas”
>< Shipboard Party. : Fluid flow pore pressure measurements off La Palma,
Canary Islands. Journal of Volcanology and Geothermal Research,
. 1999, vol.94, p. 305-321 (9209
Vergara, J. M.; L6épez Calero, G.; Robaina, L.; Caballero, M. J.; Montero, g
D.; Izquierdo, M. S. y Aksnes, A. : Growth, feed utilization and body lipid
content of gilthead seabream (“Sparus aurata™) fed increasing lipid levels :
and fish meals of different quality. Aquaculture, 1999, vol.179, p. 35-44 | 7200‘3 ]




Estuarine, Coastal and Shelf Science (1999) 49, 363384

Article No. ecss.1999.0503, available online st htep://www.idealibrary.com on Il!}l‘ @

Benthic-Pelagic Switching in a Coastal Subtropical

Lagoon

J. Almunia®, G. Basterretxea®, J. Aristegui® and R. E. Ulanowicz®

*Facultad de Ciencias del Mar, Universidad de Las Palmas de Gran Canaria, P.O. Box 550, 35017 Las Palmas de

Gran Canaria, Spain

*University of Maryland Center for Environmental Science, Chesapeake Biological Laboratory, P.O. Box 38,

Solomons, Maryland 20688-0038, U.S.A.

Received 22 Fune 1998 and accepred in revised form 8 February 1999

The structure of the ecosystem fluxes occurring in the Mupnlonm coastal lagoon (Canary Islands) were investigated for
three successive stages using estimates of the food webs that typify each interval. The first stage was representative of a
benthic producer-dominated system and the third typified a pelagic-dominated system. The second phase was taken as
the transient stage between these endpoints. The standing stocks and fluxes pertsining to each compartment and the
overall trophic structure of the system were quantified as a network model. This food web budget was subjected to
network analysis to sssess the status of the system at each stage. The ensuing trophic analysis indicated that detritivory
increases in passing from the first to the third stage (ratio of detritivory to herbivory 13-19, 7-57 and 20-32 respectively)
and there is a concomitant drop in the average trophic efficiency. Cycle analysis revealed an increase in the amount of
matter being cycled during the third stage (percentages of cycled matrer 17-7%, 22:6% and 41-8% respectively), mostly
via short, fast loops, which s t that the third stage is reptesenunve of an immature ecosystem. Finally, the analysis
of topological sys seveals a dramatic increase in orgamunon during the last stage, due primarily to the
inflaton of the total m throughput (TST). From a global point of view, results show a significant decline in the
beathic subsystem, whiich represents s major perturbation to the ecosystem and renders it vulnerable to the subsequent
invasion by pelagic elements. Although conditions in the third stage may seem typical of s eutrophic system, no
appreciable resources are being sdded to the system from the outside. Therefore, the process fs more accurstely described
as a shift in resources from one subsystem (the benthic) to anather (the pelagic). © 1999 Academic Press

Keywords: modelling; ecosystems; eutrophication; coastal lagoons; Canary Islands

Introduction

Maspalomas lagoon is a small subtropical coastal

that is subject to periodical anoxic crises
(Almunia, 1998), The system is representative of
shallow eutrophnc lagoons characterized by high
throughput rates and as a consequence, structural
changes become evident over relatively short periods
of time (weeks) (Llinis « al., 1986; Basterretxea &
Van Lenning, 1995). Inputs to the system are rapidly
transferred and dissipated among its components,
resulting in dramatic changes in the structure and
function of the ecosystem (Almunia, 1998). One way
of providing insight into_the fundamental structure
and behaviour of an ecosystem is to measure the
energy and material fluxes taking place within the
system and to estimate the efficiencies of transfer
among the different compartments (Longhurst, 1984;
Ulanowicz & Platt, 1985; Ulanowicz, 1986; Baird
et al., 1991; Baird & Ulanowicz, 1993). Accordingly,
these tasks became the priorities for a research pro-
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gramme carried out in Maspalomas; further detail
concerning sampling protocols and results can be
found in Almunia (1998).

The study employed network analysis on the eco-
system to reveal several of its properties, such as its
structural complexity, cycling behaviour and trophic
relationships among compartments of the system.
This type of analysis uses available data to quantify the
material and energetic interactions within the com-
munity, which are believe to condition the . self-
organizing and self-regulating behaviour of the system
(Odum, 1971; Ulsnowicz, 1986; Ulanowicz &
Norden, 1990). From a practical standpoint, the
separation into distinct components allows an investi-
gator to focus on a particular section of the network
and to identify the key processes coatrolling the
functioning of the overall system (Ulanowicz &
Norden, 1990).

Self-organization of ecosyttm generally occurs
over an interval of decades but the changes addressed
in this work transpire over the span of a single year.

© 1999 Academic Press

ian realizada pot ULPGC. Biblicteca Univetsitatia, 2009

© Del docurnento, los autores. Digital




364 J. Almunis et al.

FiGunz 1. Location of Maspalomas lagoon.

Thus, it would be more appropriate to refer to any

organizational behaviour as self-regulation, rather.

than self-organization. The differences between the
dynamics of self-organization and self-regulation are
discussed in some detail in Gafiychuk and Ulanowicz
(1996) and Ulanowicz (in press). Whereas self-
organization evolves over longer times and is mediated
primarily by positive feedbacks, the much more rapid
phenomenon of self-regulation involves mostly nega-
tive feedback responses by the system. Nevertheless, it
remains a useful exercise to focus upon correspond-
ences in the overall structure and function of the
intra-annual stages of the system (Margalef, 1982),
utilizing the same system-level indices that have
proven useful for interpreting system changes over
longer periods (e.g. Ulanowicz, 1984).

The sim of this work is to conceprualize, quantify
and analyse the trophic schematic of the ecosystem of
Maspalomas lagoon at three different stages of its
transition from a benthic-dominated system, with a
low, stable pelagic biomass, to a highly-variable
pelagic-dominated configuration, from which benthic
producers have virtually disappeared.

Study location

The ¢ Charca de Maspalomas * (Figure 1) is a small
(c. 3-5 ha), shallow 1-2 m subtropical coastal lagoon,
located on the southern coast of Gran Canaria
(Canary Islands). The lagoon is the result of ground-
water water seepage from the landward side and
infiltrations of seawater through the sand bar. The
water temperature in the lagoon ranges from 30 °C in
summer to 15 °C in winter. During heavy rains, water
runs through the arroyo, producing very rapid
increases in water level, Alternatively, seawater can
enter the lagoon during spring tides or during storm
surges, thereby repleting the existing fish communi-
ties, composed mainly of Liza aurata, Dicentrarchus
puncratus and Diplodus sargus (T. Moreno, 1997).
Although different species of coastal and inland birds
inhabit the proximity of the lagoon (wading birds,

ducks, etc.), the most representative species of -

waterfowl is the moorhen (Gallinula chloropus).

The bottom of the lagoon is muddy, with the
exception of the southern end, where sand from
the nearby beach and dune fields dominates. The
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phanerogam Ruppia maritima and the algae Clado-
phora sp. and Chara globularis (episodically), dominate
the muddy beds. The few sandy areas are practically
free of bottom vegetation. As R. manitima is the major
benthic producer in Maspalomas lagoon, its life cycle
drives the major ecosystem changes. Ruppia maritima
begins growing in early spring, reaching its maximum
density in mid-summer and then decreases rapidly at
the end of summer. The lagoon suffers from recurrent
anoxic crises during the intervals when R. maninma
is not visible, probably due to the lack of wind
mixing in combination with high rates of community
respiration. During hypoxic events water becomes
extremely turbid, sharply curtailing light penetration
to the bottom and promoting benthic algal decay. At
these times R. manitima is restricted to the shallowest
margins of the lagoon (Almunia, 1998).

As hypoxic conditions are related to the disappear-
ance of the phanerogam, it was decided to study the
changes induced in the ecosystem by the annual dieoff
of R. maritima. For the purposes of this study, three
stages have been selected when the Maspaiomas
lagoon ecosystem occurs an ecosystem with (1) low
dissolved nutrients, low phytoplankton standing
stocks, well-developed bottom algae and low water

turbidity, (2) a transient stage with diminished

benthic production and a burgeoning plankton com-
munity and finally (3) a community without benthic
producers, but with high dissolved nutrients and a
high density of phytoplankton; all representative of the
anoxic conditions leading to fish kills.

Estimates, methods and assumptions

A carbon flow model was constructed for each of the
stages described above (Figure 2, 3 and 4). In order to
estimate the network model one needs the magnitude
of biomass in each component, as well as the intensi-
ties of flows between compartments and exchanges
between the system and its surroundings. Standing
stocks are expressed in mg C m ~ 2 and flows between
the compartments inmgC m~2d ~'. Due to a lack of
historical studies on Maspalomas, the magnitudes of
standing stocks of living and non-living constituents
required by the model (Table 1) had to be obtained in
most cases by direct measurement. ,

The food web is comprised of 17 compartments (14
in the third stage, due to the disappearance of benthic
primary producers), including three non-living con-
stituents. Living compartments were chosen to be
resolved as closely to the species level as available
data and sampling strategy would allow (Baird &
Ulanowicz, 1989). Of course, identification to the

Bunh.le-pchlic switching 36S

species level occurred mainly at the higher levels of the
network.

Carbon budgets were constructed for each
compartment according to the balance:

C=P+R+E+Ex

where  C=consumption, P=production, R=
respiration, E=egestion and Ex=excretion or exuda-
tion (Crisp, 1971; Baird & Ulanowicz, 1989). Exuda-
tion by primary producers was considered to be the
largest source of dissolved organic carbon (DOC)
(Valiela, 1984; Baird & Ulanowicz, 1993).

The structures of trophic levels and cycling for each
network were analysed and system properties were
calculated using algorithms described by Ulanowicz
(1983, 1986a) and Kay er al. (1989). Briefly, the
relationships between any arbitrary pair of com-
ponents are assessed by the total flow calculation
predicated on the Leontief inverse (Leontief, 1936;
1951) as applied to ecological systems (Hannon,
1973; Szyrmer & Ulanowicz, 1987). This analysis
and the ones that follow, all require the input of
biomasses to each compartment, the inputs from and
outputs to the surroundings, an estimation of the
energy dissipation (respiration) by each component,
and the matrix of fluxes between the compartments
themselves.

The study is comprised of four different analyses:

(1) The input-output analysis (IOA) (Hannon,
1973), which measures the importance of each
particular entity and the bilateral influences that
each pair of taxa have on each other. It is in this
section of the algorithm that the total contribution
coefficient (TCC) and the total dependency
coefficient (TDC) are calculated for each com-
partment (Szyrmer & Ulanowicz, 1987). The
TCC is the fraction of what leaves compartment i
that eventually enters compartment j, and the
TDC is the fraction of the total ingestion by j
which passed through compartment ! along its
way 10 J.

(2) A second analysis interprets the network accord-
ing to the trophic concepts of Lindeman (1942)),
but without relegating each group to a unique
trophic level (Ulanowicz & Kemp, 1979; Levine,
1980; Ulanowicz, 1995). Rather, each taxon is
apportioned among. & series of integer trophic
levels according to how much reaches the taxon in
question over pathways of different lengths. Using
this partitioning, an equivalent straight chain of
trophic transfers can be assembled and used to
track the trophic status of the ecosystem as it

changes.
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(3) A third segment of the algorithm enumerates the cycles, but if the matter is circulating rapidly

biogeochemical cycles and outlines the complex- around short loops, a high fraction could be
ity of cycling in the system in terms of the number indicative of a stressed ecosystem (Ulanowicz,
and length of cycles and the percentage of total 1984).

system activity devoted to cycling matter (Finn, (4) Finally, the topological structure of the network
1976). A high fraction of cycled flow could indi- (Hirata & Ulanowicz, 1984; Ulanowicz, 1986;
cate a mature and less disturbed system (Odum, Ulanowicz & Norden, 1990) is quantified by
1969), if the matter is cycling through long-slow several indices: ascendency (Ulanowicz, 1986a)
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measures in a single index both the system size
and the organization inherent in its flow structure,
Development capacity (Rutledge e al, 1976;
Ulanowicz, 1986a) is an upper bound on the
ascendency, i.e. a measure of the network’s poten-
tial for competitive advantage over other virtual
network configurations. Overhead (Ulanowicz &
Norden, 1990) is the difference between the
magnitudes of the realized structure and its upper
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FIGURE 3. Energy flow network for stage 2 (symbols as in Figure 2).

boundary. Whereas ascendency gauges the per-
formance of a system in terms of how efficiently
and with what definitiveness transfers are made,
the overhead is complementary in that it quanti-
fies how inefficiently and with what ambiguity the
system is acting, on average. Redundancies or
parallel fiows in the imports, exports, dissipations
and internal exchanges all contribute to the total
overhead.
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Because the network was constructed primarily with
direct measurements and supplemented with data
from the literature, the final network was slightly
unbalanced (by about 10% of total system through-
put.) Final balance was achieved using the automated
balancing routine, DATBAL (Ulanowicz, 1996).
Since differences in the analyses carried out with
NETWRK (Ulanowicz & Kay, 1991) for balanced

and unbalanced data were minimal, the complete

analysis was based on unbalanced data.

Phytoplankton

Phytoplankton was divided into two compartments,
picoplankton (<2um) and phytoplankton (>2um).
grazed by microzooplankton,

Both are

53

but
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TasLE 1. Model data sources

Benthic-pelagic switching 369

Compartment

Parameter

Source

Pelagic primary producers Biomass

Benthic primary producers

Pelagic bacteria

Microzooplankton

Mesozooplankton

Benthic microfauna
Benthic deposit feeders

Fish
Waterfow!
DOC

Suspended POC

Sedimented POC

Production
Respiration
Exudation
Death

Biomass

Production

Respiration and Exudation
Biomass

Assimilation

Respiration

Biomass

Grazing on phytoplankton,

grazing on bacteria,

respiration and excretion

Biomass

Grazing,

respiration and excretion

Biomass and respiration

Biomass

Assimilation, respiration and excretion
Biomass

Diet, consumption and Assimilation
Respiration, excretion and egestion
Biomass

Diet

Respiration, excretion and egestion
Concentration

Concentration

Sedimentation and aggregation
Concentration

Measurements of chlorophyll

% of net planktonic production (02 method)

% of planktonic respiration (O2 method)

Baird and Ulanowicz (1989)

Jorgensen et al. (1991)

Direct observations and Edwards (1978), Verhoeven
(1980), Harrison (1982), Flores-Verdugo e al.
(1988) and Betancort (1993)

Congdon et al (1979), Pentecost (1984), Evans er al.
(1986) and Menendez and Periuelas (1993)
Edwards (1978)

Bacteria counts (epifluorescence)

Calculated from planktonic respiration data

Hobbie and Williams (1984)

Direct counts (epifluorescence)

Fenchel (1982)

Dry weight and CHN

Margalef (1983), Hobbie and Williams (1984) and
Jorgensen et al. (1991)

Margalef (1983

Dry weight and CHN

Moreno (1996)

Fresh weight

Moreno (1996)

Moreno (1996) and Wootton (1992)
Census

Direct observation

Gibbons (1989)

Total organic carbon analyzer measurements
CHN measurements

Peterson (1984)

CHN measurements

phytoplankton can also be eaten by mesozooplankton.
Phytoplankton chlorophyll was determined fluoro-
metrically (Holm-Hansen e al., 1965) in a Turner
Designs fluorometer that was calibrated with pure
chlorophyll a. Triplicate samples were taken from the
centre of the lagoon and subsamples were filtered onto
Whatman GF/F filters (assumed to retain the total
phytoplankton biomass) and onto Nuclepore 2um
pore size polycarbonate filters. The fraction <2um
was estimated by difference between the two measure-
ments. A wide range of carbon to chlorophyll ratios
(25 to 145) can be found in the literature (Strickland,
1960; Antia et al., 1963; Parsons et al, 1984;
Jorgensen et al., 1991) to estimate the biomass in
carbon units from chlorophyll measurements. The 30
carbon/chlorophyll ratio suggested by Strickland
(1960) was used, because it was closer to the values
reported for healthy, actively growing phytoplankton.

