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Abstract: The Golfo de Nicoya is among the largest tropical estuaries (1 530km?) in Central America and the main, and al-
ready overexploited, fishing area of Costa Rica. [t can be separated into a shallow (< 25m) interior part fringed by mangroves
and mud flats and a deeper part that extends to the shelf edge to about 200m. In order to integrate available information on
biomass, catches, food spectrum and dynamics of the main species populations of the system, a trophic model of 21 com-
partments was constructed by the use of the ECOPATH 11 software. The larger portion of system biomass is confined to the
benthic domain (18.4 gm™, mangroves excluded, compared to 13.8 gm™ for the pelagic domain). Mancroves, although only
covering 1% of the gulf area, contribute 76% to the system biomass, but only about 1% to the system's primary production.
Through their root system, they provide surface area for about 90% of the gulf's biomass of epifauna (12 gm™), the second
largest group of the model. It serves as food source for commercially important species and also fuels the system by the pro-
duction of large amounts of pelagic larvae and faecal material. Based on these findings, it is emphasized that mangroves,
even if they cover only small areas of an estuarine system, have a fundamental role in biomass distribution and flow pattern,
and must be considered when constructing a trophic model of the system. Most of the system's energy throughput is
achieved from the trophic levels I to Il (62%) and 11 to 11l (34%) as expected for coastal phytoplankton/detritus based sys-
tems. Total catch amounts to 3.38 gm™, which is considered intermediate for tropical coastal systems. A high gross effi-
ciency of the fishery (catch/ primary production) of 0.3% confirms the known high level of fisheries exploitation in the
Golfo de Nicoya. As shown by the model, shrimps occupy a central role within the gulf as converters of detritus and other
food into prey biomass for many predators, that seem to be simultaneously affected by the overexploitation of this resource.
The network summary statistics computed for the model suggest an overall picture of the Golfo de Nicoya as a system of a
low degree of maturity, which seems to be characteristic for tidally driven, tropical estuarine systems. The results are com-
pared and discussed with other published trophic models of coastal systems. Among these, is Golfo Dulce, a further Costar-
rican gulf system about 200km south of the Golfo de Nicoya.
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The Golfo de Nicoya (Fig. 1) is located on the
Pacific coast of Costa Rica (10°N, 85°W) and
represents one of the largest estuaries (1530km?
surface area) of Central America. It extends
about 80 km from its narrowest part at the mouth
of the Tempisque river to its widest part (about
55km) where it borders with the open ocean
(Epifanio et al. 1983). For its bathymetry, the gulf
can be separated into two distinct zones: the up-
per gulf, north of Puntarenas, which is shallow (<
25m) and fringed by mangrove stands (about
15176 ha, Jiménez 1994) and mud flats. In this

area, the soft sea bottom is made of fine, organi-
cally enriched sediments (Maurer & Vargas
1984; Vargas er al. 1984). The lower gulf deepens
sharply towards the mouth to over 200m, and is
surrounded by rocky shores and sandy beaches.
The gulf is similar to other tropical estuaries as it
is subjected to extreme seasonal variations in
riverine flow paralleled by strong variations in
salinity and water temperature, but it differs from
most temperate counterparts in that much of the
nitrogen entering the system comes from off-
shore deep water, which is upwelled into the gulf



64 REVISTA DE BIOLOGIA TROPICAL

A. Golfo de Nicoya | 85°00 W

Barranca river
10°00N

=T T TR TSNS e a—

Nicoya peninsula

Golfo de Nicoya
|

Cabo Blanco® | 85°00 W

B. Conceptual transect

fresh water, litter, nutrients, pollutants, sediments
10m s F A F-. asAvTrrr T
IR 6 o tidal mixing .
ey o

v

]

cods, scorpiontish, gobies|
shrimps & others

100

upper gulf

Fig.1 Golfo de Nicoya, Costa Rica (a.) study area; (b.) conceptual transect.
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(Voorhis et al. 1983).

Due to its high productivity, the gulf is the
most important fishing ground of Costa Rica, and
contributes 90% of the national fish landings.
Species of the families sciaenid, ariid and centro-
pomid are most important for the fishery inside
the gulf, while white shrimps, sardines and lut-
janids dominate the central and lower parts. The
landings have declined over the past years, while
fishing effort has drastically increased. In 1988,
fishery costs exceeded the economic revenues
from the fishery for the first time (WRI 1991). In
1995, of a total catch of 3215t in the Golfo de
Nicoya region, 63% was provided by artisanal
fishermen, which mostly catch finfish in the inner
highly productive part of the gulf (about 90%),
the remaining 37% were taken by the industrial
fishery. 'About half of it was white shrimp
(Penaeus vannamei), which seems to be the re-
source most heavily overfished in the region.
Coastal zone development, particularly agricul-
ture and tourism have also increased and im-
pacted the gulf in recent years (Vargas 1995).

