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Abstract

The Gulf of Paria is a semi-enclosed estuarine area between Trinidad and Venezuela. Fisheries for demersal and pelagic
species are important, and shared by nationals from both countries. In this study, a trophic model is constructed, and several
whole system statistics and network flow indices determined for this ecosystem. Possible impacts of trawling on the biomass of
model components, through simulation of the effects of varying fishing mortality rate, were also explored. The model components
consist of 15 fish groups, 5 invertebrate groups, seabirds, phytoplankton, detritus and discards. Results indicate that the food
web is dominated by the detrital pathway, and that the export of detritus out of the system is significant. Mixed trophic impacts
show that detritus and lower trophic levels have a significant positive impact on other groups, i.e. they exert bottom-up control
of the food web. Mean transfer efficiency is 12.2%, Finn cycling index 7.2%, path length 6.2, omnivory index 0.2, and system
ascendency and overhead 42 and 58%, respectively. Results suggest that, although the Gulf appears to be relatively mature, it
may experience some degree of instability due to exploitation and the large seasonal variation in salinity, among other factors.
Simulations of different fishing mortality rates show a strong impact on the biomass of system components. Increasing fishing
mortality by 50% for 5 years resulted in a marked decrease in biomass of fish groups accompanied by an increase in that of
invertebrates, notably penaeids and crabs. Fish biomass recovers after fishing pressure is relaxed, while that of crabs declined
further. On the other hand, a reduced fishing mortality rate elicited the opposite response in system components, except for crab
of which the biomass again declined significantly when that of fish increased. Biomass of groups at higher trophic levels obtained
during trawl surveys conducted in 1945, before trawl fishing was introduced in the Gulf, were significantly higher than current
biomass, except for carangids, penaeids, and possibly clupeoids. This may indicate a possible shift towards a system dominated
by lower trophic levels.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

* Manuscript PFITEC-12 (EMECS 6) for Ecological Modelling, The Gulf of Paria is a shared body of water on
Mfycgggibondmg author the northeastern continental shelf of South America,
E-mail addresssh heileman@yahoo.com _between eastern Ve_nezuela and th_e west coast of the
(S. Manickchand-Heileman). island of Trinidad Fig. 1). The Gulf is very produc-
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Fig. 1. Study area, the Gulf of Paria.

tive and supports valuable fisheries in both countries suggest a marked increase in the abundance of portu-
for penaeid shrimps and demersal fish, as well as for nid crabs. These trends suggest that trawling has had
small and medium-sized pelagic species. Commercial an impact on the ecosystem, but there are no studies
fishing for demersal species became established in theto date to support this. The ecosystem impact of trawl-
second half of the 20th century, with the major fish- ing has been documented for other marine systems,
ery being the trawl fishery for penaeid shrimps. As for example, the Gulf of Thailandgddington, 1984;

is characteristic of tropical demersal shrimp fisheries, Christensen, 1998nd the Java Se&(chary, 199%
large quantities of bycatch consisting of juveniles A decline in landings of targeted species, accom-
of commercially important finfish such as sciaenids, panied by marked alterations in fish abundance and
carangids and gerreids are caught, most of which is body size, has already been demonstrated on other
discarded at seafaharaj and Recksiek, 1991; Jobity continental shelves subjected to long-term trawl-

et al., 1997; Marcano et al., 1997 ing (Caveriviere, 1982; Longhurst and Pauly, 1987;
Over the last decade, landings and catch per unit Anthony, 1993.
of effort of shrimp and finfish from the Gulf have The fisheries of the Gulf are not managed; although