Phytoplankton primary production was estimated
by the differences in oxygen measurements taken in
light and ‘dark bortles, respectively. Six light and six
dark bottles were incubated in sizu at approximately
0:5 m depth from dawn to noon. The oxygen in each
bottle was measured by an automated microwinkler
titrator (Williams & Jenkinson, 1982); the coefficient
of variation on the measures were always below 1%.
Due to the lack of fractionated production measure-
ments, estimates were divided up proportionally
between the two phytoplankton compartments.
Photosynthetic quotients (PQs) in the literature range
from 1-1 to 1-3 (Parsons et al., 1984). A PQ of 1-2 was
used in this study to convert oxygen into carbon,

Literature on phytoplankton exudation showed
values anywhere from 0:2 to 62% (Valiela, 1984;
Baird & Ulanowicz, 1989; Jorgensen er al., 1991) of
primary production. The index was assumed to be
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370 J. Almunia et al.

25% of primary production (Baird & Ulanowicz,
1989). The flux of phytoplankton to suspended detri-
tus was calculated assuming a mean death rate equal

to 9-6% of primary production (Jorgensen et al.,
1991).

Benthic primary producers

Benthic primary producers are composed mainly
of the phanerogam R. maritima and the algae C.
globularis and Cladophora sp. Ruppta maritima is grazed
by amphipods (Verhoeven, 198054), moorhens and
some fishes (as deduced from stomach contents.)
The algae were considered to be grazed only by
herbivorous fishes.

To calculate the amount of R. maritima carbon per
square metre, the percentage of area covered by the
plant at each stage was estimated, and applied density
values for Ruppia sp. in different reservoirs, as found
in the literature (Edwards, 1978; Verhoeven, 19804;
Harrison, 1982; Flores-Verdugo et al., 1988). Corre-
sponding literature values were also used to calculate
production (Congdon & McComb, 1979; Evans et al.,
1986; Menendez & Peniuelas, 1993), respiration and
exudation (Edwards, 1978).

The same procedure was used to calculate algal
biomass (Patronato de la Charca de Maspalomas,
1993), production, respiration (Pentecost, 1984) and
exudation (25% of primary production, as in phyto-
plankton and R. maritima) for each stage.

Bacteria

Bacteria were assumed to be free-living heterotrophs
suspended in the water column that use DOC and
POC as their food source. They are grazed mainly
by microzooplankton and occasionally by mesozoo-
plankton.

Bacterial biomass was estimated by acridifie orange
staining and epifluorescence counts (Porter & Feig,
1980). A conversion factor of 2 x 10 "' gCcell !
(Baird & Ulanowicz, 1989; Ballesteros, 1994) was
used to estimate carbon biomass.

Although bacterial assimilation was not able to be
measured directly, we were aware of the importance of
estimating this parameter accurately. Therefore,
planktonic respiration was calculated first, using meta-
bolic coefficients from the literature. Then assimila-
tion values were calculated that yielded figures for
overall respiration equal to the pelagic respiration as
measured in each phase using the dark bottle method.

We used ratios taken from the literature to calculate

respiration, excretion and death of pelagic bacteria
(Hobbie & Williams, 1984).

Respiration values by benthic bacteria were esti-
mated from literature data for eutrophic lakes
(Margalef, 1983) and were assigned to the POC
compartment under the assumption that, from a
trophic point of view, it is not necessary to distinguish
between POC and bacterial carbon.

Microzooplankion (heterotrophic flagellates and ciliates)

The microzooplankton compartment represents the
heterotrophic flagellates, which graze on pelagic
bacteria and phyvtoplankton <2um and are eaten by
mesozooplankton.

Microzooplankton biomass was estimated by direct
epifluorescence counts of heterotrophic flagellates
after proflavine staining (Haas, 1982). Ratios for
converting cells to carbon and rates of respiration and
excretion were estimated from the literature (Fenchel,
1982).

Experiments with microzooplankton grazing on
nutrient-enriched nartural phytoplankton were carried
out as in Landry and Hasset (1982). The grazing rate
estimated in this manner was used as a maximum
potential value, against which to check if microzoo-
plankton were able to crop the existing production
figures for phytoplankton and bacteria.

Mesozooplankion

The mesozooplankton compartment represents
planktonic organisms >100 um. In the second stage
these consisted mainly of copepods and in the third
stage, rotifers. Mesozooplankton were assumed to
graze on phytoplankton >2 um, microzooplankton
and suspended POC. Due to the absence of any
benthic plankton feeders or planktivorous fishes, it
was considered that the mesozooplankton biomass
flows primarily to the sediment POC and only a small
amount is grazed by L. auraza.

Mesozooplankton were sampled by horizontal hauls
of a WP2 (UNESCO 1968) 100 um net. Biomass was
estimated as dry weight (Lovegrove, 1966), using a
40% dry weight to carbon ratio, obtained from a
CHN analysis of the dry biomass.

Grazing on phytoplankton was calculated under the
same assumptions that were applied to microzoo-
plankton and metabolic rates were taken from the
literature (Margalef, 1983; Hobbie & Williams, 1984;
Jorgensen, 1991).

Benthic deposit feeders

During each stage several sediment samples
(1000 cm?) were fractionated through 1000, 500 and
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100 um sieves. The results revealed that, as regards
trophic habits, benthic organisms can be separated
into either benthic deposit feeders (mainly worms and
some chironomids) or herbivores (amphipods).

Benthic deposit feeders were separated from the
sample and their dry weight was determined as in
Lovegrove (1966). Biomass as carbon was calculated
using an assumed carbon to dry weight ratio of 40%.
Ingestion, respiration, excretion and death were cal-
culated using indices from the literature (Moreno,
1996).

Amphipods

Amphipods have been frequently observed grazing on
Ruppia sp. stands (Verhoeven, 1980; Menendez &
Comin, 1990), so it was assumed that amphipods in
Maspalomas graze exclusively on R. mariima and
detritus, and that they are eaten by all predators that
either graze on R. maritima or feed on detritus.
Although epiphytic algae may also be part of the
amphipods’ diet, this item has not been considered in
the present model. Amphipod biomass was calculated
as for the benthic deposit feeders and the amounts of
macrophytes consumed by animal populations in dif-
ferent seasons were taken from literature (Menendez
& Comin, 1990).

Fish

The fish species found in Maspalomas exhibit differ-
ent feeding behaviour. Liza aurata feed principally
on detritus, however, mosquito larvae, benthic
organisms and algae are also included in their diet.
Diplodus sargus is an herbivorous fish feeding on the
existing algal communities. Finally, D. punctatus is a
camivorous feeder with a high assimilation rate
(Moreno, 1996).

Fish biomasses were calculated using abundance
data from systematic samplings (Moreno, 1996),
and carbon to freshweight indices from the literature
(Parsons et al., 1984). Diets were determined from an
analysis of stomach contents, in conjunction with
consumption to biomass indices taken from the litera-
ture (L. aurata: 5%, D. punctatus: 0-5%; and D. sargus:
2-75%; Wootton, 1992; Moreno, 1996). Indices from
the literature also were used to calculate production,
respiration, excretion and egestion for each species
(Wootton, 1992).

Gallinula chloropus

The Viceconsejeria de Medio Ambiente carried out
visual censuses of waterfowl during recent years
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(R. Gallo, pers. comm.). Whereas other populations
of waterfowl use Maspalomas opportunistically, G.
chloropus appears to use this aquatic ecosystem as its
primary habitat.

Unfortunately, due to the laws protecting the
waterfowl, no stomach content analysis could be
undertaken. The Moorhen’s diet was assumed from
observations on its behaviour made during each
stage. Anatomic and metabolic parameters from the
literature were also used (Gibbons, 1989).

POC and DOC

Both forms of organic carbon result from excretion,
lysis and mortality or organisms, and become available
to bacteria. Suspended POC can be filtered by meso-
zooplankton (no benthic filter-feeders were found in
the ecosystem), whereas sedimented POC is ingested
by benthic deposit feeders, fishes and moorhens.

Water samples of from 50 to 200 ml were filtered
onto Whatman GF/F filters, acidified and stored
frozen until measured in a Perkin-Elmer CHN
Analyzer to calculate the suspended POC concen-
tration. Phytoplanktonic carbon was subtracted from
the result to calculate the concentration of detrital
carbon. POC concentrations in the first 5cm of
sediment (Baird & Ulanowicz, 1989) were measured
from several sediment samples taken from the muddy
and sandy areas of the pond. _

DOC concentrations were measured in a Shimadzu
TOC Analyzer after acidification of the sample
(UNESCO, 1994). Literature data were used to cal-
culate POC sedimentation and DOC aggregation
rates (Peterson, 1984).

Results

The total contribution coefficients (TCC) for each
compartment do not show marked differences over
the three stages (Table 2). The most relevant changes
are the increments from first to second stage in almost
all the contribution coefficients from pelagic bacteria,
and in those from the benthic deposit feeders during
the third. The total dependency coefficient (TDC)
indicates overall decreased dependency on the benthic
producers in successive stages (Table 3). This effect
is compensated by corresponding increases in the
dependencies on detritus. Both effects are to be
expected from the observed development of the eco-
system; as benthic producers disappear, organisms are
forced to change their diets and contributions from
the detrital pool increase as a result.

The diagonal elements of the total dependency
matrix indicate the amounts by which cach species is
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372 J. Almunia et al.

TaBLE 2. Total contribution coefficients (TCC) matrix
(percentage). Compartments are indicated by their number

TasLE 3. Total dependency coefficients (TDC) matrix
(percentage). Compartments are indicated by their number

Stage 1 Stage 1
6 7 8 9 10 11 12 13 14 15 16 17 6 7 8 9 10 11 12 13 14 15 16 17
1 12 %% 23 7 0 1 0 0 0 35 21 23 1 1 12 10 0 0 0 0 0 o 1 5 0
2 1l 27 135 7 0 1 0 0 0 32 21 25 2 1 4 10 0 0 0 0 0 0 1 3 0
3 8 3 | 6 3 1 0 0 0 25 3 21 3 90 77 65 15 99 31 39 15 100 91 65 15
4 8 3 1 10 0 4 1! 0 0 25 3 33 4 5 4 4 1 0 5 8 1 0 5 4 1
5 8 3 1 16 0 6 3 0 0 25 3 55 5 1 1 1 1 0 2 8 1 0 1 1 1
6 8 40 17 5 0 1 0 0 0 25 17 18 6 8 8 70 1 0 1 1 1 0 8 36 1
7 8 3 42 9 0 1 0 o o0 21 27 31 7 4 3 82 1 0 1 0 1 0o 3 27 1
8 6 2 1 12 0 3 0 0 0 14 27 39 8 1 1 1 1 0 ] 0 1 0 1 14 1
9 0 0 0 20 0 3 1 0 0 0 0 67 9 0 0 0 20 0 29 42 73 0 0 0 2
10 0 0 0O 18 0 20 O 0 1 2 0 6! 10 0 o 0 1 0 14 8 1 17 0 0 1
13 1 0 17 0 1 0 o o 8 1 58 11 2 0 1 1 2 o 1 1 2
12 3 1 0 12 0 1 0 0 0 8 1 39 12 0 0 o 0 0 o0 0 0 0 0 0 O
13 1 0 0 9 0 | 0 0 0 3 0 30 13 0 0 O 0 0 0 0 0 0 0o 0 0
14 3 1 0 18 0 1 0 o0 0 8 1 59 14 0 0 O 0o 0 o0 0 0 0o 0 o O
15 31 12 5 3 0 0 0 0 0 8 11 11 15 99 85 71 2 0 2 1 2 0 8 72 2
16 6 2 3 28 O 2 0 0 0 2 1 95 16 3 2 5 3 0 2 1 3 0 0 ] 3
17 0 0 0 30 0 2 0 0 0 0 0 2t 17 1 1 1 100 0 74 54 100 0 1 1 21

Stage 2 Stage 2
6 7 8 9 10 11 12 13 14 15 16 17 6 7 8 9 10 11 12 13 14 15 16 17
1 31 55 24 3 4 1 o 0 0 35 24 30 1 14 36 30 3 3 3 2 3 3 13 25 3
2 30 45 130 3 4 1 0 0 0 34 26 31 2 6 12 16 1 1 14 1 1 1 5 11 1
3 22 10 4 2 9 9 3 0 0 26 7 20 3 3 2 14 1 2 8 24 1 1 3 2 1
4 22 10 4 3 4 18 4 0 O 26 7 29 4 1 0 O 0 0 4 8 0 o 1 0 ©
5 24 1l 5 4 S5 26 13 0 0 28 8 40 5 0 0 O 0 o0 2 8 0 o 0 0 o0
6 22 45 19 2 3 1 0 0 0 25 16 2 6 22 65 54 6 6 § 3 6 6 22 37 6
7 18 8 43 4 4 1 0 o0 0 21 17 35 7 13 8 83 6 6 6 4 6 6 12 27 6
8 14 6 3 4 5 1 0 0 0 14 31 38 8 5 3 3 3 3 4 2 3 3 4 25 3
9 0 0 0 7 8 5 1 0 0 1 0 66 9 0 0 O 7 7 17 40 69 20 O O 7
10 0 0 0 7 8 5 0 0 0 0 0 68 10 0 0 0 9 8 19 12 9 22 0 0 9
11 7 3 |} 7 7 2 o 0 0 8 2 59 i 1 i 0 2 2 2 1 2 2 1 1 2
12 7 3 ] 5 5 1 0 o0 0 8 2 41 12 0 0 0 0o 0 0 0 0 o 0 o0 0
13 3 | 1 3 4 1 0 0 0 0 1 31 13 0 0 O 0o 0 ¢ 0 0 o 0 0 0
14 9 4 2 5 5 1 0 0 0 10 3 43 14 0 o0 O 0 0 0 0 0 0O 0 o0 0
15 86 39 17 3 4 1 0 0 0 22 29 30 15 99 64 55 9 9 8 8 9 9 22 76 9
16 7 3 3 8 10 2 0O 0 0 2 2 75 16 3 2 4 8 8 7 7 8 8 i 2 8
17 0 0 0o 11 12 3 0 0 0 0 0 15 17 1 1 0 1 98 86 86 100 100 1 1 15

Stage 3 Stage 3
6 7 8 9 10 11 12 13 14 15 16 17 6 7 8 9 10 11 12 13 14 15 16 17
1 31 55 24 24 0O 1 0 0 0 35 34 34 | 6 18 16 3 3 3 3 3 3 6 10 3
2 31 49 33 22 ¢ o 0 0 0 135 31 13} 2 8 21 30 3 3 4 3 3 3 8 13 3
6 22 45 19 17 0O 0o 0 0 0 25 24 24 6 22 71 62 10 10 10 10 10 10 22 35 10
7 19 9 43 25 0 1 0 0 0 21 3 35 7 12 9 87 9 9 10 9 9 9 12 32 9
8 14 6 3 27 0 1 0 0 0 15 35 38 8 4 3 3 5 5 6 5 5 5 4 16 5
9 0 0 0 48 1 1 0 0 0 0 0 68 9 0 0 0 48 48 S5 80 83 48 0 0 48
10 1 1 0 44 1 18 1 0 1 2 1 62 10 0 0 O 0 1 19 8 1 26 0 O 1
It 6 3 1 42 1 1 o0 0 O 8 3 60 n o o o 0 1 1 1 1 1 0 o0 1
12 6 3 1 27 © 1 0 0 0 7 3 38 12 0 0 0 0 0 0 0 0 0 0 0 0
13 3 1 0 22 0 0 0 0 o0 3 1 3 13 0 0 0 0O 0 o0 0 0 0 0 0 0
14 9 4 2 31 1 1 0 0 0 10 4 44 14 0 0 O o 0 0 0 0 0O 0 0 0
15 86 38 {7 25 0 1 0 0 0 22 35 135 15 99 70 63 16 16 17 16 16 16 22 60 16
16 5 2 3 68 1 ! 0 0 0 2 2 95 16 3 2 6 26 26 26 26 26 26 1 2 26
17 0 0 0 71 1 1 0 0 0 0 0 48 17 0 0 0 100 99 98 100 100 100 O O 48
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EIGURE 5. Aggregation of thq flow web into a concatenated chain representing the discrete tropic levels and detritus (solid
lines—carbon flows; broken lines—respiration; flows in mgm =2 day ~ ').

dependent upon its own production via cycling path-
ways. These diagonal fractions generally are quite low,
with only a few values equal or greater than 20%
(benthic deposit feeders 20% and sedimented POC
21% in the first stage, pelagic bacteria 22%, and DOC
22% in the second and pelagic bacteria 22%, benthic
deposit feeders 48%, DOC 22% and sedimented

POC 48% in the third). The 48% recycling via the
benthic deposit feeders and the sedimented POC is an
unusually high figure. In fact, it is the largest percent-
age recycle of carbon ever reported. These figures
provide evidence that detritivory progressively
increases with each successive stages. The same evi-
dence is provided by the successive dependencies of
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FIGURE 6. Aggregation of the flow web into a concatenated chain representing the discrete trophic levels, assuming detritus

in the first level (symbols as in Figure 5).

the three detritic compartments upon themselves
(DOC 2%, 9% and 16%, suspended POC 3%, 8%
and 26%, and sedimented POC 21%, 15%, and
48%).