As early as 1979, the University of Costa Rica
established a research programme to carry out a
long-term multidisciplinary evaluation of the
gulf. A milestone for the description and further
understanding of the gulf's ecosystem was the
oceanographical and biological ‘surveys of the
U.S.A. RV Skimmer in 1979-1981, which
yielded first quantitative data on the biotic struc-
ture as well as on oceanographical conditions of
the gulf. Since then, numerous research projects
have been conducted and over 100 scientific
papers have been written on a great variety of
topics (including estuarine flow studies, nutrient
dynamics, fish diversity and population dynam-
ics, artificial reefs, zoo- and ichthyoplankton
taxonomy and -dynamics, crab larval distribution
patterns, mangrove ecology, subtidal and inter-
tidal benthos, contamination, among others),
making the Golfo de Nicoya one of the best
studied tropical estuaries. In 1993/1994, - fifteen
years after the Skimmer survey-, a further expe-
dition to the gulf was conducted by the German
RV Victor Hensen, which synoptically sampled
data on oceanographical conditions, plankton
dynamics, structure of bentho-demersal fish and
invertebrate assemblages as well as infauna
communities along a depth gradient from shallow
waters (20 m) near the mangrove edge to the
adjacent and deeper fishing grounds up to the
shelf edge (>200 m). This survey, due to its wide

coverage of the total gulf area, yielded important
additional quantitative data for the entire gulf
area (Vargas & Wolff 1996).

While detailed knowledge is now available for
most system compartments, no attempts have as
yet been made to integrate the available informa-
tion into a holistic ecological model about the
main functional system compartments and
trophic flows between them. With the present
contribution we attempt to provide this holistic
view by the construction of a first trophic model
of the gulf. We try to answer the following ques-
tions: (1) How is biomass distributed among the
various ecosystem components and what are the
major pathways of energy flow? (2) How, in
particular, is biomass distributed between pelagic
and benthic predators, and what are their prey
items and consumption rates? (3) What is the
productivi.y potential of - and food availability
for - the pelagic nd benthic resources of the gulf,
considering the nc.  ~f coastal conservation and
fisheries managemen ' (4) What is the role of the
small mangrove cover (1% of system area) for
the biomass distribution and energy flow within
the system? (5) How do the biomass flows in the
gulf differ from the open shelf and other gulf
systems in the tropics? (6) What are the major
ecosystem components on which further study
should be concentrated?

For modelling the gulf’s ecosystem, we used
the ECOPATH Il software of Christensen &
Pauly (1992), that had also been applied before
(Wolff et al. 1996) to another Costarrican gulf
system, Golfo Dulce, about 200km south of the
Golfo de Nicoya . We believed that the compari-
son of these two neighbouring gulf systems, as
modelled by the same approach, would deepen
our insight into the specific characteristics of both
systems.

ECOPATH Il represents a steady state model-
ling approach, in which biomass production of -
and imports to - the system compartments is bal-
anced by consumption and exports. It combines
an approach of Polovina (1984) for estimation of
biomass and food consumption of the various
ecosystem elements (species or species groups)
with an approach proposed by Ulanowicz (1986)
for analysis of flows between the ecosystem ele-
ments and for the calculation of ecosystem indi-
ces. Based on these, the size of the system is
measured in terms of the sum of flows through
all the individual compartments and the degree of
a system's realized growth, organization and de-
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velopment is described (Ulanowicz & Mann
1981, Baird & Ulanowicz 1993, see Christensen
& Pauly 1993 for a review). These indices are
being used to compare a wide variety of ecosys-
tems of different sizes, geographical location and
complexity (Baird et al 1991, Ulanowicz &
Waulff 1991, Christensen & Pauly 1993), and will
be included in our analysis of the Golfo de Ni-
coya model.

MATERIALS AND METHODS

The Golfo de Nicoya environment: The Golfo
de Nicoya is a tectonic estuary, hydrodynami-
cally driven by semidiurnal tides with a mean
range of 2.5-3.0 m. A dry season from December
to April and a rainy season from May to Novem-
ber exert a significant impact on its water char-
acteristics, During the rainy season most fresh
water enters the gulf through the rivers
Tempisque, Barranca and Téarcoles with the high-
est volumes provided by the latter (about 60%),
which drains the central valley (Fig.1). The inner
part of the gulf is estuarine and stratified, espe-
cially during the rainy season, when it receives
the run-off from 1500 mm rainfall between May
and November (Herrera 1985, Jiménez, 1992).
Fresh water stratification becomes less important
downstream and thermal stratification prevails in
the outer gulf, with the permanent thermocline
centered around 30-40m and temperature differ-
ences up to 14°C between the surface and bottom
waters. Cross-axis horizontal variability is related
to the asymmetry of fresh water inflow, namely
the discharge of the rivers Barranca and Tarcoles
into the eastern part of the bay. Compensating
this low salinity outflow along the eastern shore,
salt water penetrates along the western edge, thus
creating a transversal salinity gradient superim-
posed on the general estuarine circulation. Posi-
tion and dynamics of the pycnocline are further
complicated by tidal currents and associated in-
ternal waves (Voorhis et al. 1983). The strong
seasonality observed in the gulf is also reflected
in the distribution of oxygen and nutrients
(Epifanio ef al. 1983, Chaves & Birkicht 1996).
Dissolved inorganic nitrogen varies up to one
order of magnitude in the inner gulf, whereas
nutrient levels in the outer gulf are low and rela-
tively stable throughout the seasons. Further de-
tails on geographical, physical and chemical
characteristics of the Golfo de Nicoya are given
in Peterson (1960), Epifanio et al. (1983), Voor-

his et al. (1983), Wolff & Vargas (1994), Brenes
& Leon (1995), Lizano (1998).