declined Marcano et al., 1999; Novoa, 200and it regulations exist (both in Trinidad and Venezuela),
is likely that the average size of individual fish landed they are not properly implemented or enforced. Pre-
has decreased. Also, data presented by the Trinidadvious studies in this area have consisted of fisheries
and Tobagd-isheries Division in 199@n bycatch of surveys (e.gWhiteleather and Brown, 1945; Ginés,
artisanal trawlers, and observations by the first author 1972; Manickchand-Heileman and Julien-Flus, 1990;
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Cervigon, 1991, 1993 or focused on individual  2.2. The fisheries
species Altuve et al., 1995 for the western Gulf;
Sturm, 1974; Shim, 1981; Manickchand-Dass, 1987; The muddy substrate with its high detrital content
Manickchand-Heileman and Kenny, 199fbr the supports a rich and diverse fauna of benthic inver-
eastern Gulf), as well as recent joint assessments oftebrates including penaeid shrimps, demersal teleost
the shrimp resourced\(j6 et al., 1999a, 1999 To fishes and elasmobranchs. The major fisheries in the
date, no studies have been conducted on species in-Gulf include industrial and semi-industrial trawl fish-
teractions or on the ecosystem effects of trawling in eries for penaeid shrimps and a multispecies mix of
the Gulf. demersal fish, as well as artisanal fisheries for small
In this study, a mass-balance trophic model for the and medium-sized coastal pelagic fish.
Gulf is constructed and the possible impact of trawl-  In the western Gulf fishing has been practised by in-
ing on its ecosystem explored, using the Ecopath with digenous peoples since pre-hispanic times. During the
Ecosim softwareWalters et al., 1997 second half of the 20th century, particularly during the
last 30 years, fishing intensity increased considerably.
By the mid-1970s, there were more than 100 trawlers,
declining to around 70 boats in the late 1990s. An-
nual landings of the commercial fleet peaked in the
early 1990s at around 9000t. The main species cap-
tured by this fleet are penaeid shrimp (especiBlly
The Gulf of Paria Fig. 1) covers an area of naeus notiak) and sciaenidd$ficropogonias furnieri
7600 knt. Average depth of the Gulf and the southern Macrodon ancyclodomand Cynosciorsp.).
channel is approximately 30 m, while depths in the  The earliest statistical data available for the
northern channel reach over 150 m. In general, bottom small-scale fishery in the western Gulf are for 1969
topography is smooth and soft sediments predomi- (Marcano, 197Y. By the mid-1990s the total hum-
nate, except in the north where hard substrates occur.ber of boats in this fleet had increased to around
The Gulf is a large estuarine area with high water 450 and landings exceeded 10,000t. Both the num-
stratification, and has substantial seasonal variationsber of registered boats and landings have declined in

2. Methods

2.1. Study area

due to river runoff and mixing by tides, currents and
wind. The dry season lasts from November to May
and the rainy season peaks in July—September.

The main riverine inputs are from the Orinoco and
San Juan rivers of South America, and the Caroni
River of Trinidad. Surface water temperature in the
dry season varies between 25.5 and@&nd surface

salinity varies between 27 and 35. In the rainy season,

recent years. Fishing gears used by the small-scale
fleet includes handlines, longlines, bottom and sur-
face gillnets, and more recently small shrimp trawls.
The main species captured are catfigtrigs sp.),
sciaenids . furnieri, M. ancyclodorand Cynoscion
sp.), carangidsQaranx sp.), scombrids §combero-
morus brasiliensisand S. cavall3, sharks Rhizopri-
onodon porosugnd Carcharhinussp.) and snappers

surface water temperature is less variable ranging from (Lutjanussp.).

28 to 29°C and surface salinity ranges from close to
zero to a maximum of 253inés, 1972; Novoa, 1998

On the eastern side of the Gulf, fishing was also tak-
ing place at a subsistence level up until the second half

The Gulf is also subjected to land-based sources of the 20th century, when commercial trawling was

of pollutants from industrial and agricultural activities

on the eastern side (Trinidad), one of the more indus-

trialized areas in the regioB6odoosingh, 1992 In
addition, petroleum exploration and extraction in the
waters of the Gulf and in the Atlantic Ocean to the

south, may also lead to impacts on the Gulf ecosys-

tem. However, there is no concrete indication of ac-
tual or potential effects of these activities on the Gulf
ecosystem.

introduced. Up until that time, fishing was conducted
with handlines and beach seines mainly for pelagic
species such &S. brasilienss, Caranxsp., and dem-
ersal species such d& furnieri andCynosciorsp. In
1945, an experimental fishery survey revealed good
potential for a demersal trawl fisheryhiteleather
and Brown, 194§ following which rapid develop-
ment of trawling took place. Historical information on
the development of trawling in the eastern Gulf is not
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available, but as early as 1969 a total of 166 locally 2.4. Model groups

registered trawlers had been identifiddrdan, 196Q

The main species exploited by this fleet are the penaeid Twenty-four ecological groups were defined based
shrimpsP. notialis P. schmittj P. subtilis and Xiphope-  on the most abundant families captured during re-
naeus kroyeriThe demersal trawl fishery consists of search cruises in the Gulf, on economic importance,
an inshore artisanal fleet, an offshore semi-industrial and abundance in the fish diets. The fish groups were
fleet, both of which operate in the Gulf, and an offshore clupeoids (Clupeidae and Engraulidae), carangids,
industrial fleet (Fisheries Division, Ministry of Agri-  scombrids, flatfish, ariids, gerreids, trichiurids, lut-
culture, Lands and Marine Resources, Trinidad and janids, serranids, haemulids, sharks, rays, other fish,
Tobago, 1999). Available statistics show that landings M. furnieri and Cynoscionsp., which are the most

of penaeid shrimps ranged from 162 in 1962 to 321t
in 1997, with a peak of 630t in 1970 (Annual Fish-

eries Landing Statistics, Fisheries Division, Ministry

of Agriculture, Lands and Marine Resources, Trinidad
and Tobago, unpublished).

2.3. Analyses

abundant demersal finfish species caught. Five in-
vertebrate groups are included: penaeid shrimps,
crabs (mainly Callinectes sapidys molluscs, het-
erotrophic benthos and zooplankton. The other groups
are seabirds, phytoplankton, trawling discards and
sediment detritus.