Any web of ecosystem interactions can be appor-
tioned into a straight chain of discrete transfers
(Ulanowicz, 1995) called the ‘ Lindeman spine ’. For
example, if a population obtains 25% of its food from
plants, 60% as a carnivore and 15% as a secondary
carnivore, then its activity would be apportioned over
levels 2, 3 and 4 of the Lindeman spine in the
proportions 5:12:3, respectively. The Lindeman
spines for the three stages all possess the same number
of trophic levels (Figure 5).

Alternatively, one could weight the various path-
ways over which sustenance reaches a given predator
by the number of trophic links in that pathway
to obtain a non-integer ‘ average trophic position’
(Levine, 1980). The predator used as an example in
the last paragraph would feed at trophic level 2-9

(=(0-25 x 2)+(0-60 x 3)+(0-15 x 4)). The highest
average trophic level for any taxon is 3-64 for meso-
zooplankton, despite the fact that some fishes eat
mesozooplankton. Fish diet is primarily based on
detritus and primary producers (first trophic level)
and only marginally on mesozooplankton (third
trophic level). As a result, their average trophic
positions fall substantially below 4.

The highest primary production values are found
at the first stage, which is also when the lowest
detritivory values were measured. The highest detri-
tivory was registered in the third stage. The ratio of
detritivory to herbivory was intermediate in the
first stage (13-19), lowest in the second (7-57) and
highest in the third (20-32). Precisely the opposite
order was revealed in the geometric mean of the
trophic efficiencies (Figure 6). Trophic efficiencies
were moderate in the first stage (11-4), highest in the
second (12-8) and lowest in the third (8:66). Trophic
aggregation analysis confirms our expectation that
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detritivory would be highest in the third stage, a
circumstance which considerably reduces the
averaged trophic efficiency at that stage.

The evolution in the pattern of recycling over the
three ecosystem stages consists of an increase of the
number of simple cycles from the first stage (99) to
the second and third stages (159 and 155). Further-
more, the Finn Cycling Index increases as well
(17-7%, 22:6% and 41-8%, respectively), indicating
that the percentage of cycled matter increases as
switching occurs. Odum (1969) suggested that
mature ecosystems recycle a greater percentage of
material and energy than do pioneer or disturbed
communities. Viewed in this way, the progressive
increase in the Finn Cycling Index would suggest a
maturation of the ecosystem. Ulanowicz (1984), how-
ever, has remarked that perturbed systems also often
exhibit greater degrees of recycling. Ulanowicz and
Wulff (1991) hypothesize that such augmented
cycling in disturbed systems is 2 homeostatic response
that maintains in circulation resources that before the
perturbation had been stored as biomass in the higher
organisms. Looking deeper into the cycling structure,
it can be seen that in all the stages, carbon cycles along
short and fast loops. The average path-lengths of the
system in all three stages are low (2:18, 2-42 and 2-14
_ respectively), and the percentage of matter cycled over
loops of various trophic lengths (Table 4) reveals that
in stage 3, proportionately more matter is cycling over
the shortest cycles, despite the increase in the Finn
Index at that stage (Table 4). This observation sup-
ports the previous indications that the system is
stressed at all three stages and is not maturing.

The evolution of total system throughput (TST)
begins with a smooth decrease between the first and
second stage, followed by a dramatic increase in
the third stage (Table 5). These changes in TST
modulate the variation in development capacity (DC),
the network’s porential for competitive advantage
(Ulanowicz & Norden, 1990), which increases at each
stage, although the informational factor (in bits) does
not change as dramatically. Much the same pattern of
change can be seen in the Ascendency (a unitary
measure of activity and organization), which increases
markedly toward the third stage, due mostly to the
precipitous rise in TST. The positive evolution of
these indices, fuelled as it is by a burgeoning TST
does not, however, reveal ecosystem maturation, but
rather indicates what often happens after the invasion
of a new spatial domain following a major perturba-
tion (Golley, 1974; Ulanowicz, 1997), a scenario that
is consistent with the previous results outlined above.

The degree to which a system realizes its potential
for growth, organization and development is given by
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TABLE 4. Cycle normalized distributions (percentage of
matter cycled through different cycle length)

Cycle length Stage 1 Stage 2 Stage 3
1 0 0 0

2 16-1 16 37

3 0-83 3-92 2:78
4 0-31 221 1-64

5 0-07 0-24 0-08
6 0-28 0-09 0-02 .
7 0-08 0-06 0-02
Total (Finn Index) 17-7 226 418

the ratio A/C (Ulanowicz & Mann, 1981). Highly
organized systems exhibit the tendency to internalize
most of their activity, and thereby to become relatively
independent of exchanges with the external world.
Hence, the ratio of the indices A, and C, (Internal
Ascendancy and Internal Capacity, calculated using
internal exchanges only) is considered to be represen-
tative of a system’s developmental status (Field ez al.,
1989; Mann et al., 1989; Baird ez al., 1991). This ratio
is almost unchanged in the two first stages and rises in
the third, suggesting that the last stage is a better
organized system possessing more internal stability,
which makes it difficult to change its basic structure
via external influences (Table 5).

Conclusions

The ecological study of the disappearance of benthic
producers from Maspalomas lagoon, describes not
merely the senescence of an ecosystem, but also the
development of a new pelagic structure emerges as a
result of the crisis that befalls the benthos.

Part of the trophic development is an increment
in overall detritivory, presumably as a homeostatic
response of the system to retain the organic carbon
released from the previous ecosystem structure. This
large amount of matter is circulated over fast, short
loops in the new structure and in combination with an
increment in pelagic primary production, results in
a high total system throughput. This pattern of
behaviour is consistent with the hypothesis that, at the
beginning, immediately after a system has under-
gone a major destructive perturbation, or when it is
invading a new spatial domain, the initial response of
the system is to augment its activities and biomass at
the fastest rate possible (Golley, 1974). This increase
in system activity, reflected in the significant rise in
TST, also augments the development capacity and
Ascendency, even though no such intense changes are
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TaBLE 5. Information indices. Where TST, DC, A, Overheads, R, Ci and Ai are expressed in
mg C m ™2 day "', between brackets are percentages of the development capacity, finally A/C and

AVCi are adimensional indices

Index

Stage 1 Stage 2 Stage 3
Total system throughput (TST) 13 626 12 264 51 544
Development capacity (DC) 47 840 52 359 192 750
Development capacity (Bits) 351 4-27 3-74

Ascendancy (A)
Overhead on imports
Overhead on exports
Dissipative overhead
Redundancy (R)
Internal capacity (Ci)

19 349 (40-4%)
1522 (3-2%)

2 (0%)

13923 (29-1%)
13 044 (27-3%)
23136

19 854 (37:9%)
1312 (2:5%)
785 (1-5%)
12932 (24:7%)
17 476 (33-4%)
31436

87-047 (45-2%)
1801 (0-9%)

6 (0%)

49 389 (25:6%)
54 327 (28-2%)
128 260

Internal Ascendancy (Al) 10 091 13 960 73935
A/C 0:404 0:379 0-452
A/TST (Bits) 1-42 1-62 1:69
AVCi 0436 0-444 0576
evident in the normalized versions of these indices. and do indicate that the process of eutro-

(The ratio internal Ascendancy/internal capacity does,
however, indicate an increase in the developmental
status during the third stage.)

The drastic changes in the system from stage 1 to
stage 3 appear outwardly to portray the process of
eutrophication, but the changes in whole system
indices do not confirm this conclusion. Ulanowicz
(1986%) has defined eutrophication as * any increase
in system Ascendency due to a rise in total system
throughput that more than compensates for a
concomitant fall in the mutual information of the
flow network.’ Although, the TST does increase
drastically during phase 3, the average mutual infor-
mation (A/TST) of the system does not decrease. It
actually increases from 1-42 bits in stage 1 to 1-69 bits
in stage 3.

The most likely explanation of this phenomenon is a
shift in resources from one subsystem (the benthic) to
another (the pelagic) within Maspalomas. No appre-
ciable resources are being added to the system from
the outside. If one wanted to make the case for
eutrophication, one would have to confine the analysis
strictly to a comparison of the pelagic subsystem
between stages 1 and 3. Overall, however, resources
are simply being transferred from the benthic sub-
system, with its attendant redundancies, to the more
streamlined pelagic subsystem. Eventually, the system
reverses itself and reconstructs the more intricate
benthic community.

The entire cycle is reminiscent of Holling’s (1986)
‘ figure-8° scenario for ecosystern development.
Holling identifies  creative destruction’ as an ele-
ment of almost all ecosystem behaviours. Although
conditions in stage 3 are not aesthetically pleasing

phication may have occurred over a number of
decades, the transition from stages 1 to 3 is not
in itself an example of eutrophication and the indices
confirm this conclusion. In order to establish
that the Charca is a eutrophic ecosystem, it would
be necessary to compare an annual network (that
could be elaborated with seasonal data presented

here) with one that which existed several decades
ago.
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Appendix
Magnitude
Compartment Flux Stage mgCm ™ *day” Source or estimation
Phytoplankton<2 um Primary First 25 Primary production measured by oxygen changes
production  Second 469 (umol O,1 ~ ' hr ™ ') in in situ incubated BOD
Third 785 bottles (Microwinkler titration). Per unit biomass
rates are multiplied by the chlorophyll in <2um
fraction. The flux is expressed as
mg Cm ™~ *day "' considering a photosynthetic
quotient of 1-2 (Parsons er al., 1984), a mean
depth of 1 m and the sunlight hours at each
stage.
Respiration  First 5 20% of primary production (Moshkina, 1961;
Second 94 Parsons er al., 1984; Williams, 1984; Sakshaug
Third 157 et al., 1989; and Baird & Ulanowicz, 1989).
Exudation First 6 25% of primary production (Valiela, 1984; Baird
1-15 Second 117 & Ulanowicz, 1989; and Jorgensen ¢ al., 1991).
Third 197 .
Death First 1 Death rate is assumed to be 9:6% of primary
1-16 Second 45 production (Jorgensen ez al., 1991).
Third 75
17 First 13 By difference, assuming a balanced compartment.
Second 213
Third 357
Phytoplankton>2um Primary First 17 Same as for <2 um phytoplankton, but
production  Second 196 multiplying by the chlorophyll in >2 pm fraction.
Third 1041
Respiration  First 4 Assumed 10 be 20% of primary production
Second 39 (Moshkina, 1961; Parsons er al., 1984; Williams,
Third 208 1984; Sakshaug e al., 1989 and Baird &
Ulanowicz, 1989).
Exudation First 4 25% of primary production (Valiela, 1984; Baird
215 Second 49 & Ulanowicz, 1989, and Jorgensen et al., 1991).
Third 260
Death First 1 Assumed to be 9:6% of primary production
2-16 Second 19 (Jorgensen et al., 1991).
Third 53
27 First 4 Chlorophyll consumption rate was measured by
Second 67 grazing experiments (Landry y Hasset, 1982) and
Third 398 transformed to carbon units using a C:Chl a ratio
of 30 (Antia et al., 1963; Parsons et al., 1984;
and Jorgensen ¢t al., 1991).
28 First 4 By difference, assuming a balanced compartment.
Second 22
_ . Third 122
Ruppia maritima Primary First 2760 Primary production estimations
production  Second 120 (mg0,gdw 'h ') for different coastal lagoons
Third 0 were used (Congdon & McComb, 1979; Evans
et al., 1986, and Menendez & Pefuelas, 1993).
mgC m ™~ 2day ' were calculated on the basis of
biomass estimations, sunlight hours in each
L sampling and a photosvnthetic quotient of 1.
Respiration  First 1512 R is calculated using respiration rates measured
Second 66 for R. mantima (mg O,gdw 'h ') at different
Third 0 production rates (Edwards, 1978).
mgCm ™ ?day ' were calculated from the
estimated biomass, a respiratory quotient=1 and
an homogeneous 24 hour respiration cycle.
Exudation  First 696 Using net production data for R. maritima from
3-15 Second 30 Edwards (1978) an exudation rate of 25-2% of
Third 0 gross production is calculated.
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Appendix continued

Magnitude
Compartment Flux Stage mgCm %day™’' Source or estimation
Ruppia maritima 3-10 First 91 Calculated from consumption to biomass indices
continued Second 8 for Gammarus sp. feeding on R. manitima
Third 0 (Menendez & Comin, 1990). Biomass of
anphypods from direct measurements.
311 First 10 Calculated from a 5% diel consumption to
biomass index (Wootton, 1992). Liza aurata
biomass was estimated by Moreno (1996).
Second 10 Stomach content analysis (Moreno, 1996)
Third 0 showed that benthic producers were 10% of Liza
aurata diet. Ingestion was apportioned between
the benthic producers based on their abundance.
312 First 3 Calculated from a 2:8% diel consumption to
Second 3 biomass index (Wootton, 1992). Benthic
Third 0 producers represent 34% of D. sargus diet
(Moreno 1996). Ingestion is apportioned
between the benthic producers based on their
abundance.
First 5 Calculated from a 9% diel consumption to
Second 0 biomass index (Gibbons, 1989). Biomass
3-4 Third 0 estimated from visual census. R. maritima is
considered to represent 85% of G. chloropus diet.
Death First 446 By difference.
317 Second 2
Third 0
Chara globularis Primary First 151 Calculated multiplying production
production  Second 29 (M Cgdw ™ 'h~ ') data from the literature
Third 0 (Pentecost, 1984) by historical biomass data
(Betancort, 1993) and sunlight hours at each
sampling.
Respiration  First 66 44% of primary production (Haniffa & Pandian,
Second 13 1978).
Third 0
Exudation First 38 25% of primary production (Valiela, 1984; Baird
415 Second 7 & Ulanowicz, 1989; and Jorgensen et al., 1991).
Third 0
First 5 Calculated from a 5% diel consumption to
Second 5 biomass index (Wootton, 1992). Liza auraia
4] Third 0 biomass estimated by Moreno (1996). Stomach
contents (Moreno, 1996) show that benthic
producers represent 10% of L. aurata diet.
Ingestion is apportioned between the benthic
producers based on their abundance.
4-12 First 1 Calculated from a 2-8% diel consumption to
Second 1 biomass index (Wootton, 1992). Diplodus sargus
Third 0 biomass estimated by Moreno (1996). Stomach
contents (Moreno, 1996) show that benthic
producers represent 34 of D Sargus diet.
Ingestion is apportioned between the benthic
producers based on their abundance.
Death First 42 By difference.
4—17 Second 3
Third 0
Cladophora Primary First 40 Calculated multiplying production
production  Second 8 (ugCgdw 'h ') data from the literature
Third 0 (Gordon et al., 1980; Lester er al., 198X and