The physiochemical setting is reflected in the
zonation of fish and benthos inhabiting the bay:
the inner gulf is dominated by the families Sci-
aenid and Ariid (Price ef al. 1980, Bartels ef al.
1984) as well as stingrays, flatfishes and sea
robins, while in the lower gulf cods, scorpion-
fishes, gobies, cutlassfishes, carangids, serranids
and others prevail (Wolff 1996). This latter zone
appears to be the nursery ground of at least nine
species of penaeid shrimps (Campos et al. 1984).
Epifanio & Dittel (1984) report differences in
dominance of brachyuran larvae in the inner and
outer parts of the gulf, probably attributable to
changes in bottom communities. Wolff & Jesse
(1994) confirm this as they found highest bio-
mass values of stomatopods and crabs in the in-
ner part of the gulf, while shrimp biomass and
abundance was highest in the central and outer
parts. The shaping of the bottom communities
appear to be due to biological factors (e.g. preda-
tion, competition) in the inner and by physical
factors (e.g. fronts) in the outer gulf (Maurer &
Vargas 1984). Numerous benthological studies
have been carried out in the Golfo de Nicoya
including bottom communities (Vargas 1987,
1988), Meiofauna (De la Cruz & Vargas 1987)
and specific groups such as polychaetes (Maurer
et al. 1988), stomatopods (Dittel 1991), and oth-
ers (see Vargas 1995 for a review).

Questions about community functions
(determination of trophic groups and energy
pathways) have not yet been addressed, however,
and are the focus of the present study.

Basic modelling approach: The core routine of
ECOPATH Il basically consists in using a set of
simultaneous linear equations (one for each
group ; in the system), i.e.:

Production by ( i ) less all predation on (i)
less non predation losses of (i )} less export of (i)
=0, for all i,

or:

LP;-B;M2;-P; (1-EE)-EX, =0, (m

where

P,=the production of ( i J(gm?y™')

B, = the biomass of (i) (gm?)

M2, = the predation mortality of (i }y")

EEi = the Ecotrophic Efficiency of ( i ) (fraction of 1}
I-EE; = the "other mortality" "

EX; =the export of (i Ygm?y")
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Thus, the total production by group (i) is bal-
anced by predation from other groups (B; *M2 ),
by non-predation losses (P;(1-EE ;)) and losses to
other systems, e.g. sedimentation and fishery.
Since production is more conveniently estimated
from the production/biomass ratio (PB) and the
average annual biomass (B), it is expressed as (P;
= B; * PB;). Predation mortality depends on the
activity of the predator and can be expressed as
the sum of consumption by all predators ( j )

preying upon group (i), i.e.

(Bi ‘M2i) = SJ-BJ- * QBJ. * D(“ji
where

QBi = consumption/biomass ratio of the predator j ()
and

D'Cii = traction of the prey (i) inthe average diet of
predator j.

Two of the three parameters B, PB and EE
have to be set initially for each group. The re-
maining parameter is computed by the software.
Particularly for some lower-trophic level groups,
EE is sometimes changed by the program, even
when P or PB are treated as initial unknowns. QB
of a compartment can aiso be calculated by the
model and treated as an unknown in initial
parametrization, if information is available on the
amount of prey entering the compartment. For
further details of the ECOPATH II model struc-
ture see Christensen & Pauly (1992).

Selection of model groups (compartments)

As a first step in defining the model compart-
ments, available information on biomass, catches,
P/B ratios, consumption rates (Q/B), as well as
growth and mortality rates for the species/groups
of the system was assembled from landing statis-
tics, own research data and the literature. For
most fish species, Q/B was calculated using the
aspect ratio of the caudal fin (Palomares & Pauly
1989). The weight dependent model of Palo-
mares (1987) was applied to the groups "rays and
sharks" and "morays and eels". As a next step,
species of similar sizes, diets, consumption rates,
mortality and production rates were grouped
within a compartment. As the official landing
data are not given for each fish species sepa-
rately, but for groups of fish such as "primera
grande" (first quality fish > 2kg), "primera pe-
quefia” (first quality , < 2kg), and others, which
are comprised of different trophic groups, it was

difficult to attribute catch values for each of the
groups defined in the model. As the total catch is
given, we proceeded by allocating a fraction of
the total catch to each group that was roughly
proportional to the biomass fraction of the fish
survey results.