2.5. Parametrization

A mass-balanced trophic model was constructed
using the Ecopath with Ecosim software, version  Biomass estimates of demersal fish, penaeids and
4 (Walters et al., 1997; Christensen et al., 2000; crabs were obtained from trawl surveys conducted on
Christensen and Walters, 2003 he model was first  the Trinidad side of the Gulfijaharaj, 1989; Amos,
constructed using the Ecopath routine which uses a 1990 as well as from research cruises conducted by
series of simultaneous linear equations, one for eachthe Norwegian research vessel “Dr. Fridtjof Nansen”
species or group i, to quantify trophic flows among in the area adjacent to the Gulf off the south coast

trophic groupsChristensen and Pauly, 1992a, 1992b
The basic equation is expressed as follows:

Production byi(-all predation oni{-non-predatory
losses of i)-export of ): O, for all i. This can be
expressed as

P; - AW

whereB; is the biomass of group)( P;/B; is the pro-
duction/biomass ratio of), which is equal to the co-
efficient of total mortalityZ under steady-state condi-
tions Allen, 19710); EE; is the ecotrophic efficiency,
which is that part of production that goes to preda-
tion, catches or exports out of the systefy;is the
biomass of predatof){ Q;/B;: consumption/biomass
ratio of predatorjj; DCj;: fraction of prey {) in the
diet of predatorjf; EX; is export of groupif, which,

of Trinidad (nstitute of Marine Research, Bergen,
1989. Biomass of detritus was calculated using the
empirical formula ofPauly et al. (1993)elating detri-
tal biomass to primary production and euphotic layer
depth, which were obtained froivioigis and Bonilla
(1985) Biomass of seabirds, pelagic fish groups,
molluscs and benthos were calculated by the model.
Biomass was expressed as t perkmet weight.
Production/biomass rate)( for fish groups for
which biomassB), catch C) and natural mortalityN])
were available were determined fralm= C/B + M.
For some fish groups estimates @f were avail-
able from analysis of length-frequency distributions
(Institute of Marine Affairs, Trinidad and Tobago,
unpublished) while for otherZ were obtained from
analysis of numbers-at-agst(irm, 1974; Shim, 1981;
Manickchand-Dass, 1987; Manickchand-Heileman
and Kenny, 1990 P/B ratios of invertebrates were

in this study, consisted of fisheries catches. At least obtained from the literature for similar ecosys-

three of the paramete P/B, EE, andQ/B must be
known for each group, while the model estimates the
fourth. In addition, diet compositions are required for
each living group in the model.

tems @rregun-Sanchez et al., 1993; Manickchand-
Heileman et al., 1998 Mean fish landings and dis-
cards by group were provided by both Venezuela
(Instituto Nacional de Investigaciones Agplas,
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Table 1
Input parameters for the Gulf of Paria model
Group Catch Discards Biomass P/B Q/B EE

(t per kn?) (t per kn? per year) (t per kn?) (per year) (per year)
Seabirds - - (0.01) 6.00 80.00 0.00
Clupeoids - 0.060 (2.75 2.50 9.90 0.95
Carangids - 0.005 (1.40) 0.98 8.70 0.90
Scombrids - - (0.08) 1.20 10.00 0.80
Flatfish - 0.024 0.18 1.38 8.00 (0.95)
Ariids 0.012 0.009 0.10 0.62 7.20 (0.92)
Gerreids 0.009 0.021 0.29 0.91 7.50 (0.94)
Trichiurids 0.001 0.010 0.03 0.52 3.40 (0.62)
M. furnieri 0.085 0.019 0.38 1.20 6.10 (0.78)
Cynoscion sp. 0.070 0.030 0.79 1.41 6.80 (0.88)
Lutjanids 0.021 0.012 0.17 0.77 7.80 (0.74)
Serranids 0.004 0.003 0.04 0.73 5.20 (0.66)
Haemulids 0.002 0.006 0.01 0.88 9.80 (0.92)
Sharks 0.091 - 0.06 0.40 4.80 (0.80)
Other fish 0.137 0.081 0.89 0.65 8.22 (0.90)
Rays 0.003 0.003 0.03 0.50 4.90 (0.41)
Penaeids 0.313 - 0.38 2.04 8.21 (0.95)
Crabs - 0.097 1.40 2.12 8.48 (0.89)
Molluscs - - (1.24) 1.80 8.30 0.95
Benthos - - (9.27) 5.10 33.42 0.80
Zooplankton - - (1.49) 18.70 120.00 0.90
Phytoplankton - - 19.84 70.00 - (0.13)
Detritus - - 106.33 - - (0.24)
Discards - - 0.33 - - (0.98)

P/B: production/biomass)/B: consumption/biomass, EE: ecotrophic efficiency. All weights are wet weight.
Note Values in parentheses were estimated by Ecopath.