Dodds & Gudder, 1992) by the biomass and the
sunlight hours in each sampling.
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Magnitude
Compartment Flux Stage mgCm~ *day™! Source or estimation
Cladophora Respiration  First 8 20% of primary production (Dodds & Gudder,
continued Second 2 1992).
Third 0
Exudation First 10 25% of primary production (Valiela, 1984; Baird
515 Second 2 & Ulanowicz, 1989; and Jorgensen et al., 1991).
Third 0
511 First 2 Calculated from a 5% diel consumption to
Second 2 biomass index (Wootton, 1992). Liza aurata
Third 0 biomass estimated by Moreno (1996). Stomach
contents (Moreno, 1996) show that benthic
producers represents 0% of L. awrara diet.
Ingestion is apportioned between the benthic
producers based on their abundance.
512 First 1 Calculated from a 2:8% diel consumption to
Second 1 biomass index (Wootton, 1992), by D. sargus
Third 0 biomass estimated by Moreno (1996). Stomach
contents (Moreno, 1996) show that benthic
producers represent 34% of D. sargus diet.
Ingestion is apportioned between the benthic
producers based on their abundance.
Death First 20 By difference.
517 Second 1
Third 0
Pelagic Bacteria DOC First 255 DOC assimilation was estimated using
assimilation  Second 1326 community respiration measured in oxygen in situ
Third 4715 incubations. Respiration coefficients for
planktonic organisms were obtained from
literature. Bacteria assimilation was adjusted to
equal plankton respiration at the measured
respiration rates. )
POC First 6 Was assumed to be 2-5% of DOC assimilation.
assimilation  Second 33
Third 117
Pelagic Bacteria Respiration  First 104 Obtained from the planktonic community
Second 544 respiration estimations.
Third 1933
67 First 99 By difference, assuming a balanced compartment.
Second 516 Results were always below maximum grazing
Third 1836 capability calculated from grazing experiments
performed as in Landry and Hasset (1982).
Carbon units were obtained using a C:Chl a ratio
of 30 (Antia et al., 1963; Parsons ¢t al., 1984,
and Jorgensen ¢t al., 1991).
6—15 First 44 17% of assimilation (Peterson, 1984).
Second 231
Third 812
Death First 13 5% of asstimilation (Peterson, 1984).
616 Second 68
Third 242
Microzooplankton Respiration  First 35 30% of ingestion (Fenchel, 1982; Peterson,
Second 239 1984).
Third 777
Excretion First 17 15% of ingestion (Fenchel, 1982; Peterson,
7=15 Second 119 1984).
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before about 100 ka. This therefore provides a mini- (Urgeles et al.. 1997). In addition. the availab e

mum age for the collapse. bathymetry indicates that a similar volume has beces:;
A possible means of reconciling the contradictory removed below sea level (Masson. 1996). =
onshore and offshore evidence is to postulate the =
occurrence of two lateral collapses: one largely sub- _—

aerial and occurring about 130 ka ago. and the other 4. Discussion and conclusions &
affecting the seaward parts of the lava platform built _ 2

up within the embayment. and also the submarine
i slope of the island down to considerable depths. This
| latter event. that may have taken place between 17
ka and 9 ka. would thus be the one that produced the
megaturbidite b. This sequence of events is sum-
marised in Fig. 9.

The age constraints are thus consistent with both
collapse events occurring in periods of low sea level
stands (glacial maxima) during the Riss and Wurm
glaciations. respectively. and /or with the post-gla-
cial rises in sea-level. This is consistent as well with
the inference of Weaver et al. (1992) that megatur-
bidites in the Madeira abyssal plain occur at isotope
stage boundaries coinciding with changing sea-level
(Fig. 10).

The volume of subaerial material removed in the
formation of the El Golfo embayment is at least 180
km*. taking into consideration that the likely original
height of the edifice may have exceeded 2000 m

Giant gravitational landslides are a common fo.™
ture in the Canary Islands, as in the other inlraplau—
hotspot-induced oceanic volcanoes in the world. Thetss
can be readily idenufied in the youngest. shield-stagess
islands of Tenerife. La Palma and El Hierro biss
means of onshore and offshore observations.

Giant landslides are a natural process that helps
restore gravitational stability to steep volcano slopes,
In contrast 10 the Hawaiian islands and most of lht_-
oceanic volcanoes. subsidence is not comparativel:-
significant in the Canaries. Consequently. these 13==
lands have an extended geological life of over 2=
Ma, that ends by the joint action of catastrophit=s
mass-wasting (in the earliest. most active shielims
stages) and erosion. -

More than half of the total subaerial volume 01_.
the western islands (La Palma and El Hierro) has
been removed by giant landslides and erosion in the
past million years. The precise calculation of thes
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volumes is difficult. A consequence of this is that the
evaluation of the eruptive rates in the islands is also
subject to significant uncertainty.

The island of El Hierro has been affected at least
by three successive giant landslides and an old
aborted gravitational flank collapse. The combined
volume of those collapses (estimated at about 400-
500 km*) considerably exceeds the present subaerial
volume of the island (about 140 km*).

La Palma may have had two giant landslides.
although the existence of the older one has not as yet
been unambiguously verified. Both affect the north-
ern, Plio-Quaternary Taburiente shield-volcano. The
last one (the Cumbre Nueva giant landslide) took
place at about 560 ka and involved a volume possi-
bly exceeding 200 km®. Since then. the Taburiente
shield became extinct and eruptive activity concen-
trated in a predominant N-S-trending rift (the Cum-
bre Vieja volcano).

The Cumbre Vieja volcano is very steep and may
be unstable (Day et al.. 1999-this volume). Its west-
ern flank may rest on the Cumbre Nueva collapse
scarp if this feature extends to the south end of the
island. as suggested by the disposition of the summit
of the volcano. A long (up to 3 km), arcuate zone of
en echelon faults developed in the 1949 eruption at
the summit of the Cumbre Vieja volcano (Bonelli.
1950: Carracedo. 1994). The possibility that these
faults may indicate that the unstable block has al-
ready started to move is being monitored by seismic
and geodetic techniques (Moss and McGuire, 1997).

A feature that may prove to be interesting is the
apparently coupled development of La Palma and El
Hierro during the Quaternary. Although still specula-
tive. there seem 1o be periods of simultaneous rapid
growth in both islands in an “‘on-off’" sequence.
apparently linked to the occurrence of catastrophic
landslides (Carracedo et al.. 1997e). Precise geo-
chemical investigations. especially isotopic, are re-
quired to clarify whether both islands have a com-
mon magmatic source that can alternatively feed
volcanoes in both islands following massive col-
lapses.
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Growth and reproduction of the dolphinfish
(Coryphaena equiselis and Coryphaena hippurus) in
the Canary Islands, Central-East Atlantic
(preliminary results)*
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SUMMARY: The size, growth and spawning characteristics of

caught off the Canary Islands between May and September 1995 and between July and _

(FL) of mdolphin was in the range 28.3-62.8 cm. In 1995, the mean increased significantly ffom
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June 10 in 1996, the mean

dolphin (N=1350) and common dolphinfish (N=36)
September 1996 were examined.

, longth was significantly larger in Jul
length-weight relationship was W=0.0287*FL2™ (r=0.97). while t relation
Ws0.031*FL2™ (r=0.98) and Wx0.0282°FL2™ (r=0.97), for males and females respectively. Spe
beginning of the Summer {June-July). Al the individuals obtained showed developi but

sex were as follow':
takes place at t
showed a high-

ng
er gonadosomatic index (GSI) than males. The highest GSI values were obtained in June (£ =3.1021.73), and decreased pro-

m:d towasds the end of the season (

). when the average of this index was £ = 1.8620.87. Similarly, the con-

decreased si tly from June to September. The proportion of females was always significantly higher than

‘ w‘xeopunlulyl when it was 1:1. There was a high corres, nce between

h rates determined by annuli

jon and modal progression analysis. According to scale annuli interpretation, the individuals caught showed
more than five age classes. However, there are doubts about age assignation from scales. Fork length of common dolphin-

fish was in the of 76.5-103.0 cm. The length-wei

W=0.00095FL 5" (rw0.96), while these relationships

ht relationships obtained for all the 9sapecimens caught was
y sex were as follows: Wu0.00398FL>32 (w0.94) and

Wu0.01656FL2 (rw0.91), for males and females respectively. Spawning g;lbn?lry ul:cs place at the beginning of the Sum-
of females were

mer. All the individuals obtained showed developing

, although the

higher than mhm

es1 GS! values were obtained in June (£ =5.5052.17). In the same way, the condition index decreased from May to June.
proportion of females was always slightly higher than males (1:1.4). but the ratio was not significantly different from 1:1.

Key Words: Coryphaena equiselis, Corvphaena hippurus, growth, reproduction. Canary Islands.

INTRODUCTION

Coryphaena is the only genus in the
Coryphaenidac family and is made up of two
species, Coryphaena hippurus (Linnaeus, 1758) and

*Received October 28, 1997. Accepted October 8. 1998.

Coryphaeana equiselis (Linnaeus, 1758). According
to Collette (1981) and Paiko et al. (1982). C. equi-
selis is differentiated from C. hippurus by the fact
that the adult of the pompano dolphin has a body
depth of over 25% the standard length, and that the
tooth patch on the tongue of C. hippurus is smaller
and oval in comparison with the broader and square
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tooth patch of the C. equiselis. There are also differ-
ences in the number of rays on the different fins of
both species, although their ranges overlap. In view
of these distinctive characteristics, it might seem
that these two species would be easy to distinguish,
however they are not. During the CORY programme
financed by the Commission of the European Com-
munities (D.G. XIV), we were only able to segregate
them using a genetic marker (Morales-Nin er al.,
1995, Pla and Pujolar, 1999), because none of the
morphological characteristicss allowed for quick
and reliable recognition.

Coryphaena hippurus grows very quickly and its
maximum longevity has been estimated at four years
(Beardsley, 1967; Oxenford and Hunter, 1983:
Uchiyama et al., 1986). Morales-Nin er al. (1995)
from otoliths, reported that fish of 55 cm of FL,
caught off Majorca, were 176 days old, and from
scales, found that specimens of C. hippurus, caught
off the Canary Islands within a range of between 76
to 103 cm FL, were two and three years old. How-
ever, there is no data relating to the longevity of C.
equiselis although, according to Palko et al. (1982),
the life span is believed to be shorter than for that of
C. hippurus. However, Morales-Nin er al. (1995)
found that specimens of C. equiselis, within a range
of between 32 to 52 cm FL, were spread over four
year classes. This fact indicates that the pompano
dolphin has a slower growth rate and greater life
span than the common dolphinfish.

Coryphaena hippurus is a circumtropical ocean-
ic pelagic species that is common in waters of the
Atlantic, Pacific and Indian Oceans (Briggs, 1960;
Beardsley, 1967; Rose and Hassler, 1968; Johnson,
1978), and is generally restricted by the 20°C
isotherm (Gibbs and Collette, 1959). C. equiselis
generally inhabits open waters, and less frequently
occurs in coastal waters. There is little information
with respect to its geographical distribution, but it is
probably distributed in more tropical and subtropical
waters than C. hippurus (Collette, 1981), but is gen-
erally not found in waters with surface temperatures
lower than 24°C (Mather and Day, 1954). In the East
Atlantic, common dolphinfish have been observed
from the Gulf of Biscay to SouthAfrica
(Shcherbachev, 1973), and are also frequent in the
Mediterranean (Massuti and Morales-Nin, 1995).
However, pompano dolphin have been observed
from the Azores to Senegal (Palko et al., 1982).
although their range is not known to any degree of
exactitude because sometimes they are confused
with C. hippurus. They have also been reported in
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the Mediterranean sea (Shcherbachev, 1973),
although they could possibly be confused with the
juvenile of the common dolphinfish (Massuti et al.
1997). C. hippurus has occasionally been observed
in coastal waters (Johnson, 1978) and during the
Summer of 1995, we observed several common dol-
phinfish swimming into the port of Arguineguin
(Gran Canaria), at only 2-4 m depth.

Dolphinfish are abundant in the waters of the
Canary Islands, although the volume of commercial
catches of these species is not large. There are three
reasons which may explain these low catches. The
first is cultural. In some islands, and especially
among the fishermen, these species are known by
the local name of *“‘corpse eater” mainly as a result
of their tendency to aggregate under floating objects
(Fedoryako, 1988), including corpses. The second
reason for low catches, relates to the absence of a
large scale marketing and distribution network for
these species beyond the insular markets. All catch-
es of dolphinfishes are currently sold fresh to local
restaurants or to the local market, whose capacity
level is very limited. Thirdly, the seasonal presence
of the skipjack tuna (Katsuwonus pelamis), coin-
cides with that of the Coryphaena species in Canary
waters, strongly depressing the potential catches of
dolphinfish. This results from the fact that skipjack
has a well structured marketing network and is
exported to foreign markets (i.e. Japan) so that the
coastal fishing fleet is exclusively devoted to fishing
tuna. So, dolphinfish are only taken by tuna boats as
by-catch.

The aim of the present paper is to report the first
information on growth and reproduction of
Coryphaena equiselis and C. hippurus in waters off
the Canary Islands.

MATERIAL AND METHODS

A total of 150 specimens of pompano dolphin
and 36 specimens of common dolphinfish were
obtained from commercial catches off Gran Canaria
(Canary Islands) between May and September 1995
and between July and September 1996. Fish samples
were caught by the artisanal tuna fleet using live
bait. Examination of the samples was undertaken
immediately after landing. Each fish was measured,
to the nearest millimetre, for fork length (FL), stan-
dard length (SL), distance to the anal fin (AL), dis-
tance to the ventral fin (VL), distance to the pectoral
fin (PL), distance to the dorsal fin (DL), cephalic
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metric measurements taken for Coryphaena equiselis and Coryphaena hippurus: Total length (TL); fork length (FL); stan-

dard length (SL); distance to the anal fin (AL), distance to the ventral fin (VL): distance to the pectoral fin (PL); distance to the dorsal fin
(DL): cephalic length (CL): opercular height (OH); and anal height (AH).

length (CL), opercular height (OH) and anal height
(AH) (Fig. 1). The total weight (W) and the eviscer-
ated weight were also recorded to the nearest 0.1 g.
The gonads and the liver were weighed to the near-
est 0.01 g. The sex and stage of maturity of each
specimen were ascertained from head morphology
and by macroscopic observation of the gonads, fol-
lowing the classification proposed by Holden and
Raitt (1975) (1, immature; II resting; III, ripe; IV,
running ripe; V, spent). The gonadosomatic index
(GSI) was calculated as GSI=100GW/W (Anderson
and Gutreuter, 1983), and used to determine the
spawning season.

All fish sampled were genetically analysed
with protein electrophoresis technique using 11%
starch gel. Tissue extraction, electrophoresis and
procedures for visualizing proteins generally fol-
lowed the methods outlined in Acbersold et al.
(1987) with minor modifications (Garcfa-Marin et
al., 1991).

'Ithe length-weight relationship was established
by linear regression, using logarithm values. The
relative condition factor (Kn) was calculated as
Kn=100W/TW, where TW is the estimated weight
of fish of the same length, derived from the length-
weight equation (Anderson and Gutreuter, 1983).

Morphometric relationships between FL, taken
as an independent variable, and each of the remain-
ing variables taken as dependent variables, were cal-
culated in the following way: YU.aiFLjN' where FL
is the fork length of individual j, Y is the i variable

of individual j and a, and b, are the parameters of the
relationship between fork length and variable i. Cal-
culations were carried out using logarithmic values.