The mangroves cover approx. 15km? (Jiménez
1994) representing 1% of total system area. To
convert given production values for phytoplank-
ton carbon into wet weight, we used the follow-
ing conversion: carbon to dry organic matter,
1:2.5; dry to wet organic matter, 1:5 (Parsons et
al. 1977).

The model groups with the main elements are
given in Table 1.The input data as well as the diet
matrix used are given in Tables 2 and 3 together
with the literature sources used.

RESULTS AND DISCUSSION

Fig. 2 shows the compartment model of the
Golfo de Nicoya ecosystem based on the diet
matrix and flows given in Tables 3 and 4. Table 5
contains the summary statistics and network indi-
ces computed by the programme. Table 6 gives
the transfer efficiencies calculated for each
trophic level.

Balancing the model and evaluation of com-
puted values: The balancing of the the model
was done as described in Wolff et al. (1996).
Some biomass input values had to be modified as
seen by the numbers in brackets in Table 2. Of
these, the largest changes were done for the
groups phytoplankton (18 to 6) and squids (0.09
to 0.4). Minor changes of input biomass as well
as of the P/B and Q/B values were also applied
for other groups, of which most remained within
narrow bounds around the input value (Table 2).
We think that the threefold reduction of the phy-
toplankton biomass is reasonable, as our input
value was derived from measurements in the
interior part of the gulf (Cérdoba-Mufioz 1993)
and from Términos lagoon (Mexico), both repre-
sentative for shallow estuarine waters in the
tropics. The Golfo de Nicoya has this character-
istic in its interior part, while towards the outer
oceanic part of the gulf, primary productivity can
be expected to be far lower. The necessary in-
crease of the biomass values for squids and some
of the fish groups and for the predatory crabs also
seems reasonable, as our initial values were based
on scientific bottom trawl surveys, which are
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TABLE 1

System compartments as used for the Golfo de Nicoya Model

Groups
1. Phytoplankton
2. Microphytes Benthic
3. Mangroves

4. Zooplankton (>300u)

ostracods,

. Penucus
5. Shl‘lll‘lph app.  Sicyonya
6. Squids Loliolopsis

5 Neopisthopierus
7. Small pelagics spp.

Main Elements

Diatoms, dinoflagellates and others
diatoms
Rhizophora sp., Avicenma sp., Pellicicra sp.

Nentic and ocean copepods, bivalve larvae, foraminifers,
mysids, nauplii, fish eggs, chaetognathes & others

Trachypenacus  spp., other  penacids:  Solenocera
spp.  Pandalidae

diomedeae, Lolliguncula  panamensis

tropicus. Anchoa lucida: A spp.  Opisthopierus

Caranx  caninus, C. otrynter; C. speciosus. C. wvincls: Peprilus

8. Carangids & others niedius;

9. Small demersal fish

10. Flatfish
11. Catfish

12. Snappers & Grunts

13. Lizardfish
14. large Scianids

15. Rays & sharks

16. Moravs & eels
17. Endobenthos

18. Epibenthos

19. Predatory crabs

20. Sea/shore birds

. snyderi; Sclene brevoriii; S. oerstedu: 5. peruviana:
Trachinotus paitcnsis

small & juv. Sciaenids, Haemulids, Tnglids, Gerreids, Scrranids,
Scomionids. Gobies & others

Achirus  kluzingeri; Syacium ovale; S. latfrons: Symphurus
chabanaudi; S, calloplerus; 5. elongalus; Cyclopscua  guerna;
Etropus  crossotus,  Citharichthys  platophrys &  others

Arius dasycephalus; A, dovi; A. platypogon; A. osculus & others

Lutjonus  guntatus; L. spp.. Haemulon scuderi: Anisotremus  doviic
Culumus  brachisonis &  others
Synodus  scituliceps; 5. evermanni; S.  sechurae

Cynoscion  albus; €. phoxocephalus, C. spp.

Dasyatis  longus,  Urotrygon  chilensis;  Raya  veleair  Rhinobates
leucorhynchus;  Narcine  brasiliensis &  other  rays:  sharks:
Mustelus  lunulatus

Cynoponlicus coniceps & others

Capitellid and spiomd polychates & others

Gastropoda;  Bivalvia,  Majidae;  Panhenopidae.  Leucosidae,
Papunidae:  Diogenidae: Sea wrchins. sea  siars:

Callinectes toxotes; C. sapidus; C. arcuatus, Porunus asper, P
indescens, P. acuminatus; Euphylax robustus: Squilla spp.  Callapi-
doe:  Xanthidae

Pelicanus  spp.; Pudiceps  domimicus; Sula  spp.. Phalacrocorax
vlivaceus;  Oceanodroma  microsoma, Fregala  magnificens,
Anhinga anhinga; & others

21. Detritus

known to operate with a low catch efficiency,
thus yielding underestimates. We did not modify
our initial catch values, which were assembled
from landings statistics (INCOPESCA 1995) but
also from estimates derived from the proportion
of different fish and invertebrate groups within
the shrimp by-catch as reported by Campos
(1986). The model - value for total catch (3.38g
m”) translates to 5070 t for the total area (1500
km?), a value that we consider realistic, as offi-
cial landing statistics do not include the by catch.
The gross efficiencies (GE = production / con-
sumption) calculated for the fish and invertebrate

groups are between 0.11 (Carangids) and 0.26
(Squids), well within the range reported by Mann
(1982), Caddy & Sharp (1986) and Conover
(1974) (for zooplankton). The respiration to as-
similation ratios (R/A) are as expected from lit-
erature data given in Humphreys (1979) and
Huebner & Edwards (1981).