Ministerio de Ciencia y Tecnolda, Venezuela, un- by adjusting the diets of individual groups and re-

published) and Trinidad (Annual Fisheries Landing running the parametrization procedure until all values

Statistics, Fisheries Division, Ministry of Agriculture, of ecotrophic efficiency were less than 1.

Lands and Marine Resources, Trinidad and Tobago, Once the model was balanced, it was used to deter-

unpublished). Input parameters and those calculatedmine the trophic level of each group, mixed trophic

by the model are given imable 1 impacts, trophic transfer efficiencies by trophic levels,
Consumption rates of fish groups were obtained and other important biological statisticEl{ristensen

mainly from FishbaseRroese and Pauly, 2002vhile and Pauly, 1992a, 199pHt was also used to obtain

for invertebrates they were taken from the litera- system summary statistics and network flow indices

ture (Arregun-Sanchez et al., 1993; Manickchand- based on theoretical concepts ©um (1969)and

Heileman et al., 1998 Diet compositions were based Ulanowicz (1986)among others.

on studies conducted on several species in northeast-

ern VenezuelaArias de Daz and Bashirulah, 1984; 2.6. Simulation of the impacts of varying fishing

Bashirullah and Acufia, 1988; Rdduez, 1987; mortality

Barreto, 1990; Cervigén, 1991, 1993n the east-

ern Gulf Sturm, 1974; Stonley, 1975; Manickchand- The balanced model was used to explore the possi-

Dass, 1983; Shim, 198Hhnd on information in Fish-  ble impact of varying fishing mortality on the biomass

base. However, the original diet composition was of the major groups by simulating different fishing sce-

modified in the balancing of the model and resulted narios in the system using the Ecosim routiiéalters

in the proportions shown iffable 2 This was done et al., 1997, and evaluating the resulting biomass



Table 2
Diet composition matrix for the Gulf of Paria obtained following balancing of the model

Prey Predators
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
Seabirds
Clupeoids 0.590 0.328 0.720 0.400 0.015 0.190 0.020 0.059 0.060 0.154 0.030
Carangids 0.280 0.120 0.220 0.018 0.120 0.010 0.010 0.030 0.095 0.020
Scombrids 0.100 0.010
Flatfish 0.020 0.020 0.030 0.100 0.120
Ariids 0.050 0.085
Gerreids 0.010 0.010 0.010 0.005 0.100 0.100 0.100
Trichiurids
M. furnieri 0.060 0.006 0.016
Cynoscion sp. 0.020 0.010 0.007 0.100 0.010 0.109 0.028 0.015
Lutjanids 0.010 0.080 0.030
Serranids 0.002 0.010 0.010
Haemulids 0.005 0.002
Sharks
Other fish 0.010 0.020 0.020 0.010 0.006 0.020 0.060 0.010
Rays
Penaeids 0.002 0.010 0.010 0.020 0.010 0.020 0.010 0.001 0.020 0.001 0.020 0.005 0.080 0.020
Crabs 0.040 0.050 0.110 0.080 0.120 0.150 0.050 0.150 0.030 0.130 0.050 0.100 0.250 0.010
Molluscs 0.050 0.020 0.200 0.020 0.090 0.060 0.040 0.080 0.110 0.060
Benthos 0.220 0.250 0.130 0.740 0.630 0.450 0.150 0.450 0.412 0.610 0.314 0.590 0.190 0.440 0.410 0.750 0.720 0.750
Zooplankton 0.750 0.250 0.340 0.020 0.080 0.120
Phytoplankton 0.010 0.010 1.000
Detritus 0.020 0.090 0.150 0.210 0.100 0.150 0.050 0.060 0.030 0.050 0.160 0.150 0.250 0.180 0.240 1.000
Discards 0.020 0.010 0.020 0.010 0.010 0.010 0.010

cre
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changes in the different groups. Ecosim is a time-

dynamic simulation model that uses the linear equa-
tions of steady-state Ecopath models, isolating the
biomass accumulation term and setting up a series of
differential equations of the form:

dB;
- = giZ Cji —
J

dr

where, @;/dt represents the biomass growth rafds
the net growth efficiency (production/consumption ra-
tio), Cj; is the total consumption rate of group, C;;

is the predation of all predators on group, (M; the
non-predation natural mortality ratg; is the fishing
mortality rate,g; is emigration rate and} is inmigra-
tion rate.

This leads to predictions of how biomass develops
over time as a consequence of changes in fishing pat-
terns or in other ecosystem forcing functions. Ecosim
requires a vulnerability setting for all predator-prey in-
teractions controlling the rates with which prey groups

> Cij+Ii — (M; + Fi + e) B;
j

are moving between a vulnerable state and one where

they are not susceptible to predation by a given preda-
tor. The default vulnerability setting corresponds to
mixed top-down and bottom-up control (a setting of
0.0 for bottom-up control, to 1 for top-down control).
For the present simulations the default was used for
all prey groups, apart from penaeids, crabs and ben-
thos, for which the vulnerability setting was 0.9 for
top-down control.