Statistical analyses were carried out with CSS
statistic software (StatSoft, Inc.).

Growth rates were determined by modal progres-
sion analysis of length frequency distributions
obtained in 1995 and 1996. These were fitted at the
95% confidence level by the computer programme
NORMSEP (Hasselblad, 1966) included in the
FISAT software (Gayanilo et al. 1994).

RESULTS
Sample composition

Pompano dolphin sampled ranged in size from
28.3 t0 62.8 cm FL, and weighed between 292 and
2810 g. The length of females ranged from 28.3 to
57.9 cm FL and the weight ranged from 292 to 2184
g. Males ranged from 29.2 to 62.8 cm FL and from
352 to 2810 g in weight. The length distributions in
1995 and 1996 were significantly different
(ANOVA, F=21.85, P<0.0001; Table 1). The 1995
sample ranged from 32 to 52 cm FL and in 1996.
from 28 to 63 cm FL (Fig. 2). In 1995, the mean
length increased significantly from June to Septem-
ber (ANOVA, F=3.824, P=0.014). In 1996 the mean
length was significantly larger in July than in Sep-
tember (ANOVA, F=49.838, P<0.001; Table 1).
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TABLE 1. - Number (N) of Coryphaena ?:inli: and Cory,
(X), siandard

phaena hippurus measured each moath during 1995 and 1996, mean fork length

viation (SD), and length range (MINimal and MAXimal fork length).

1995 1996
JUN JUL AUG SEP TOTAL JUL AUG SEP TOTAL
Coryphaena equiselis N 22 14 14 14 64 40 - 46 86
X 419 376 41.6 43.1 41.1 40.7 . 340 371
SD 05.3 04.6 04.3 03.2 049 055 - 03.1 05.5
MIN 320 317 35.0 380 31.7 316 - 28.3 283
MAX 52.2 47.1 9.5 49.5 52.2 6238 416 62.8
MAY JUN TOTAL
Coryphaena hippurus N 10.0 25.0 35.0
X 88.3 86.1 86.8
SD 10.3 07.3 08.1
MIN 76.5 770 76.5
MAX 103.0 99.5 103.0

Common dolphinfish measured ranged in size
from 76.5-103.0 cm FL (Fig. 2), weighing between
3368 and 13718 g. The length of females ranged
from 76.5 to 99.0 cm FL and weight from 3368 to
9800 g. Males ranged from 80.5 to 103.0 cm FL and
from 5600 to 13718 g in weight. During 1995, 35
individuals were sampled, but in 1996 only one
spent female (91.0 cm FL) was sampled. The mean

10

Coryphaena equiselis 1906

»

N

Coryphaena hippurus

Coryphaena equiselis 1908

Number of Observations

ozsaosswusosscocsnnnnwows
Fork length

FiG. 2. - Length-frequency histograms for dolphinfishes caught in
e 1995 and 1996. .
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length did not increase significantly from May to
June (ANOVA, F=0.552, P=0.462). Females did not
increase in length (ANOVA, F=0.727, P=0.405), but
males did (ANOVA, F=9.280, P=0.0094; Table 1)
during the same period.

Growth

For pompano dolphin, the modal progression
analysis shows the existence of four (y* = 72.812,
df=9, P<0.05) and five size classes ((3=62.904,
df=10, P<0.05) in 1995 and 1996 respectively
(Table 2). There was a high correspondence between
annuli scale interpretation and the modal progres-
sion analysis for the individuals caught in 1995
(Mann-Whitney U-test, U=14.0, Z=-0.57, P=0.57),
and also for the individuals caught in 1996 (Kruskal-
Wallis ANOVA, H=2.04, P=0.36) (Table 2).

For common dolphinfish, the modal progression
analysis shows three age classes (x*=99.334, P<0.05)
(Table 2). There was also a high correspondence
between modal length classes and the half year class-
es (Observed vs. expected x%= 0.149, P<0.93).

Relative growth

Length-weight relationships were calculated sep-
arately for females, males and all fish (Table 3).

For the pompano dolphin, analysis of variance
showed no significant difference between the length
(ANOVA, F=0.652, P=0.42) and weight distribu-
tions (ANOVA, F=1.226, P=0.269) of the two sexes.
Analysis of covariance indicated no significant dif-
ferences in the length-weight relationships between
the two sexes (ANCOVA, F=1.229, P=0.27). The
slopes of the length-weight regressions indicated
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TABLER 2. - Size-at-age data derived from scale annuli inmpmmon by Morales-Nin eral. (1995) and its comrespondence with the size ps
(mean length and standard deviation) obtained from the modal progression analysis of the size distribution of Coryphaena equiselis and
Coryphaena hippurus caught in | I.Ild 1996.

Age Size at age Modal Progression Analysis
(years) (Morales-Nin et al., 1995) 1995 1996

Coryphaena equiselis 1.0 27.5£0.3

1.5 320 319208 31.0x14

20 37.123.3 35.020.6 35.0x2.1

2.5 38.524.5 37.721.8 39.8x1.8

30 41.224.7 42.622.4 -

5 43.224.1 - -

40 46.3 - 45.0£0.5

4.5 50.0 50.120.8 -

Plus - - 58.0-63.0

Coryphaena hippurus 20 81.0:4.0 78.822.0

25 81.5£3.7 -

30 88.728.1 87.5¢3.3

33 98.623.8 96.623.6

TaBLE 3. - Parameters of the allometric relationships of Coryphaena equiselis and Coryphaena hippurus (Interval at the 95% confidence level).

Males Females All Fish

a b R Interval 3 b R Interval a b R Interval

C. equiselis w 003 276 098 (2.59-2.92) 003 278 097 (2.63-2.90) 0.03 277 097 (2.67-2.88)
SL 099 098 0.99 (0.95-1.00) 1.0S 097 098 (0.93-1.00) 1.03 097 0.99 (0.95-1.00)

DL 033 080 0.84 (0.65-0.94) 044 073 085 (0.63-0.83) 040 075 0.84 (0.66-0.82)

AL 0.11 089 098 (0.84-0.95) 069 0.89 0.87 (0.78-0.99) 008 088 0.89 (0.80-0.95)

VL 045 089 095 (0.81-097) 036 085 094 (0.77-0.90) 0.39 0.86 0.94 (0.81-091)

PL 055 094 096 (0.86-1.01) 055 054 095 (0.88.1.00) 055 094 0.9 (0.89-0.98)

CL 049 087 096 (0.81-094) 046 086 095 (0.80-091) 048 087 0.9 (0.82-0.91)

OH 084 1.15 0.89 (1.04-1.26) 089 1.14 0389 (1.06-1.26) 092 1.16 085 (1.08-1.24)

AH 068 1.04 0385 (0.89-1.19) 069 1.04 089 (0.94-1.14) 0.73 1.07 0.87 (0.98-1.16)

C. hippurus w 0.004 3.22 094 (2.66-3.78) 002 287 091 (2.15-3.58) 0.001 353 0.9 (3.13-3.92)
SL 0.10 1.04 099 (0.89-1.09) 001 099 099 (0.87-1.11) 000 099 099 (0.94-1.03)

DL -1.37 1.26 0.84 (0.78-1.7%) 023 065 041 (-0.43-1.73) 1,77 146 090 (1.03-1.88)

AL 038 104 098 (0.76-1.32) 026 099 0.87 (0.78-1.20) 003 084 095 (0.70-097)

vL 0.183 075 085 (0.36-1.14) -1.34 135 0.83 (0.67-2.03) 065 099 0.89 (0.74-1.24)

PL 0.21 0.77 0.86 (0.52-1.01) 060 096 095 (0.38-1.53) 087 110 094 (0.87-1.32)

CL 048 088 0.76 (0.65-1.10) 080 104 0.76 (0.64-1.43) 073 1.00 097 (0.86-1.13)

OH -1.18 1.28 081 (0.72-1.83) 0.72 101 0.57 (0.40-1.61) 201 169 093 (1.34-2.03)

negative allometric growth in both sexes. There
were significant differences between the mean oper-
cular height (ANOVA, F=10.318, P=0.002) and
mean anal height (ANOVA, F=9.094, P=0.003) of
the two sexes. The mean cephalic length was larger
in males than in females, although not significant
(ANOVA, F=1.901, P=0.17). Analysis of covariance
only indicated significant differences in the relation-
ships between the CL-FL (F=4.707, P=0.03), FL-
AL (F=19.58, P<0.001), FL-OH (F=57.922,
P<0.001) and FL-AH (F=14.015, P<0.001) of the
two sexes. Negative allometric growth was found in
the relationships between FL and all the other vari-
ables, except with AH which behaved isometrically.
and with OH which showed a positive allometric
growth (Table 3).

For the common dolphinfish, analysis of vari-
ance showed significant difference between the
length (ANOVA, F=20.199, P<0.001) and weight
distributions (ANOVA, F=30.84, P<0.001) of both
sexes. The slopes of the length-weight regressions
indicated positive allometric growth. Positive allo-
metric growth was found in the relationships FL
versus DL and OH. Isometric growth was found in
FL versus SL, VL, PL and CL. Negative allometric
growth was only found in the relationship FL ver-
sus AL (Table 3).

The relationships between the body height (OH
and AH) and the body length (FL or SL) did not
show a clear lower limit as proposed by Collette
(1981) which could be used to differenciate
Coryphaena equiselis from C. hippurus (Tabie 5).

GROWTH AND REPRODUCTION OF DOLPHINFISHES 321

itn realizada por ULPEC. Biblioteca Universitaris, 2009

0, los autores. Digital

©Del



TABLE 4. -~ Mean values and range of variation of zomdocomnic index (GSI) and relative condition factor (Kn) per month, for females

and males of Coryphaena equiselis and Coryphaena hippurus.
' Males ' Females
N GSI Kn N GSl Kn
X range X range X range X range
Coryphaena equiselis —
1995 JUNE 5 1.11£0.18 0.92-1.41 1.04£0.07 0.91-1.09 17 3.6821.53 0.95-6.28 1.02£0.07 0.87-1.09
JULY 6 1.10£0.32 0.83-1.68 0.99£0.05 0.94-1.07 8 3.1021.70 0.93-6.07 0942008 0.82-1.14
AUGUST 3 0.9620.25 0.64-1.14 0.95£0.05 0.90-1.01 11 3.35£0.62 2.174.09 099£0.12 0.66-1.12
SEPTEMBER § 1.04£0.13 0.83-1.16 0.94£0.05 0.86-1.00 9 232+074 093-3.43 0.92:0.09 0.77-1.01
TOTAL 19 1.05£0.23 0.64-1.68 0.9820.07 0.86-1.09 45 3.2221.32 0.93-6.28 0.97£0.10 0.66-1.14
1996 JULY 22 1.54£0.64 0.58-3.51 1.54:0.08 0.93-1.21 18 3.7920.77 2.50-5.20 1.06£0.06 0.94-1.18
SEPTEMBER 13 0912035 0.40-1.91 0.99£0.07 0.87-1.10 33 1512074 042-3.15 0.97:0.06 0.97-1.08
TOTAL 35 1.29:0.62 0.40-3.51 1.04:0.08 0.87-1.2} St 2322133 042-520 1.00:007 0.79-1.18
Coryphaena hippurus
1995 MAY 4 1.47£0.10 1.35-1.57 1.1320.09 1.14-1.25 6 497£1.20 3.29-6.46 0.90:0.10 0.76-1.03
JUNE 10 1.5320.63 1.14.2.26 1.03£0.07 0.94-1.16 12 5.78£2.17 3.81-8.30 0.90:0.07 0.81-1.01
TOTAL 14 1492037 1.14-2.26 1.06£0.08 0.94-1.25 18 4.81£2.23 3.21-8.30 0.90:0.08 0.77-1.03

Only the relationship between SL and AH showed
an average similar to the 25% reported by Collette,
but its range (22.4 to 29.9 %) did not allow us to use
it as a valid and definitive criteria-of identification.

Sex ratio

Of the total number of pompano dolphin exam-
ined, 96 were females (45 in 1995 and 51 in 1996)
and 54 were males (19 in 1995 and 35 in 1996).
The overall ratio of males to females was 1:2 and
the proportion of females was always significantly
higher than males () observed vs. expected=
88.97; P< 0.001), except in July 1996 when it was
1:1. Females predominated (1:2) in size intervals
lower than 45 cm FL, while in larger size intervals
the proportion between males and females was
1:1.

Common dolphinfish sampled were 21 females
(20 in 1995 and | in 1996) and 15 males (all sam-
pled in 1995). The overall ratio of males to females
was 1:1.4 and the proportion of females was always
higher than males (1:1.5 in May and 1:1.3 in June).
Females predominated in size intervals lower than

85 cm FL, while in size intervals larger than 90 cm
the males predominated.

Spawning period

During the sampling periods, ovaries and testes
of both species were well developed with all the
individuals in the stage III of the scale of Holden and
Raitt (1975). We did not find any specimens in
stages IV or V.
~ The monthly GSI values of females of pompano
dolphin were usually higher than those of males
(Table 4). In 1995, the highest values of the GSI in
both sexes ocurred between June and July, with a
peak in June for females and July for males. In 1996,
the maximum GSI for both sexes was recorded in
July. However, there were no samples in June and
August of that year (Table 4). In 1995, the GSI
decreased, from June to September in both sexes
(Kruskal-Wallis ANOVA; H=7.39, P=0.06 in
females and H=1.01, P=0.79 in males). The mean
Kn showed a peak during July, while the lowest was
observed in September for both sexes (Table 4). In
1996, Kn followed a similar pattern as in 1995

TABLE 5. - Mean ratio (%). standard deviation (SD) and ranse in the % ratios, between the fork length (FL) or standard length (SL) and the

body height measured at the level of the operculus (

H) or at the anus (AH), in females and males of Coryphaena equiselis.

OH/FL AHFL OH/SL AH/SL
% SD range % SD  range % SD range % SD runge
Males 228 130 19.6-25.7 243 148 21.9-280 244 147 210282 259 1.72 231299
Females 21.2 1.24  17.9-249 233 101 21.0-254 225 132 199-263 246 1.00 224272
Total Fish 218 1.50 179-25.7 23.7 134 21.1-280 232 164 199-28.2 25.1 155 224-299
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(Table 4). In 1995, Kn decreased from June to Sep-
tember in both sexes but it was only significant in
females (Kruskal-Wallis ANOVA; H= 9.90;
P=0.02).

The monthly GSI values of females of common
dolphinfish were usually higher than that of males
(Table 4). The highest values of the GSI in both
sexes ocurred in June. The GSI increased, although
not significantly, from May to June in both sexes
(Kruskal-Wallis ANOVA; H=0.24, P= 0.62 in
females and H=0.50, P=0.48 in males). There were
no significant variations in Kn values during both
months (Table 4).

DISCUSSION

Off the Canary Islands, captures of Coryphaena
hippurus and Coryphaena equiselis are reported
together as “dorados”. The data series of dolphinfish
species landed in the port of Mogén (Southwest of
Gran Canaria) from 1981 onwards, is very irregular
and shows an abundance peak catch in Summer and
a slough in January-April. During 1995 and 1996,
catches of C. equiselis were more frequent, espe-
cially from June to September. However, C. hippu-
rus seems to be more abundant during May and
June. Nevertheless, Coryphaena species are caught
almost all the year round, although the majority of
captures outside of the normal fishing season are
reported by long-liner or sport fishing. On 15th June
1994, a fishing vessel reported a capture of over 3
tons, caught under a drifting object off the east coast
of Gran Canaria. Daily captures of 1030 Kg and 760
Kg per boat were reported on 27th October and 19th
November 1994 respectively, but in any case it was
not recorded which species of dolphinfish was cap-
tured nor the length range. In 1994, the average
catch per day per boat was 223.1 Kg, while in 1995
it decreased to 99.8 Kg. Catches in 1996 and 1997
were negligible. The low rates of capture between
years are caused, among other factors, by the total
lack of commercial network for these species
beyond the insular markets, and the strong market
for skipjack tuna, in the same season and fishing
ground.