Trophic structure, transfer efficiencies: The
larger portion of system biomass is confined to
the benthic domain (18,4 gm?, mangroves ex-
cluded, versus 13.8 gm~ for the pelagic domain).
According to the model results, epibenthos,



70

Group

1.Phyoplankton

2. Microphytobenthos

3. Mangroves

4.Zooplankion (>300 m)
5.Shrimps

6..Squids

7.5mall |1l:]:igit:s

8. Carangids & others
9.5mall demersal fish
10, Flatlish

1. Catlish

12, Snappers & Grunts
13, Lizardfish

14, large Sciaemids

15. Rays & sharks

16. Morays & ecls

17. Endobenthos

18. Epibenthos

19. Predatory crabs

20, Sca/shore birds
21.Detritus & bacteria

REVISTA DE BIOLOGIA TROPICAL

TABLE 2

Golfo de Nicoya- input data and literature sources

Biomass ' Catch?

18 (6)

0.8 (0.5)

1040

3.74.m

0,09 (0.4)

0,15 (0.5)

1.3

0,3(0.78)

0,35(0.5)

0.13(04)

0,12(0.19)

03

0,1 (0.16)

0.2 (0.35)

12

0,2(0.5)

0,02 (0.05)

0.8

0,02

0,15

0,2

03

0.2

0,12

0,04

0,1

0,05

0,1

P/B’?

180

110 (120)

022

50 (40)

4.4 (6.0)

83

4,8(5.5)

0.8

23

1,9 (1.8)

0.8 (0.9)

0,75 (VY5;

1

0,6

0,6

0,75

15(30)

39 (4.0)

2.0

0,15

QB!

160

21 (28)

32

20 (28)

73

812

6,5(7.5)

4

43

5.5(7.0)

2,8

3.6

30 (150)

15(25)

65

Literature source

1,3- Robertson & Blaber (1992) : estimates for Ter-
minos Lagoon, Mexico, Cérdoba-Mufioz (1993)
1,3- estimates baesd on Dummermuth (1997)
assuming microphytobenthos to cover 4% of area
1- after Jimenez (1995) and considering 1% man-
grove cover; 3 - after Diaz (1993) and after Day et
al. (1987)

I -Wangelin & Wolff (1996), Hossfeld et al. (1994)
3+4: Huntley & Lopez (1992)

1- Wolff (1996); Bartels et al. (1984);

2- INCOPESCA (1995); 3- Palacios et al .(1993);
4- own estimate

1-Koch (1994); 2-estimate based on Campos
(1986);3-based on Majid & Khaliluddin (1994)
Laptikhovskij (1995); 4- Palomares (1987)

1- Wolff (1996); Bartels et al. (1984);

2- INCOPESCA (1995): 3: analysis of catch data;
4: aspect ralio

1- Wolff (1996); Bartels et al. (1984);

2- INCOPESCA (1995); 3: analysis of caich data;
4: aspecl ratio

1- Wolff (1996); Bartels et al. (1984);

2- INCOPESCA (1995); 3: analysis of catch data;
4: aspect ralio

1- Wolff (1996); Bartels et al. (1984);

2- INCOPESCA (1995); 3: analysis of catch data;
4: aspect ratio

1- Wolff (1996); Bartels et al. (1984);

2- INCOPESCA (1995); 3: analysis of catch data;
4: aspect ratio

1- Wolff (1996), Banels e1 al. (1984);

2- INCOPESCA (1995); 3: analysis of catch data;
4: aspect ratio

1- Wolll (1996); Bartels 1 al. (1984);

2- INCOPESCA (1995); 3: analysis of catch data;
4: aspect ralio

1- Wolfl (1996); Bartels et al. (1984); G

2- INCOPESCA (1995); 3: analysis of catch data;
4: aspect ratio

1- Wolff (1996), Bartels et al. (1984);

2- INCOPESCA (1995); 3- Pauly & Christensen

{1993); 4- Palomares (1987)

1- Wolff (1996); Bartels et al. (1984);

2- INCOPESCA (1995); 3- own estimate; 4- Palo-
mares (1987)

1- Maurer & Vargas (1984); 3- Tumbiolo & Down-
ing (1994); 4- own cstimate

I- Jesse (1996); Maurer et. al (1978); 2- Incopesca
(1995) 3- Tumbiolo & Downing (1994); 4- Grif-
fiths (1980)