Under each scenario, fishing mortality on the
trawler fleet, rather than on individual groups, was
changed. This was because trawling is relatively non-
selective and it was not practical to adjust fishing
effort on individual groups. Each simulation was run
for 60 years. The three scenarios were exploratory and
arbitrarily chosen, and did not reflect any intended
fisheries management plans or proposals:

Scenario 1 Relative fishing mortality rate was in-
creased by 50% for 5 years (year 5 to year 10),
then reduced to the original level for the remain-
ing time period.

Scenario 2 Fishing mortality was gradually de-
creased in the first 5 years to no fishing for the
next 55 years, until year 60.

Scenario 3 Fishing mortality was doubled for 10
years, then returned to the original level for the
remaining time period.

313

Biomass used in the model (current biomass) were
compared with those obtained during trawl surveys
conducted in 1945Whiteleather and Brown, 1935
before the trawl fishery was introduced and became
established in the Gulf. The latter were calculated us-
ing the swept area method.

3. Results
3.1. Trophic structure and flows

A balanced model was successfully constructed for
the Gulf of Paria ecosystem. In general, EE values are
high for the fish groups, while they are low for phy-
toplankton and detritusTéble ). The low EE of phy-
toplankton indicates that only a small proportion of
phytoplankton production is grazed in the water col-
umn, with the rest going toward detritus. Similarly, the
low EE of detritus also indicates that a small fraction
of detritus biomass is consumed, with the rest being
buried in the sediment or exported out of the system.

Ecopath also calculates the fractional trophic level
(TL) for each group; this is a measure of the aver-
age trophic level at which a group is receiving energy
(Levine, 1980. The routine assigns a TL of 1 to pri-
mary producers and detritus, and a TL af dveighted
average of the preys’ TL) to consumers, resulting in
TLs which are not necessarily integers. The highest
fractional trophic levels in the Gulf are occupied by
seabirds, trichiurids, scombridSynosciorsp., sharks
and serranids, while flatfish and ariids occupy the low-
est trophic levels among the fish grougsilfle 3.

The entire system was aggregated into discrete
trophic levelssensuLindeman (1942) This trophic
aggregation routine also gives a breakdown of relative
flows by TL, and the transfer efficiency (TE) between
successive TLs and for the system as a whole. TE
is the fraction of the total food intake by a trophic
level which is transferred to the next higher level.
Results show the presence of 10 integer (discrete)
TLs in the Gulf ecosystem. Since the magnitude of
flows at trophic levels higher than the fourth is very
low, representing only a small fraction of the flows
associated with the top predators, these higher levels
were omitted from further analyses.

The results of trophic aggregation were used to
construct a Lindeman spine, which is a linear chain
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Table 3

Fractional trophic level for groups in the Gulf of Paria model
Group Trophic level
Seabirds 4.1
Clupeoids 3.0
Carangids 3.3
Scombrids 3.9
Flatfish 2.9
Ariids 2.9
Gerreids 3.0
Trichiurids 3.8
M. furnieri 3.2
Cynoscionsp. 3.7
Lutjanids 3.3
Serranids 3.6
Haemulids 3.2
Sharks 3.7
Other fish 3.1
Rays 3.2
Penaeids 2.8
Crabs 2.9
Molluscs 2.8
Benthos 2.0
Zooplankton 2.0
Phytoplankton 1.0
Discards 1.0
Detritus 1.0
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tain TE by trophic levels. For the Gulf, highest TE is
in level I, then declines in level IVKig. 2). The ge-
ometric mean transfer efficiency for the system as a
whole is 12.2%.

3.2. Mixed trophic impacts

Ecopath uses the Leontief matrix routinepntief,
195]) to assess the direct and indirect impacts of a
change in the biomass of each group on the other
groups Christensen and Pauly, 1992a, 19p2Re-
sults of this routine illustrate the importance of detri-
tus and lower trophic levels, particularly benthos, in
the Gulf ecosystem. These groups have the most pro-
nounced positive impacts on other groups in the sys-
tem, providing an important food source for the latter
groups. Detritus has a positive impact on almost all
groups, emphasizing the importance of detritus as the
base of the food web in the Gulf. Some fish groups
(scombrids, ariids, gerreids, trichurids, serranids and
haemulids), as well as rays, have minimal or no im-
pact on the other groups, due to their relatively low
biomass and/or lowQ/B ratios. On the other hand,
among the fish group€ynoscionsp., carangids and
clupeoids show both positive and negative impacts on

showing transfers through each discrete trophic level the highest number of groups in the system through

(Fig. 2. As already noted, trophic flow originating
from detritus to consumers is almost twice that orig-
inating from primary producers, resulting in a detri-
tivory:herbivory ratio of 1.7. Flows originating from

primary producers and detritus were combined to ob-

T0.16

predation or competition.