Pompano dolphin and common dolphinfish
caught in the Canary Island waters reveal an unbal-
anced sex ratio in favour of females. However, in
pompano dolphin in the size intervals of over 45 cm
fork length, the sex ratio was 1:1, and in the case of
common dolphinfish, in size intervals larger than 90

cm, the males predominated. This may be due to a
different life-span for both sexes, with a higher mor-
tality rate in females than in males when larger in
size. However, unbalanced sex ratios in dioecious
species is extremely rare, and it is probably safer to
assume that the sex ratios observed were a conse-
quence of sampling caused by differences in the
behaviour (and hence in catchability) of males and
females, and of fish of different sizes, as has been
reported for common dolphinfish (Rose and Hassler,
1974; Gibbs and Collette, 1959; Beardsley, 1967).
Differential growth rates for both sexes of common
dolphinfish, with adult males larger than females of
the same age (Kraul, 1999), also should be consid-
ered as another motive for unbalanced sex ratio
according to the size class.

Adult males of the dolphinfish species develop a
bony crest on the front of head (Collette, 1981).
Shcherbachev (1973) noted that sexual dimorphism
in the pompano dolphin is noted only at a length of
more than 35 cm SL and at smaller sizes, males and
females are externally indistinguishable, while male
common dolphinfish start to develop the bony crest
at approximately 40 cm FL (Beardsley, 1967). We
did not find differences in the cephalic length
between males and females of C. equiselis for the
overall length range measured. However, the analy-
sis of covariance indicates that there are significant
differences in growth of the head with the body
length of the two sexes. Both sexes also differ mor-
phometrically in that males have a greater body
depth than females.

While the slopes of the length-weight relation-
ships of common dolphinfish were allometrically
positive, these indicated a negative allometric
growth in both sexes of pompano dolphin. That is to
say, contrary to what occurs with the common dol-
phinfish, pompano dolphin increase more quickly in
length than in weight during growth. Positive allo-
metric growths were only found in the relationships
between fork length and opercular height and anal
height in both sexes of pompano dolphin. However,
in common dolphinfish, the dorsal part of the body
and body height of males show a positive allometric
growth, the posterior region (opercular, pectoral and
ventral lengths) grows isometrically. while the anal
region shows negative allometric growth. This could
be related to a progressive bend of the dorsal region
of the body and the development of the bony crest
on the front of the head in the adult males (Collette,
1981). Females did not show this positive allometric
growth in the dorsal region. Positive allometric
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ratios were found in the relationships between fork
length and height in both sexes.

Individuals caught of both species were normal-
ly adults. The modal progression analysis of the size
distribution of pompano dolphin in 1995 shows four
age classes. Morales-Nin et al. (1995), from scale
annuli interpretation of 66 of these individuals,
found four age classes which correspond to between
1.5 to 4.5 years old (Table 2). According to this, in
1996, four age classes were also recorded and anoth-
er age class made up of two individuals of 58 and 63
cm. The high correspondence between modal length
classes and the half year classes suggests that the
population of pompano dolphin is made up of two
cohorts each year, as a consequence of two separate
and well-defined recruitment periods. On the other
hand, the modal progression analysis of the size dis-
tribution of common dolphinfish caught in 1995
shows four size classes. Morales-Nin et al. (1995),
from scale annuli interpretation of 17 of these indi-
viduals, found two age classes which correspond to
between 2 to 3.5 years old.

Uchiyama et al. (1986) using age from daily
increment on the sagitta otoliths, reported that
Coryphaena equiselis appeared to grow as rapidly as
C. hippurus during the first four months, then grew
at a slower rate. Pompano dolphin also reached sex-
ual maturity at about four months (Uchiyama et al.,
1986). Growth checks on scales due to spawning or
migrations (Summerfelt and Hall, 1987) could bias
annuli scale interpretation if validation has not pre-
viously been carried out.

Spawning of the pompano dolphin in the Canary
Islands area takes place at the beginning of the Sum-
mer (June-July). All the individuals obtained showed
ripening gonads, although the highest GSI values
were obtained in June-July and decreased progres-
sively towards the end of the season. The Kn
decreased in the same way, indicating a weight loss
toward the end of the season, probably due to spawn-
ing. Common dolphinfish spawn in surface waters.
Their reproductive season is extensive with frequent
multiple spawning (Johnson, 1978; Massutf, 1997).
Due to the scarce number of fish sampled, it is diffi-
cult to specify the spawning season of the common
dolphinfish off the Canary Islands. However, this
probably takes place at the beginning of the Summer.
The highest values of the GSI were obtained in June,
coinciding with the lowest Kn values.

The results obtained during this study are regard-
ed as preliminary due to the small number of indi-
viduals analysed. Large numbers of specimens are
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required in order to confirm the trends shown over
the data reported in this paper.
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Fish associated with fish aggregation devices off the
Canary Islands (Central-East Atlantic)*

J.J. CASTRO, J.A. SANTIAGO and V. HERNANDEZ-GARCIA

Departamento de Biologfa. Universidad de Las Paimas de Gran Canaria, Apdo. 530, Las Paimas de Gran Canaria,
Canary Islands, Spain. E-mail: josejuan.castro@biologia.ulpgc.es

SUMMARY: Sixteen fish aggregation devices (FADs) were deployed in 50 to 500 m deep of water in the Canary Islands.
Species composition and abundance were determined by visual census carried out by divers on 55 occasions from April to
October 1995 and from August 1996 10 May 1997. A total of 15 species representing nine families of fish were observed.
Pseudocarunx dentex (Bloch and Schneider, 1810), Seriola spp. and Naucrates ductor (Linnaeus, 1758) were the most abun-
dant species. The number of species associated with FADs increased with immersion time. but fish biomass did not increase.
The maximum number of fish species registered exactly under the FADs at any one time was five. The average estimated
biomass was 9.47 Kg per FAD (SD= 25.2). However, when only baitfish were taken into account, the mean aggregated fish

' biomass was 3.20 Kg (SD= 4.32). The estimated biomass was higher when Coryphaena spp. was present, increasi:J t0 53.9
Kg per FAD (SD=53.6). A significantly lower fish biomass and number of species was observed in FADs deployed in shal-

lower waters (50- 100 m depth).

Key words: FADs, Fish assemblages, floating structures, artisanal fisheries, Central-East Atlantic.

INTRODUCTION

The tendency of fish to aggregate around floating
objects has been known for some time (Mortensen,
1917; Uda, 1933; Kojima, 1956; Galea, 1961:
Hunter, 1968). The first commercial fish aggrega-
tion devices (FADs) were deployed in the waters of
the Philippines in the early 1970s (Kihara, 1981) to
attract Thunnus albacares (Bonnaterre, 1788). Due
to the success of FADs in aggregating fish, these
have come to play an important role in the commer-
cial, subsistence, and recreational fisheries of all the
tropical and sub-tropical oceans of the world (Pol-
lard and Matthews, 1985; Frusher, 1986; Wilkins
and Goodwin, 1989; Biais and Taquet, 1990; Hol-

Received Junuary 20. 1998. Accepted January 21, 1999.

land et al., 1990; Buckley and Miller, 1994; Fried-
lander ef al., 1994; Higashi, 1994; Kitamado and
Kataoka, 1996).

This fishing method has most specifically been
used in Jarge scale commercial tuna fisheries over
the last three decades and has given a higher yield of
fish (Greenblatt, 1979; Fontenecau, 1992). The
method yields an average catch of 40 tonnes of tuna
per fishing operation around flotsam in comparison
with 20 tonnes for free schools (Fonteneau and Hal-
lier, 1993). Sometimes up to 200 tonnes of tuna have
been harvested in a single fishing operation (Sacchi,
1986).

The first studies designed to ascertain the mech-
anisms leading to aggregation under floating objects
were carried out by Gooding and Magnuson (1967)
and Hunter and Mitchell (1967). Subsequent to
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these, there have been many more including those
by Greenblatt (1979), Matsumoto e? al. (1981), de
Silva (1982), Myatt and Myatt (1982), Beets (1989),
Buckley et al. (1989). Four methods have been used
to study the fauna associated with flotsam: 1. direct
observation (Rountree, 1989; 1990; Parin and Fedo-
ryako, 1992); 2. use of fishing (Hunter and Mitchell,
1967; Massutf and Refiones, 1994); 3. combination
of both (Wickham and Russell, 1974); 4. use of
ultrasonic tags (Brill e al.,, 1984. Holland et al.,
1990; Cayré, 1991; Cayré and Marsac, 1993).

Several hypotheses have been suggested to
explain aggregation under floating objects (Kings-
ford, 1993). Amongst many other factors, the most
appealing are: Fish congregate around flotsam look-
ing for refuge from predators (Hunter and Mitchell,
1968; Feigebaum er al., 1989). Fish may aggregate
because more food is available under flotsam
(Gooding and Magnuson, 1967). The disturbance
produced by the flotsam in the uniformity of the
ocean may be a reason for the attraction (Holland et
al., 1990; Hunter and Mitchell, 1967). However, it
seems to be the consequence of many factors which
influence fish behavior (Fontencau, 1992; Hall,
1992; Kingsford, 1993).

Several fish species approach FADs looking for
food, and feed on the invertebrate that grow on the
FADs (i.e. hydrozoans, cirripedes, amphipods and
crabs)(Kojima, 1967; Ida er al.,, 1967; Rountree,
1990; Massuti and Refiones, 1994). It is thought that
large predators like tunas, sharks and dolphin-fish,

are attracted by the fish aggregated under the FADs
(Wickham et al., 1973, Arenas et al., 1992). How-
ever, there are doubts that these species prey on the
fish fauna associated with the FADs (Brock, 1985;
Cort, 1990; Fonteneau, 1992; Massuti and Refiones,
1994). It is also possible that some species like dol-
phin-fish use FADs as spawning places, due to the
fact that drifting objects indicate the presence of
oceanic currents where eggs and larvac may drift
more efficiently towards better nursery areas.

Studies carried out on the fish communities asso-
ciated with FADs off the West coast of Africa are
few, and deal mostly with the large scale tuna fish-
eries under flotsam (Wood, 1989; Fonteneau, 1992;
Kwei and Bannerman, 1993). In the Canary Island
waters, there is no traditional commercial fishing
around flotsam, and there is only one previous study
on the fish communities associated with artificial
habitats (i.e. FADs and cinder blocks on the bottom)
(Bortone et al., 1994). In this paper, we describe the
faunal composition and abundance of fishes associ-
ated with FADs anchored at the south of the island
of Gran Canaria, using census data and information
from commercial catches over two years. The aim of
this paper is to study the fish community associated
with FADs, and the variations in the number of
species and biomass aggregated in relation to sea-
son, depth of anchoring and immersion time. Obser-
vation of the behaviour of the species associated
with FADs was also recorded to provide further
details on the fish community structure.

V24

Fic. |. - Fish Aggre ation Deviges and anchorages used during the swd_y period. FAD was a mattress of foam (200x100x12.5 cm). covered
with a black plastic fiim and a piece of net. The submerged volume was increased with fragments of old nets (about 1.5 m of longitude). The
anchorage was composed of four 50 kg concrete blocks.
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w

F1G. 2. - Location of the FADs deployed in waters off Gran Canaria
(Canary Islands, Spain).

MATERIALS AND METHODS

In 1995, 1996 and 1997, 16 Fish Aggregation
Devices (FADs) were constructed (four in 1995, ten
in 1996, and two in 1997) using blocks of foam of
expanded polystyrene (200x100x12.5 cm). These
blocks were covered with a black plastic film to pro-
tect the “foam” from the sun and damage caused by
seagulls. Each unit was netted to hold the flotsam to
the anchor. The submerged float volume was
increased by adding fragments of old nets (about 1.5
m in length) hanging from the float (Fig. 1). No float
unit surpassed 10 Kg in weight.

The anchorage of each FAD was composed of
four concrete blocks, each weighing 50 Kg, held
together with chains. The floats were tied to the
anchorages using synthetic ropes about 20% longer
than the depth of the area, to avoid sinking the FAD
due to current or tidal drag. The FADs were
deployed at depths between 50 and 500 m (Fig. 2).
The cost of the FADs ranged between 200 and 370
US $, depending on the depth of the anchorage.

From April until October 1995 and August
1996 to May 1997, observations of fish associated
with the FADs were carried out almost fortnightly.
The number of visits to the FADs in 1995 and
1996-97 were 26 and 29 respectively. During each
of these visits, two divers undertook a visual cen-
sus of all the fish within the range of visibility from

the FADs (visibility around the FADs ranged from
15 to 30 m). Divers recorded the number of fish of
cach species and their approximate size. The size
(total length) recorded was transformed to weight,
using the length-weight relationships of each
species obtained from the literature (Isidro, 1990;
Garcfa-Gémez, 1993; Gordo, 1996) and from our
own non-published data. During observations,
video recordings were also taken to verify the cen-
sus and to provide records for use in subsequent
studies of the behavior and spatial distribution of
fish around the FADs.

We carried out a statistical analysis in order to
test the following hypotheses: 1) Fish community
change with the season of the year, as a conse-
quence of the recruitment processes of the local
fish fauna (sensus Rountree, 1990). 2) The depth
of anchorage (50-100, 120-160 and >300 m) influ-
ences the fish community structure, so that we can
expect to find fish biomass and the number of
species associated to FADs increasing from shal-
low to deep waters. 3) The fish community is
expected to increase the diversity of the species as
immersion time and maturity increase (sensus
Vinogradov, 1983).

We also logged the fish captures carried out 100
m around FADs by artisanal fleet based in nearby
fishing ports. This fleet was composed of wooden
vessels of 11-16 m length, using live-bait and trawl-
ing lines. Fishermen were provided with form
sheets where they recorded the daily catches by
FAD (all FADs were numbered to facilitate their
location on a chart).

RESULTS
Composition by species

Nine families and 15 species of fish were
observed under or near the FADs (Tables | and 2),
eight of which had commercial value in the Canary
Islands. Katsuwonus pelamis (Linnaeus, 1758) and
Thunnus alalunga (Bonnaterre, 1788) were the most
important species for the local market, followed by
Coryphaena spp. (only after genetic analysis were
we able to isolate C. hippurus Linnaeus, 1758 from
C. equiselis Linnaeus, 1758, since visual census did
not allow for segregation of both species), Seriola
spp., and Pseudocaranx dentex (Bloch and Schnei-
der, 1810). The most frequently observed family
was Carangidae.
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TaBLE 1. - Fish species associated with Fish Aunfnnon Devices in waters off Gran Canaria, recorded from diver visual counts from April

1995 to May 1997 (*fish species only recorded through fishing).
Family Species Length range Period 1 Period 2
(cm) April-October 1995 Aug 1996 - May 1997

Carnangidae Trachurus zg 5-35 April-May August-October and May

Naucrates ductor 5-30 May-August Auvgust-May

Seriola 3-20 June-October August-February

P:eudocamnx dentex 2-20 July-October August- Febnuly and May
Coryphaenidae Coryphaena hippurus 70-100 May-June August-September and November

C. equiselis 50 June-August
Balistidae Balistes carolinensis 25-30 July-August October-November
Kyphosidae Kyphosus sectator 10-20 April-October December-February and May
Sphyraenidae Sphyraena viridensis 10 June
Sparidac Boops boops 5-10 July
Centrolophidae Schedophilus ovalis 10-50 April August-November and February-May
Scombridae Scomber japonicus* 18-22 August

Katsuwonus pelamis* 3-5Kg June-August August-September

Thunnus alalunga* 4-7Kg August-September
Carcharhinidae Prionace glauca® 120 Kg mber

TABLE 2. ~ Abundance of fish (in Kg) from visual counts along the
studied period (Mean biomass taken, Standard Deviation, Maximal
biomass recorded in one visit and Total biomass located beneath

the FAD).
SPECIES Mean SD. Max Total
Trachurus spp. 0.18 0.57 3.00 8.15
Naucrates ductor 1.40 328 13.02 61.79
Seriola spp. 0.1 0.22 1.00 5.01
Pseudocaranx dentex 0.93 243 10,00 41.13
Coryphaena spp. 6.69 25.35  150.00 294.20
Balistes carolinensis 0.08 0.27 1.40 3.50
Kyphosus sectator 0.05 0.10 0.35 2.15
Sphyraena viridensis 4x10? 10 0.02 0.02
Boops boops 4x10* 0.03 0.20 0.20
Schedophilus ovalis 0.33 092 350 1440

Seriola spp., Trachurus picturatus (Bowdich,
1825), P. dentex, Kyphosus sectator (Linnaeus,
1758), Boops boops (Linnaeus, 1758) and Sphyrae-
na viridensis (Jordan and Evermann, 1896), were
only represented by juveniles, while Coryphaena
spp. and Balistes carolinensis (Gmelin, 1788), were
only represented by adults. Naucrates ductor and
Schedophilus ovalis (Cuvier and Valenciennes,
1833) were represented by adult and juvenile indi-
viduals. Scomber japonicus (Houttuyn, 1788), K.
pelamis, T. alalunga and Prionace glauca (Lin-
naeus, 1758) were registered only through fishing in
the vicinity of FADs.