1- Wolff (1996); Bartels et al. (1984);

2- INCOPESCA (1995) 3- Dittel et al. (1985); 4-
own eslimale

1-Dunlop et al .(1988); 3.4 - Muck & Pauly (1987)
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shrimps and small demersal fish are the most
prominent benthic groups in terms of biomass,
while plankton, small pelagic fish, carangids and
squids dominate the pelagic biomass. In terms of
food intake, zooplankton and epibenthos are the
most important pelagic and benthic groups with
an intake of 640 gm™ and 300 gm™ respectively
(see Table 4). Demersal fish (groups 8,11,12,
13,14,15,16,) consume twice the amount (10.8
gm™) than predatory crabs (5.5 gm?). Of the pe-
lagic predators, squids and birds consume 12.8
gm? and 3.25 gm respectively. The groups phy-
toplankton, zooplankton, mangroves and epi-
benthos have the lowest ecotrophic efficiencies
(the fraction of the total production consumed
within the system), and thus represent the main
providers of detritus.

‘Mangroves, although covering only 1% of the
total area, contribute 75.7% to the system bio-
mass but only about 1% (22g m™?) to the primary
production. Nevertheless, through litter fall,
mangrove production can be assumed to be of
great importance in fuelling the detrital food
chain in the inshore areas of the gulf. More im-
portantly, however, seems the role of the man-
grove root system as a hard substrate for epi-
fauna. As shown by Biittner (1997), the surface
area of the roots is about twice the ground area
covered by mangroves and average epifaunal
biomass can reach values of 1400g dw m™. This
represents about 90% of the epifaunal biomass of
the entire gulf and explains, why epibenthos is
the second largest box in our model. It serves as
an important food source for invertebrate preda-
tors and many commercially important fish spe-
cies of the inshore gulf area. Through the release
of enormous quantities of pelagic larvae and of
faecal material, epibenthos also provides food to
many of the, zooplankton filter and suspension
feeders of the entire system. It is thus evident,
that even small areas of mangrove vegetation
(like in the Golfo de Nicoya), have an enormous
importance for the biomass distribution and en-
ergy flow pattern within the estuary. Trophic
models of estuaries that do not include mangrove
vegetation and associated fauna will grossly un-
derestimate system biomass and energy flow.

The computed mean transfer efficiency be-
tween trophic levels of 14.9% (Table 6), is very
close to the 15% value given by Ryther (1969)
for coastal zones and within the range of 10 to
20% commonly reported in the literature (Odum
1971; Barnes & Hughes 1988). It is almost iden-

tical to the value (15%) calculated for the Golfo
Dulce system in southern Costa Rica by Wolff et
al. (1996). As seen by the flow pyramid (Fig. 3),
most of the system's energy throughput is
achieved from the trophic levels I to 1I (62%) and
II to 1T (34%) as expected for coastal phyto-
plankton/ detritus based systems with strong
benthopelagic coupling. The situation differs
from the one in the Golfo Dulce, where phyto-
plankton and benthic production is low and
where the pelagic community seems to be more
tightly structured (Wangelin & Wolff 1996)
leading to a larger fractional throughput in the
higher trophic levels (Wolff er al. 1996). In the
Golfo de Nicoya most energy is transferred from
the primary producers and the detritus pool to the
next trophic level. The ingestion by detritus and
phytoplankton feeders alone represents 82% of
total system consumption (Tables 3 and 4).

Flow Pyramid
(Gn25-03d)

& Wet weight (Vkm?)/year

Fig.3. Golfo de Nicoya, pyramid of flows. The volume of
each trophic level is proportional to the total flows
through this compartment, the bottom compartment rep-
resents herbivory.

According to the model estimates, a large
quantity of detrital matter (482 gm?) is exported
by the system. Of this, a part will be sedimented
away, another serves as food for deep water de-
tritus feeders, such as squat lobsters, that were
found in dense shoals and comparatively high
biomasses in the deep water of the outer gulf area
(Jesse, 1994).

Summary statistics: The model estimate of total
system throughput (T) of 3049.3 gm™ exceeds
twice the value of the Golfo Dulce model
(1404.6) and even more the value reported for
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TABLE 3

Golfo de Nicoya. Prey-predator matrix used for the model. Numbers represent weight fractions of food ingesied

Groups 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
1. Phyoplankton 0,75 06 06 0,14 06

2. Microphytobenthos 0,1 01 01 0,15

3. Mangroves 01 0,05 0,01

4. Zooplankton (>300) 0,05 025 005 04 012 0.1 0,05 0,07 0,05 0,01

5. Shrimps 02 0,06 0,12 02 01 0,1 02 0,05 0,05 0,05 0,15 0,06
6. Squids 0.1 0,2 0,03 0,1 0,05 0,05 0,05 0,05
7. Small pelagics 0,85 05 005 02018 02 01 01005 045
8. Carangids & other 01 0,02