Mixed trophic impacts of the impact of the trawler
fleet indicate that increased fishing mortality will have
a negative impact on trichiurids, serranids, haemulids,
other fish, rays and shrimps. Discards appear to have

T 0.60 T 0.10

I 210 I 64 | 12 v
(PP) d
12.9 18.3 7.6
322 l 38 l 8 l
365 .
1179
112 14 3
\
| 129 v v A\ 4
(D)

Fig. 2. Lindeman spine showing flows from each discrete trophic level, and transfer efficiency for each level.
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no positive impacts on the other groups, and therefore important parameter for comparison of flow networks.

may not be an important food source for consumers,
despite the large quantities discarded.

3.3. Primary production required

The trawl fishery in the Gulf is equivalent to a preda-
tor with a mean trophic level of 2.97, with almost 80%
of the catch coming from trophic levels Il and Ill. Pri-
mary production required (PPR) for current total catch
from the area is 28.3t per Kmwhich is equivalent
to about 2% of net primary production. For the eco-
nomically important penaeid shrimp fishery, PPR for
present harvest range is 8t per %mhich is equiva-
lent to 0.56% of net primary production.

3.4. Summary statistics and network flow indices

For the Gulf, total system throughput is 2285t per
km? per year, while net system production is 1020t
per kn? per year. The ratio between total primary
production (PP) and total respiratioR)( considered
to be another important descriptor of system maturity
(Odum, 197}, is 3.77 for the Gulf Table 4.

The connectance index, which is the number of ac-
tual links in relation to the number of possible links
in the food web Gardner and Ashby, 1970is also
correlated with system maturity since the food chain
is expected to change from linear to weblike as the
system maturesQdum, 197). For the Gulf ecosys-
tem, the connectance index is 0.31. However, since the
interpretation of connectance is ambiguous, the sys-
tem omnivory index, which characterizes the extent
to which the system displays weblike features, is sug-
gested as an alternativelfristensen and Pauly, 1993

Ecopath computes a number of summary statistics and is 0.20 for the GulfTable 4.
which can be used to assess the maturity of the ecosys- The fraction of an ecosystem’s throughput that is re-

tem (sensuOdum, 1969 and for comparisons among
ecosystems. It also gives a number of network flow

cycled, as quantified by the Finn’s cycling index, FCI
(Finn, 1976, is also thought to be related to system

indices based on concepts developed by theoreticalmaturity Odum, 1969; Christensen and Pauly, 1993

ecologists, notabljJlanowicz (1986) Some of these
summary statistics and network flow indices for the
Gulf are given inTable 4

Total system throughput, which describes the size
of the system in terms of flowdlanowicz, 198%is an

Table 4
Summary statistics and network flow indices for the Gulf of Paria
(flows in t per kn¥ per year)

Parameter Value
Sum of all consumption 576.6
Sum of all respiratory flows 368.8
Sum of all flows into detritus 1338.9
Total system throughput 2285.0
Sum of all production 1480.0
Net primary production (PP) 1388.8
Total PP/total respiration 3.8
Net system production 1019.9
Total primary production/total biomass 34.0
Finn's cycling index (%) 7.2
Mean path length 6.2
System transfer efficiency (%) 12.2
Detritivory:herbivory 1.7
Connectance index 0.3
Omnivory index 0.2
Ascendency (%) 41.7
Overhead (%) 58.3

Another system descriptor is path length, which is the
average number of groups that a flow passes through
(Finn, 1980, and which is also expected to increase
with system maturity. The FCI and mean path length
for the Gulf are 7.2% and 6.2, respectivelyable 4.

A measure of the average mutual information in
the system is the ascendency, which is derived from
information theory (Jlanowicz, 1986; Ulanowicz and
Norden, 199] It is a measure of the network’s poten-
tial for competitive advantage over other network con-
figurations Ulanowicz, 198. The upper limit for the
ascendancy is the development capacity and the dif-
ference between them is the system overhead, which
reflects the system’s strength in reserve to meet unex-
pected perturbationsdJ{anowicz, 1988. For the Gulf,
ascendency is 2471 (42%), capacity is 5924 and over-
head 3452 (58%)Table 4.