Seriola spp., N. ductor, and F. dentex were the
most frequently observed species under FADs (60,
56 and 47% of observations respectively). Trachurus
spp.. S. ovalis, and K. sectator were noted in 24, 25
and 30% of the observations respectively.
Coryphaena spp. were found beneath the FADs in
11% of the observations, while B. carolinensis, B.

194 1.J. CASTRO et al.

boops and S. viridensis were rarely encountered (7,

2 and 2% respectively) around the FADs.
Aggregated fish biomass

There were significant differences in the fish bio-
mass under FADs by month (ANOVA, F=2.17,
P=0.039), with the maximum aggregations in Sep-
tember (Fig. 3). Although the number of species
underneath FADs increased significantly with the
immersion time (ANOVA, F=2.90, P=0.023; Pear-
son's correlation r=0.4503, P<0.001, N=53; Fig. 4),
the fish biomass aggregated did not (ANOVA,
F=0.94, P=0.46). The average biomass found was
8.93 Kg (SD=23.6); however, when only baitfish
(juvenile fish) were taken into account, the mean
biomass aggregated was 3.38 Kg (SD=4.84), with a
maximum of 23.37 Kg. The census where
Coryphaena spp. was present offered a mean aggre-

.
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FiG. 3. - Changes in abundance in fish biomass over the study peri-

od (the figures on top of bars indicated the maximum number of
species counted each month).
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Fic. 4. - Variation in the number of fish species with the length of
time that the devices were i:(glace (Pearson’s correlation r= 0.4503.
P<0.001, N=53).

gated biomass of 53.9 Kg (SD=53.6), with a maxi-
mum of 150 Kg.

The FADs deployed in shallower waters gave an
aggregated biomass which was significantly lower
for baitfish than for those deployed in deeper areas
(ANOVA, F=3.457, P=0.039; Pearson’s correlation
0.4417, P<0.001, N=53; Fig. 5). The largest num-
ber of species registered in any one census of a sin-
gle FAD was five (mean=2.72; SD=1.31). However,
we observed a significant difference in the number
of species present as a function of the anchoring
depth of the FADs (ANOVA, F=4.484, P=0.016).
Generally, the FADs deployed on shallower waters
gave a lower number of species aggregated.

Fish behaviour around FADs

Depending on the size of the individuals, the
schools of juvenile P. dentex and Trachurus spp.
aggregated under the protection of fragments of net
hanging from the flotsam (Fig. 1) or deeper, always
close to the rope (the juveniles smaller than 5 cms.
in length, of both species, frequently established

.
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FiG. 5. - Variation of the baitfish biomass under FAD with the depth
of anchorage (Pearson’s correlation r=0.4417, P<0.00!. N=53).

'
o 8 0 ” 100 128 10 1”8 200

-
w

w»

Number of observations
o

2 34 510 1120 21100 >100
Number of individuals in the groups
|Ismo|- APseudocarars (3 Trachurus Naucrates

'"Olxyphosus Schedophilus B Balistes = Coryphaena

ol

-

Fic. 6. - Number of observations of group size (or each species
counted by divers.

mixed schools). The juvenile P. dentex even aggre-
gated around other fish such as B. carolinensis,
when they were close to the FAD. These juveniles,
when they reached a body length of between 15 and
20 cms, moved no further than 20 m from the FAD,
aggregating around whatever object passed closeby,
even the divers, and later returning to the proximity
of the FAD when the object moved further than 20
m from the same. Frequently, these individuals
swam to deep waters following the anchorage rope,
out of the visible range of divers (over 30.m).

The juvenile of Seriola spp. and Schedophilus
ovalis were solitary or constituted small loose
groups of 2-5 individuals (Fig. 6). Those smaller
than 10 cms. did not move away from the refuge of
the submerged structure of the float. Juvenile of K.
sectator less than 15 cm long took refuge between
the hanging nets of the FAD, while larger specimens
were observed up to 20 m away. Aggregated juve-
niles (5-10 cm) and adults (30-50 cm) of S. ovalis
remained a few centimetres under the float.

A male and two females of Coryphaena spp were
observed and video recorded during courting/
spawning around a FAD. This species was normally
observed, aggregated in small groups of under 15
individuals (Fig. 6).

The fouling community

The fouling community of the FADs was com-
posed of algae and invertebrates, especially Cirri-
pedia and Hydrozoans. The most abundant inverte-
brate was Lepas anatifera (Linné) which began the
colonization of the FADs two week after deploy-
ment and completed it after four months (colonizing
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the flotsam, nets and the rope). Between the hanging
nets of the FAD, colonized by hydrozoans and algae,
the amphipod Caprella acutifrons Latreille and the
crab Planes minutus (Linnaeus) were frequently
detected.

The most frequent algae were Hiucksia mitchel-
liae (Harvey) P.C. Silva, followed by Polysiphonia
myrioccoca Montagne and its epiphyte Audouinella
microscopica (Nigeli) Woelkerling.

Fish captures around FADs

Two hundred tons of tuna (K. pelamis and T.
alalunga) were caught in the vicinity of one FAD
between August and September 1996. These catch-
es had a market value of US$ 323 thousand, thus the
cost of this FAD represented only 0.13% of the
obtained catch value. During the 1995 and 1996
fishing seasons (from June to October), commercial
catches of Katsuwonus pelamis around FADs fluctu-
ated between 200 and 7000 kg per fishing day and
per FAD, whilst the average catch was approximate-
ly 1000 kg. The catches of Coryphaena spp. fluctu-
ated between 10 and 400 kg per fishing day and per
FAD, giving an average catch of 100 kg.

DISCUSSION

During our observations, fish under or near the
FADs were generally juveniles belonging to eight
species and five families (although we registered
nine families and 15 species of fish). Seriola spp.,
Naucrates ductor and Pseudocaranx dentex were
the most common species.

In agreement with Rountree (1990), our observa-
tions indicated that seasonally regulated juvenile
fish availability, as a consequence of the natural
recruitment processes in the region, is apparently the
most important factor determining FAD species
composition and abundance. Most of the species
registered around FADs in the Canary Islands spawn
during Spring or at the beginning of Summer (i.c.
carangids) (Fischer et al., 1981), so recruitment to
the area peaks at the end of the Summer.

However, there are other factors which also seem
to have an effect. The abundance of the fauna under
FADs was affected by the depth of the anchorage.
But, contrary to what we initially expected, the
FADs deployed in shallower waters showed a lower
biomass and a reduced number of aggregated
species. This result may be biased by the character-
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istics of the shelf of the island (very narrow and
abrupt) where deeper anchorage areas are not far
enough from the shore when compared with shal-
lower ones. On the other hand, floats undergo a mat-
uration process (Arenas ef al., 1992) and it is possi-
ble that since older FADs are more completely colo-
nized by a fouling community (algae, hydrozoans
and crustaceans, hence available food resources),
they can support a higher aggregated biomass, and
with increasing maturity, the diversity of species in
the communities increases. Nevertheless, the age of
FADs (immersion time) had no effect on the aggre-
gated biomass, unlike the number of species aggre-
gated,which increased proportionately in the way
we expected.

As pointed out by Hunter and Mitchell (1968)
and Feigebaum et al. (1989) juvenile fish probably
congregate around flotsam looking for the shelter
that FADs provide. In general, the fish observed
around our FADs were distributed spatially in
accordance with their body size, with the smaller
individuals to the FAD, taking refuge between the
hanging net and the same. It is also possible that
fish found local high concentration of available
food under flotsam (Gooding and Magnuson,
1967) or around the FADs. Most of the natural
drifting devices (i.e. drift algae, limbs, etc) are car-
ried away by currents which come from places
where floats are frequently generated (i.c. a river
mouth or coastal areas) and introduced into the
pelagic environment (Hunter and Mitchell, 1967).
It is usually assumed that currents carry away the
phytoplankton production from the region of its
formation into oligotrophic regions (Vinogradov,
1983). Concentrations of biotic structures are often
intensified by oceanographic features, such as
fronts (Kingsford, 1993). So, some pelagic fish
species could associate drifting floats and the area
around them with currents where larvae and juve-
niles will find suitable food availability during
their early life stages. This could explain the
observed courting/spawning behaviour of Cory-
phaena spp. around FADs. We have also found
anomalous and significant higher biomass of zoo-
plankton under several anchored FADs as com-
pared to the surrounding area (ANOVA P=0.03;
authors unpublished data) which could support the
hyphothesis proposed by Gooding and Magnuson.
This anomalous concentration of zooplankton may
be due to eddies generated by the interaction of
floats and ropes of anchorage with the current (in
the same way as the current field around a boat in
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agreement with'Lindquist and Pietrafesa (1989)).
However, this is an issue which needs confirmation
in further studies. - S

Most of the species observed by divers under the
FADs in this study did not occur in sizes large
enough to become attractive for fishing, except
Coryphaena spp. and possibly N. ductor. However,
FADs aggregate baitfish which are thought to attract
other species of higher economic value into the gen-
eral area (Rountree, 1990). ’
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Abstract. We have compared historical data from the Nimbus-7 Coastal Zone
Color Scanner (CZCS) with recent in situ measurements at the European Station
for Time-Series in the Ocean, Canary Islands (ESTOC). CZCS data show an
annual winter phytoplankton maximum in January but with a large interannual
variation. In sediment traps moored at ESTOC we observed winter sedimentation
peaks at 1000m and 3000m depth occurring about 1 month later. We also
observed sedimentation peaks in other seasons which probably result from mat-
erial advecting into the region. CZCS data suggest that one possible source is the
Cape Ghir upwelling filament off the north-west African coast.

1. Introduction

The European Station for Time-Series in the Ocean, Canary Islands (ESTOC)
is situated approxlmately 100 km north of the island of Gran Canaria in the Canary
Islands region (coordinates 29°07'N, 15°27°E) (Llinas et al. 1994, Neuer and Rueda
1997b). A major purpose of the station is to investigate biogeochemical cycles in this
region with the aim of providing insight into the processes controlling the flux of
carbon and associated elements in the ocean on seasonal and interannual time scales.
As part of these investigations sediment traps have been moored at ESTOC since
peoember 1991 at 1000 m and 3000 m depths (Neuer et al. 1997a). Although ESTOC
is almost 400 km from Cape Yubi, the nearest point on the north-west African coast,
It was recognized from the outset that the station would probably be influenced by
coastal upwelling effects (Wooster et al. 1976, Speth and Detlefsen 1982).

Several studies of the north-west African upwelling region using remote sensing
data have been performed (Nykjaer 1988, Llinas et al. 1989, Van Camp et al. 1991,
Nykjaer and Van Camp 1994). These investigations have concentrated on identifying
the major characteristics of the entire upwelling region and in particular the relation-
ship between shelf sea surface temperature (SST) and large-scale winds using the
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Nimbus-7 Coastal Zone Color Scanner (CZCS), the Advanced Very High Resolution
Radiometer (AVHRR) sensors of the National Oceanic and Atmospheric Admi-
nistration (NOAA) satellite series and wind data from the European Centre for
Medium-Range Weather Forecasts (ECMWF). These studies here also confirmed
the existence of several coastal upwelling filaments and investigated the factors
influencing such filament growth.

For the Canary Island region, CZCS data and AVHRR SST measurements have
been used to identify characteristic pigment patterns and their relationship with
in situ chlorophyll/temperature data. Hernandez-Guerra et al. (1993) and Aristegui
et al. (1994) identified two different phytoplankton pigment patterns in the ocean
surrounding the islands: large upwelling filaments (up to 300km long) extending
from the African coast and lee filaments (up to 100 km) and cyclonic eddies (60-80 km
in diameter) probably caused by the disruptive effect of the Canary Islands on the
Canary current.

To gain some understanding of the long-term surface biological activity to be
expected at the ESTOC position we first investigated the seasonal and interannual
phytoplankton pigment concentration using historical data from the CZCS. Although
CZCS observations cover the period 1979-1985, the pigment patterns are unlikely
to be significantly different to recent in situ data. We compared the pigment concen-
tration derived from CZCS data with ESTOC sediment trap observations and in situ
chlorophyll measurements to determine if the historical data could aid in interpreta-
tion of recent in situ measurements. We then investigated the effects of coastal
upwelling at ESTOC using CZCS data and in particular the role of filaments in
transporting material into the Canary Islands region.

2. Regional setting

The Canary Islands are located in the north-east Atlantic Ocean between 100 km
and 600 km off the north-west African coast. They lie on the path of the weak, south-
westwards flowing Canary Current, which is an eastern branch of the North Atlantic
subtropical gyre (Stramma 1984). The ESTOC station lies about 100 km north of
the island of Gran Canaria; the water depth is 3500 m (figure 1).

The north-west African coastal upwelling is a major feature of the region.
Upwelling of cold, nutrient-rich North Atlantic Central Water (NACW) originating
from depths not exceeding 200-300 m (Mittelstaedt 1986) is confined to a relatively
narrow 50-70km coastal band. The upwelling intensity is in general correlated
with the position of the Azores High which migrates northwards during spring
and summer, reaching its most northerly position in July-August. North of 25° N
the upwelling is most intense in summer and autumn (Wooster et al. 1976,
Mittelstaedt 1991).

A characteristic feature of coastal upwelling is the regular development of filament
structures at specific coastal positions such as Cape Ghir, Cape Yubi and Cape
Bojador. These filaments may extend several hundred kilometres offshore. Nykjaer
(1988), for example, reported that the Cape Ghir filament has a length scale of
100-300km, a width of 10-50km and remains stationary over several weeks.
Filaments are visible in AVHRR SST images as cold tongues and meanders and in
CZCS data as regions with enhanced pigment concentration compared with ambient
levels often showing complex mesoscale eddy structures at the offshore end. The
main factor promoting filament growth appears to be favourable high wind stress
(Van Camp et al. 1991). Nevertheless other factors must be considered, as it has
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Figure 1. Location of the ESTOC in relation to the Canary Islands and the ndrth-west
African coast. The shaded square directly northeast of ESTOC is the source box for
material sinking to the 1000 m trap. The shaded rectangle west of Cape Ghir is the
area chosen to monitor the pigment concentration of the Cape Ghir filament.

been shown for Cape Ghir that there is a 3-month phase lag between the onset of
the maximum Trade Winds in summer and the time of the most intense upwelling
(Nykjaer and Van Camp 1994); irregularities in bottom topography may modulate
coastal upwelling in this case. The Cape Yubi and Cape Bojador filaments can have
an influence on the Canary Islands (Hernandez-Guerra et al. 1993). In general
though these effects are observed east and south of the islands as enhanced pigment

features. There are no published data regarding possible effects of the Cape Ghir
filament on the Canary Island region.