9. Small demersal 0,02 02015 02 01 0,16 0,14 01

10. Flatfish 0,05 0,05 005 0,1 0,08 0,08

11. Catfish 0,05 0,1 0,05

12. Snappers & Grun 0,05 0,05 0,04 0,05

13. Lizardfish ; 0,02 0,02 0,02 0,04

14. large Scianids 0,01 0,05 0,05

15. Rays & sharks 0,02

16. Morays & eels 0,03 0,02

17. Endobenthos 0,15 0,05 0,05 0,05 0.04 0.1 01
18. Epibenthos 01 005 05 06 04 02 02035 02 03 05 03
19, Predatory crabs 0,05 0,02 0,05 01 005015 0.1 0,04
20. Sea/shore birds

21. Detritus & bacteria 02 03 0,05 0,08 0,62 0,23 015

Sum 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Literature sources:

Groups 1), 2) and 3) are producers, not consumers. 4) Petipa er a/. (1977); 5) Moriarty & Barclay (1981), Froglio & Gramitto (1988),
Stoner & Zimmerman (1988); 6) Sauer & Lipinski (1991), Hemandez-Garcia (1992); 7) Okera (1973), Vasconcelos Filho e/ al. (1984),
Campos & Corrales (1986), Szelitowski (1990), Bussing & Lopez (1994); B) own data, Randall (1967), Vasconcelos Filho et al. (1984),
Popova & Sérra (1983), Brewer ef al. (1989), Sudekum e al. 1991, Smith e/ al. (1992) Bussing & Lopez (1994)); 9) own data, Salini e/ al.
(1990), Bussing & Lopez (1994), Campos & Corrales (1986), de Souza Braga & de Souza Braga (1987), Szelitowski (1990), Bussing &
Lopez (1994); 10) own data, Mac Pherson (1978), Szelitowski (1990), Garcia- Abad er al. (1992), Bussing & Lopez (1994); 11) Sheridan
ef al. (1984), Reis (1986), Yallez- Arancibia & Lara- Dominguez (1988), Rojas- Beltran (1989), Salini er af. (1990), Tilney & Hecht
(1990), Szelitowski (1990), Bussing & Lopez (1994); 12) own data, Popova & Sérra (1983), Campos & Corrales (1986), Parrish (1987),
Salini er al. (1990). Szelitowski (1990), Bussing & Lopez (1994); 13) Sweatman (1984), Vasconcelos Filho er al. (1984), Bussing &
Lopez (1994); 14) own data, Campos & Corrales (1986), Bussing & Lopez (1994), Sheridan ¢ al. (1984) 15) own data, Randall, (1967},
Salini et al. (1990), van Dykhuizen & Mollet (1992), Ishihara ef af. (1993), Stilwell & Kohler (1993), Gilliam & Sullivan (1993), Bussing
& Lopez (1994); 16) own data, Bussing & Lopez (1994); Yukihira ef af, (1994) 17) own data; 18) Perez & Bellwood (1988), Nojiima
(1989), Tokeshi et al. (1989) Manjulatha & Babu (1991), Frid (1992), Woods (1993); 19) Laughlin (1982), Williams (1982); Giovanardi
& Manfrin (1984), Dittel er al (1985): 20) Muck & Pauly (1987).

Tamiahua lagoon in Mexico (822.4) by Abarca-

Tongoy bay (upwelling) ecosystem in Northern
Arenas & Valero Pacheco (1994). The very low

Chile an even higher value of 20 835.

value of the latter system can be explained as the
authors report a strong oil impact on the system
that has led to a 90% reduction of benthic pro-
ducers.

Throughput values of many other systems are
much higher, however. Mendoza (1993) reports
for the Northeastern Venezuelan Shelf a value of
7621, Chavez et al. (1994) for the Celestun La-
goon in Mexico of 8969 and Wolff (1994) for the

The mean trophic level of the Golfo de Nicoya
fishery (4.06, about the level represented by rays
and sharks) reflects the fact that the fishery oper-
ates as a top predator of the system. Several har-
vested groups are fish that themselves
feed upon higher trophic levels. While this value
is much higher than for upwelling fisheries,
where the fishery concentrates primarily on
planktivorous fish (Jarre et al. 1991), it is lower
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TABLE 4

Golfo de Nicoya. Parameter values entered (in bold) and calculated by the ECOPATH Il - software.

(Explanation of symbols: P/B,Q/B, EE and GE see material and method section;
FI: food intake; R: respiration; A: assimilation)
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group catch biomass P/B Q/B EE GE FI. R/A P/R R/B
(1) 1.Phyoplankion 6,000 180,00 0,660
(2) 2.Microphylobenthos 0,500 120,00 0.930 E
(3) 3.Mangroves leoo  0.22 0AS0
(4) 4. Zooplankion (>300u) 4000 4000 16000 0S50 0250 64000 0690 0460 8800
(5) 5..Shrimps 0800 1500 600 2800 0930 0210 4200 070 030 1640
(6) 6..Squids 0,020 0400 830 32,00 0910 0260 1280 0680 0480 1730
(7) 7.Small pelagics 6,50 2,600 550 2800 0920 0200 7280 0750 0330 16,90
(8) 8. Carangids & others 0200 0500 080 730 0940 0110 370 0Ee0  0.60 5,04
(9) 9.Small demersal fish  roow L300 230 1200 0830 019 1500 0J0 0320 7.30
(10) b0. Flatfish 0,200 0,780 1,80 750 0940 0240 590 070 0430 420
(11) 1. Catfish 0300 0500 6,90 400 0920 020 200 0720 03% 2,30
(12) 12. Snappers & Grunts 0,200 0400 0,95 430 0960 0,220 0720 0380 249
(13) 13. Lizardfish 0,000 0,190 1,00 700 0980 0040 133 0s20 0220 4,60