3.5. Simulated impacts of fishing

Scenario 1Fig. 3shows variation in the biomass of
six model groups (crabs, penaeidd, furnieri,
Cynoscionsp., Lutjanids and sharks) when fish-
ing mortality is increased by 50% for five years.
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Following the perturbation, a significant reduc- Table 5
tion in biomass occurs for most fish groups Biomass used in the modeB{ge) compared with biomass from
while biomass increases for crabs and penaeids. 1945 Baosg), before the traw fishery was established

Biomass of M. furnieri first decreases, then Group Brmode B1oss
shows a small increase, followed by a greater in- cjypeoid 2.75 _
crease after the perturbation ends. The biomassescarangid 1.39 0.08
of all the fish groups and penaeids rapidly re- Flatfish 0.18 -
cover and stabilize at higher levels, following A'ids 0.10 0.21
the perturbation, but that of crabs decreases to ?ﬁé;‘fﬁ;s g '0239 o6l
values about 65% lower than the initial biomass. . furnieri 0.38 0.85
Notable is that the recovery of sharks is slower cynoscionsp. 0.79 2.16
than that of the other fish groups. Reducing vul- Lutjanids 0.17 0.24
nerability of peneaids and crabs to intermediate ﬁzgm'ﬁjs g-gf 002
!evels causes a redu_ctlon of s_hrlmp b!omass dur- gy ke 0.06 0.52
ing perturbation, while crab biomass increases. oier fish 0.89 3.86
Scenario 2 The biomasses of fish groups increase Rays 0.03 0.07
when fishing is reduced to zero for 5 years, then Penaeids 0.38 0.25
decline and stabilize at higher levels than previ- C'abs 1.40 -

ously existed [ig. 4). Biomass of sharks shows  Bijomass in t per ki
a slower rate of increase, compared to that of the
other fish groups. In contrast to the fish groups, to be very abundant{hiteleather and Brown, 1935
biomass of crabs shows a rapid decline to zero by and might have had a lower biomass than obtained in
year 10 when fishing is relaxed. The biomass of the present study.
shrimps also decreases but recovers to a higher
level after fishing mortality is reduced. When vul-
nerabilities of these two groups are set at inter- 4. Discussion
mediate levels, changes in biomass are also neg-
ative but declines are not as significant This study provides some useful insights into the
Scenario 3 A doubling of fishing effort resulted  trophic structure and functioning of the Gulf of Paria.
in chaotic fluctuations and reduction in the Results indicate that the ecosystem of the Gulf is in
biomasses of all demersal groups, except crabs many aspects similar to other continental shelf and
and molluscs (figure not shown). The biomass estuarine ecosystems. Notable is the dominance of
of all demersal groups is significantly reduced the detrital pathway over the grazing pathway. Graz-
in the first 5 years, while that of crabs increases ing may not have a major effect in the Gulf, con-
significantly. Increases in biomass are observed sidering the relatively shallow depth and high sea-
for seabirds, clupeoids and scombrids. Biomass sonal nutrient input into this ecosystem. In other es-
recoveries after the perturbation ends are slower tuarine environments grazing has been found to be
in this case, and may take more than two decades highly variable and consumes from 2 to 45% of phyto-
for certain species such as sharks. plankton standing cropDay et al., 198R The ineffi-
cient grazing by herbivores has previously been shown
The group biomasses used in the model were com- for several other marine ecosystems, for example, the
pared with those of similar groups obtained by trawl Gulf of Panama$mayda, 196§ the northern Gulf of
surveys in 1945 byWhiteleather and Brown (1945)  Mexico (Flint and Rabelais, 1981the Sierra Leone
As expected, biomasses obtained in 1945, before trawl continental shelf l{longhurst, 1988 the Texas shelf
fishing was introduced in the Gulf, are higher than (Walsh, 1983, the shelf off northeastern Venezuela
current biomass, except for carangids and penaeids(Mendoza, 1998 and the southwestern Gulf of Mex-
(Table 5. Although no catch data are available for ico (Manickchand-Heileman et al., 1998 hese stud-
clupeoids from these surveys, they were not reported ies show that pelagic herbivory accounts for no more
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Fig. 4. Simulated changes in biomass of selected groups after a gradual decrease in fishing rate during the first 5 years and return to

original fishing mortality for remainder of the simulation period.

than 10-20% of primary production, which is consis- consumption of phytoplankton and detritus in the sys-

tent with the findings in the present study.

tem, the large input from rivers and the flow of water

The export of detritus out of the system, as ob- out of the Gulf in a northwesterly directioM{ller-

served in the Gulf, concurs with the finding bfalsh
(1981) and Longhurst (1983)Yhat export of organic

Karger and Aparicio-Castro, 1994
The food web of the Gulf is dominated by the detri-