3. Data and methods

To compare phytoplankton pigment concentration derived from CZCS data at
the ESTOC position with recent in situ measurements, we first identified a possible
source region for material sinking to the traps. Deuser et al. (1990) argued that it is
impossible to know the size and shape of a potential source region for material
sinking to a deep-sea trap. Instead it is only possible to match sediment flux
measurements at the trap with average pigment concentrations over a fixed surface
area of crudely estimated size and arbitrary shape. Therefore, for this study, a square-
shaped source region was chosen which has the advantage of simplifying the image
processing.
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The size and position of the source box for particles sinking to the 1000 m trap
was determined using the Canary Current speed and direction, the mean eddy kinetic
energy over the sinking depth of the particles and a typical particle sinking rate
(Deuser et al. 1990, Siegel et al. 1990). We ignored the 3000m trap because this
approach is not applicable to such depths given the complex vertical current structure
and particle life cycle. Since the Canary Current geostrophic flow is south-westwards
(Stramma 1984), it was assumed that the most likely source region was to the north-
cast of the ESTOC. In the region of the Canary Islands, moored observations show
that the mean geostrophic current over one or more years at 200 m water depth can
reach speeds up to 4-5cm s ™! (Siedler and Onken 1996). At ESTOC current speeds
as measured by a continuously recording INFLUX current meter positioned 20 m
below the 1000 m trap ranged from 3-15cm s ™! but were mostly below 10cms ™!
Since for this study we used monthly composite CZCS data, a range of 5-10cm s ™!
was taken as most representative of the current speed. For the eddy kinetic energy
we took a value of 10cm?s™! for depths between 100 m and 2000 m ( Dickson 1983).
The rate at which particles sink is very much dependent on the nature of the particle
(Siegel et al. 1990). Ultraplankton for example sink at <0.1-2m d~! (Bienfang
1980), algal aggregates at 40—~150m d ~! (Smetacek 1985) and mesozooplankton fecal
pellets at 20-900m d~! (Fowler and Small 1972). For the ESTOC 1000m trap
during peak fluxes in March 1992 and January and February—-March 1993, carbonate
contributed between 44 and 55% to the total flux (Fischer et al. 1996). Microscopic
observations showed large numbers of coccolithoporids in the trap samples which
dominated the carbonate flux in the late winter to early spring sedimentation.
Because of their small size, coccolithophorids must be transported to the depths via
aggregates (Honjo 1982) or in fecal pellets (Honjo 1978). Indeed at ESTOC meso-
zooplankton fecal pellets have been visually observed to be packed with coccoliths
during periods of high particle flux and may constitute up to 26% of the total flux
(Fischer et al. 1996). Hence for this study we assumed 100m d ! as a reasonable
value for the sinking rate of trap particles. It then follows that for a particle to sink
to the 1000 m trap within 10 days, the maximum distance of the source region cannot
exceed 100km (Siegel et al. 1990). Therefore a source box 100km x 100km was
chosen north-east of the ESTOC position (figure 1).

CZCS is a multispectral scanner using six channels at 443, 520, 550, 670,
700-800 nm and 10.5-12.5 um of which the first four were selected to measure the
upwelled radiance from the ocean surface. Extraction of valid chlorophyll data from
the sensor-measured radiance is a complex process as the ocean upwelled radiance
is usually less than 10% of the total signal; atmospheric corrections have to be made
for both Rayleigh and aerosol scattering (Sturm 1981, Bricaud and Morel 1987,
Gordon et al. 1988). For this study we analysed monthly composite images from
CZCS data for the period 1979-1985 from the Ocean Colour European Archive
Network (OCEAN) level-3 database for north-west Africa supplied by the Joint
Research Centre, Ispra, Italy. Level-3 data provide final pigment concentration values
(inmg m~3) for each valid image pixel. The pixel size is about 1 x 1 km2. The error
in the absolute pigment concentration compared with in situ concentration measure-
ments up to 1983 is a factor of two, i.e. for a measured pigment value of 0.5mgm ™3
then the true value may be between 0.25 and 1.0mg m ™2, For post-1983 data, when
degradation in the CZCS 443 nm channel was more than 40%, the error in measured
pigment concentration may be up to a factor of three (Sturm, personal communi-
cation). Non-valid pixels represented clouds or missing data. Monthly composite
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images rather than daily images were chosen as these are better suited to comparison
with trap data which had a time resolution of 8-21 days. For each month the average
pigment concentration was calculated using all valid pixels in the source box. The
derived average pigment concentration was rejected if the source box contained less
than 20% valid pixels.

We deployed cone-shaped multisample sediment traps (Kiel Aquatec) at 1000 m
and 3000 m depth. These traps are similar in shape and aspect ratio to the Mark V
traps described by Honjo and Doherty (1988). For this study we used the total
particle flux observed in the traps measured inmgm~2d"~!. The deployment data
are shown in table 1.

In situ concentrations of chlorophyll-a were determined by sampling 2-31 of sea
water, filtering onto GF/C filters and freezing for laboratory analysis. The filters
were later extracted in 90% acetone and chlorophyll-a concentration was measured
spectrophotometrically.

We also investigated the seasonal activity of the Cape Ghir filament by performing
a similar analysis of the CZCS data as for the ESTOC region, only this time the
source box was 50 x 200km? with the centre point about 100km off Cape Ghir
(figure 1). Visual examination of the images derived from CZCS data showed that
such a box will ‘see’ most of the filament activity associated with Cape Ghir. This
source box is sufficiently far from the coast not to include turbid Case 2 waters for
which there was no valid atmospheric correction.

4. Results
4.1. Pigment concentration

Figure 2 shows the average monthly phytoplankton pigment concentration for
1979-1985 for the source box north-east of the ESTOC. Data are missing for nine
out of 84 months (all in May/June/July or August) due to cloud cover or the CZCS
being non-operational. A prominent peak was observed annually in January and
this is interpreted as the winter bloom signal. There were large interannual variations
in this winter peak with a maximum value of 0.19mg m ™2 observed for December
1979-February 1980 compared with a maximum of 0.05Smgm * for December
1981-February 1982. For other seasons only one further peak event occurred in
August/September 1980 with a maximum value of 0.06 mg m ~3. The lowest annual
pigment concentration, at about 0.03mg m 3, was observed each year in summer.
This value is the typical minimum pigment concentration observed in CZCS data
for open ocean waters off north-west Africa.

Figure 3 shows the recent in situ chlorophyll concentration as measured at the
ESTOC for 1994. Maximum chlorophyll concentrations between 0 and 25 m depth,
reflecting the annual late winter/early spring bloom, probably occurred in February

Table 1. Sediment trap mooring periods at the ESTOC.

Total deployment Sampling interval

Mooring no. Period time (days) (days)
Cli 25 November 1991 to 25 September 1992 305 15
Cl2 1 October 1992 to 9 April 1993 190 10
Cl3 12 April 1993 to 7 June 1994 430 21

Cl4 9 June 1994 to 2 September 1994 86 8
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Figure 2. Average monthly phytoplankton pigment concentration for the ESTOC source
box derived from CZCS data for the period 1979-1985. Note the pronounced but
highly variable annual winter bloom peak in January (the first data point for each
year) and the lack of peaks in other seasons (except for the low peak in August 1980).

(data interpolation) with a peak value between 0.25 and 0.3mgm " |In
spring/summer the chlorophyll maximum was observed to sink to 100m depth and
the near-surface concentration was 0.05 mg m 3. In autumn the surface concentration
increased to 0.15mgm ~3.

4.2. Sediment trap total particle fluxes

Figure 4 shows the total particle flux measured in the 1000m and 3000 m traps
for the period December 1991-August 1994. A full dataset is only available for the
3000 m trap. For the 1000 m trap no data were available for the period August 1993
to May 1994,

At 3000m the particle flux was observed to be highly seasonal with the highest
flux recorded in late February—early March. This late winter peak showed large
interannual variations, e.g. a flux of 118mgm~2d™' in 1994 and 188 mgm "2d !
in 1992. During winter 1993 three distinct maxima were observed. Besides the late
winter peak additional sedimentation events were observed in other seasons. For
example, peaks were observed in July 1992, October 1992, May/June 1993 and
July/August 1994. None of these events reach the flux levels seen in the winter peaks
(Neuer et al. 1997a).

At 1000 m depth the late winter sedimentation event was also observed for 1992
and 1993 and the same three distinct peaks were seen in 1993. The flux for 1992 was
only some 25% of that recorded in the deep trap, while in 1993 it was about 70%.
Similar peaks to those observed in the 3000m trap at other seasons were also
observed at 1000 m but again with lower total flux levels (Neuer et al. 1997a).
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Figure 3. In situ chlorophyll concentration at the ESTOC for 1994. Note that the time axis

starts at the beginning of February. The black dots are the measurement points. Full
curves are interpolated chlorophyll concentrations.
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Figure 4. Total particle flux for the period December 1991-August 1994 observed in sediment
traps moored at the ESTOC. Note the pronounced sedimentation event at 3000 m in
February/March each year and the additional sedimentation events observed in other
seasons. Also note that some of these events are also observed in the 1000 m trap, but
always with lower total flux levels. ‘
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4.3. Cape Ghir filament—seasonal and interannual phytoplankton pigment
concentration

Figure 5 shows the monthly average phytoplankton pigment concentration from
CZCS data for Cape Ghir over the period 1979-198S. As at the ESTOC location,
an annual winter bloom was observed with peak values in January, but the peak
values were much higher at Cape Ghir than at ESTOC. For example, a phytoplank-
ton pigment concentration of 0.5mg m ™3 was observed in January 1980 at Cape
Ghir compared with 0.19 mg m~2 at ESTOC. In other seasons additional peaks were
clearly visible in most of the 7 years. One peak event was observed repeatedly in
September/October for all years except 1979 where it appeared to be merged with
the broad winter bloom. The other non-winter bloom peaks showed no obvious
annual cycle. They were observed in April 1979, June 1979, August/September 1979,
July 1980 and May 1984.

S. Discussion
5.1. Comparison between phytoplankton pigment concentration derived from CZCS
data and in situ ESTOC chlorophyll measurements

In order to compare the CZCS data with the in situ chlorophyll data we restricted
the latter to 0-25 m depth. This is assumed to be the maximum optical depth for an
ocean colour sensor in oligotrophic waters.

The peak winter bloom occurs in January/February in the CZCS data and in
February in the in situ ESTOC data, but the ESTOC interpolated peak concentration
is somewhat higher at 0.25-0.3 mg m ™2 compared with the largest value of 0.19 mg
m ™3 in January 1980 from CZCS data. In spring/summer the lowest concentration
measured at ESTOC is about 0.5mg m ™3 compared with 0.03mg m~3 for CZCS.
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Figure 5. Average monthly phytoplankton pigment concentration in the Cape Ghir region
derived from CZCS data for the period 1979-1985. The annual peak in September/
October correlates with the onset of maximum upwelling for this region (Nykjaer and
Van Camp 1994).
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Figure 6. Schematic illustration of relationship between near-surface phytoplankton bloom
and particle fluxes measured by a deep-sea sediment trap array. (a) Traps located
directly below the bloom. (b) Traps located to the side of the bloom (redrawn from
Siegel et al. (1990)).

The peak event of 0.06 mg m~3 observed in August 1980 in the CZCS data may be
the result of phytoplankton development in the mixed layer as seen at the ESTOC
station in autumn 1994 when the surface chlorophyll concentration increased to
0:15 mg m ™2, Interpretation of CZCS data should be treated with caution though,
given the errors in chlorophyll values derived from the OCEAN level-3 data.
Nevertheless since the patterns of annual cycles are the same in both sets of data we
conclude that the CZCS observed annual cycle is valid.

IS).IZ. Comparison between CZCS data and sediment trap observations: the winter
oom

The peak winter bloom in January/February as observed in the historical CZCS
data (figure 2) occurs about 1 month earlier than the peak particle flux observed in
the sediment traps (figure 4). Given the complex biological and physical processes
involved in the export of material from the euphotic zone to the deep ocean it is not
obvious that a surface bloom will somehow result in a sedimentation event as
recorded in the traps. However, we offer the suggestion that both events are strongly
coupled. The 1-month time delay between a surface bloom and a peak sedimentation
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Figure 7. Phytoplankton pigment concentration from the Nimbus-7 CZCS for (a) 6 November 1981 and (b) 19 October 1980. Notice in (a) that the
Cape Ghir filament has two parts: one filament stretches north-westwards nearly 200 km to Lanzarote and the other westwards to Fuerteventuta
then south-westwards towards Gran Canaria. Both filaments appear to be blocked by the Canary Islands westwards. Note also in (b) that the

Cape Ghir filament stretches at least 300 400 km offshore and develops complex meanders that suggest the presence of mecoscale eddies
(Nykjaer 1988)
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event rather than the 10 days assumed earlier for a typical trap particle probably
represents the delay between a peak phytoplankton bloom and the onset of zooplank-
ton grazing and subsequent fecal pellet production. indeed these observations can
also be compared with those of Deuser et al. (1990) who observed a 1.5-month phase
lag between surface phytoplankton blooms and sedimentation events in a trap at
3200m depth in the Sargasso Sea.

5.3. Comparison between CZCS datu and sediment trup observations: other seasonal
peaks

The absence of chlorophyll pegks outsndc of the winter bloom over 7 years of
CZCS data (except for the single peak in August 1980) contrasts sharply with the
peaks recorded in the traps over 3 years. Combining this fact with the observation
that for concurrent peaks in both traps, the 3000 m fluxes are always higher than
those in the 1000 m trap strongly suggests that these trap sedimentation events are
not connected with surface blooms in the ESTOC region. We rejected the possibility
of bottom sediment resuspension partly because the lower trap was moored 500 m
above the ocean floor but, more convincingly, because the same events are seen in
the upper trap which is 2500 m above the bottom.

We suggest instead that material is laterally advecting into the ESTOC region.
Figure 6 (adapted from Siegel et al. 1990) shows conceptually how a trap not lying
directly under a surface bloom but instead to one side may result in the observation
of more material in the lower than in the upper traps. Although we believe this is a
possible explanation for the trap results, the absence of peaks outside of the winter
bloom in the CZCS data indicates that such material must be coming from surface
events > 100km distant. In determining the size of the source square we assumed a
constant particle sinking rate and eddy kinetic energy. Siegel et al. (1990) point out
though that the physical state of a particle may change considerably with depth
through aggregatlon, break-up, consumption and transformation processes. The
residence time in the deep ocean may therefore be significantly increased thus
increasing the spatial averaging scale. In particular slowly sinking aggregates
(1 35md~! (Asper 1987)) would have length scales of 100-500km for a 1000 m
trap (Siegel et al. 1990). Also, since we are considering a region influenced by the
Canary Current, particles will be subject to higher eddy kinetic energy near the
surface than the value assumed above and hence the spatial averaging scale will also
be increased. It therefore seems plausible to investigate possible source regions for
ESTOC trap material that are more than 100km distant.

5.4. Upwelling effects on the Canary Island region .

Three possible sources of upwelling in the Canary Island region can be considered:
the Cape Yubi and Cape Ghir filaments on the African coast (Nykjaer 1988,
Van Camp et al. 1991) and filaments resulting from upwelling off the north-west
coast of Fuerteventura in the Canary Islands (Real et al. 1981, Molina and Laatzen
1989). The Cape Bojador filament is not considered because it is too far south and
appears only to affect the region south of the Canary Islands (Hernandez-Guerra
et al. 1993).

We first consider the Cape Yubi filament. Figure 7(a) is an image derived from
CZCS data for 6 November 1981 and shows a well developed Cape Yubi filament
structure. It consists of two parts: one filament stretching almost 200 km north-
westwards to the island of Lanzarote and a sccond stretching westwards to
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