carbon to the deep ocean is a general feature of conti-tal pathway as in many other estuarine systebey/(
nental shelves. Export of detritus from the Gulf to the et al., 1989, with benthic invertebrates playing a sig-
Caribbean Sea may be significant, considering the low nificant role in transferring energy from detritus to
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higher trophic levels. Detritus and lower trophic lev- still be maturing. However, the omission of bacteria
els have significant positive impacts on other groups from this model, and therefore lower total respiration,
in the system, suggesting “bottom-up” control of the could account for the high value of FPdbtained for
food web.Odum (1969kuggested that as systems ma- the Gulf.
ture they become more dependent on detritivory than  Christensen and Pauly (1993uggested that the
herbivory. Finn's cycling index (FCI) should be related to system
Analysis of mixed trophic impacts also shows the overhead by a parabolic relationship, which is related
importance of detritus and lower trophic levels as a to maturity 6ensuRutledge et al., 1976 Intermedi-
food source in the system, and again illustrates their ate values in this relationship were suggested as being
role in bottom-up control of the Gulf food web. In con-  optimal in terms of stability Christensen and Pauly,
trast, fish groups showing negative trophic impacts on 1993. A value of 7.2% for the FCI and system over-
other groups through predation have potential for sig- head of 58.3% place the Gulf in the lower intermedi-
nificant top-down control of the food web in this sys- ate range of this relationship, suggesting that it may
tem. Increasing fishing mortality is expected to have possess some degree of instability.
a negative impact on penaeids, as well as on some of The connectance index and system omnivory index
the fish groups, particularly sharks and rays. In the are also correlated with system maturity since the food
Gulf, these two latter groups form a relatively large chain is expected to change from linear to web-like as
proportion of trawl bycatch, and because of their life the system matureOdum, 197) For the Gulf, the
history strategy, are highly susceptible to exploitation values of these indices are intermediate, suggesting
(Stevens et al., 2000 a simplification of the food web, and consequently a
The relatively high ecotrophic efficiencies suggest system that is not fully mature and stable.
that the system’s secondary production is efficiently = Some degree of instability of the Gulf ecosystem
utilized by predators. The mean transfer efficiency for may be caused by its dependence on the seasonal in-
this ecosystem is close to the value of 10% that is often put of nutrients from terrigenous sources, significant
assumed to exist in ecosysterh;deman, 194p and fluctuations in salinity and also by the effects of fish-
which was shown to be a good estimate of the averageing. Furthermore, the Gulf is subjected to pollution
transfer efficiency in aquatic ecosysten®a(ly and from land-based activities which may also result in
Christensen, 1995The transfer efficiency obtained in  disturbance of its ecosystem, although this has yet to
this study shows that the Gulf system is very efficient be substantiated by scientific studies.
at transferring energy up the food chain, and may in-  Nevertheless, the relatively high system ascendency
dicate a fair degree of stability in the ecosystem. and overhead for the Gulf would suggest that this
The primary production required (PPR) for total system has a fairly high level of development, is re-
harvest from the Gulf is lower than the average re- silient and has strength in resenidlgnowicz, 198%.
ported byPauly and Christensen (199%)r global Mendoza (1993pbtained values of 39.6 and 60.4%
aguatic systems, and may reflect the dominance of thefor ascendency and overhead, respectively, for the up-
catch for the Gulf by penaeid shrimps. The PPR for welling area off northeastern Venezuela, showing that
harvest of penaeid shrimps is lower than that for fish this system may have a higher resilience than the Gulf.
groups, despite their higher landings, due to the lower  Attempts to rate the maturity of the Gulf ecosystem
ecological cost of harvesting at lower trophic levels in comparison to other similar systems, according to
(Jarre-Teichmann, 1938 Christensen (1995shows that the Gulf is similar to
As previously mentioned, several ecosystem prop- the Campeche Bank, Gulf of Mexic®€ga-Cendejas
erties that allow the determination of ecosystem matu- et al., 1993, the continental shelf off Yucatan in the
rity and stability are determined from the model. Ac- Gulf of Mexico (Arreguin-Sanchez et al., 1993and
cording toOdum (1971) PPRratio greater than 1is  the South China Se&S{lvestre et al., 1993 These
expected in the early developmental stages of an were ranked in maturity between 29 and 36 out of the
ecosystem, while in mature systems, it should ap- 41 ecosystems (with ecosystem 41 showing highest
proach 1. The PR ratio obtained in this study is  maturity), of Christensen (1995)0n the other hand,
slightly higher than 1, suggesting a system that may the Gulf is not as stable and mature as the southwestern
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Gulf of Mexico continental shelf which shows higher observations in ecosystems subjected to extended pe-
FCI, path length, connectance, and system overhead,riods of trawling, in which the community shifts to
and which was reported to be relatively mature and one dominated by lower trophic level®dwer and
stable Manickchand-Heileman et al., 1998 Newlands, 1999; Bianchi et al., 2000Thus, a de-

Responses to the simulated increase in fishing effort crease in the abundance of species at higher trophic
were as expected. During increased fishing in scenariolevels through trawling could have resulted in this
1, the biomass of all fish groups initially declined, shift to a dominance of species of lower trophic levels
then recovered. On the other hand, penaeids and crabsn the Gulf. However, these results are only prelim-
increased in abundance when predatory pressure wadnary and further studies are required to verify the
reduced due to a reduction in the biomass of their impacts of fishing in the Gulf ecosystem.
predators. These results could indicate that apparent
recent increases in abundance of portunid crabs may
be trophically mediated by the effects of increased Acknowledgements
fishing on their predators.
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