14.Sciamids

(4 & Lutjanids (>20cm) w120 0000 0,60 4,00 0960 0150 1.20 08D 0230 260
(15) 15. Rays & sharks 0040 0090 0,60 280 0950 0210 0 0T 0370 1.64
(16) 16. Morays & ecls 0100 U160 0,75 3,60 099 0210 06 67 0350 213
(17) 17. Endobenthos 0,350 3000 15000 09% 0200 5250 07500 0,330 90,00
(18) 18. Epibenthos 0050 12000 400 2500 0450 0060 30000 oS00 0250 16,00
(19) 19, Predatory crabs o 050 2,00 oo 0900 0180 550 0T 02w 6,80
(20) 20. Sewshore birds 0050 015 65,00 L0 0002 328 0.9%  0mm 51,88
(21) 21.Detritus & bacteria 482,090 0.340

than the one for the Golfo Dulce model (5.3).
This is due to the fact that within the Nicoya gulf
an important fraction of the total catch is made up
by shrimps and small pelagic fish, that feed on
the lower trophic levels.

The annual catch of 3.38 gm™ is about 15
times higher than that reported for Golfo Dulce,
showing the low resource productivity of the
latter. While this value seems reasonable as an
average for the entire gulf, it must be stressed,
that large parts of the resource biomass is con-
fined to the inner and central part of the gulf, as
revealed by the research surveys mentioned.

The amount harvested is similar to that given
by Arreguin-Sanchez et al. (1993) for the South-
western Gulf of Mexico (about 3.32 gm™). It is,
however, higher than that reported for the conti-
nental shelf of Mexico (2.8) by Browder (1993)
and for the South China Sea ecosystem (0.83)
(Silvestre et al. 1993). Higher values are reported

for the Northeastern Venezuelan Shelf (5.2 gm™)
(Mendoza 1993), for Campeche bank, Mexico
(4.82) (Vega-Cendejas et al 1993), or for
Maputo Bay, Mozambique (7.05) (DePaula et al.
1993). It thus seems that the catch/area obtained
in the Golfo de Nicoya can be considered inter-
mediate for tropical coastal systems.

The gross efficiency of the fishery
(catch/primary production) computed by the
model (0.3%) appears high when compared to
the Golfo Dulce model (0.06%) or the Northeast-
e Venezuelan Shelf (0.15%) (Mendoza 1993),
indicating the high overall exploitation rate. This
result is consistent with the fact that many popu-
lations of shrimp and commercial fish have dras-
tically declined over the past years due to over-
exploitation (INCOPESCA, 1990-1995). The
most affected resources seem to be the shrimp
stocks (especially white shrimp). Catch volumes
have decreased from about 1326 t in 1983/84
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TABLE 5

Golfo de Nicoya. (a) Summary statistics; (b) Network flow indices. For further explanations see text and Christensen & Pauly (1992)

(a) Summary statistics

sum of all consumption

sum of all exports

sum of all respiratory flows
sum of all flows into detritus

total system throughput (T)
sum of all production

fishery s mean trophic level
it’s gross efficiency (catch/ prim. prod.)

total net primary production (PP)
total PP / total tespiration (R)
total biomass / total throughput
total biomass (excl. detritus)
pelagic biomass

benthic biomass (exc. mangroves)
total catches

(b) Network flow indices

Source Ascendency
Flowbits
Import u
Internal flow 1306
Export 986,3
Respiration 9449
Totals 3237,1
Throughput cycled 354
Finn’s cycling index 5.5

(Campos 1986) to 759 t in 1995 (INCOPESCA
1996) and present shrimp sizes are reported to be
much reduced.

As shown by our model, shrimps occupy a
central role within the Golfo de Nicoya as con-
verter of much of the system detritus and other
bentho -pelagic food into food biomass for sev-
eral groups (Table 3). Their overexploitation
means a significant reduction of the food stock
for these predators. For their wide-scale distribu-
tion and specific trophic niche within the system,
it is improbable that other species can compen-
sate for this lack, and the decline of many com-

1161
485,5 *sedimentation, fishery
676,5
726,3
3049,3
14143
4,06
0,003
1162
1,718
0,04
132,12
13,5
19,2
3,38 values in g / m?
Overhead Capacity
S  Flowbits % Flowbits %
v 0 0 0 0
10,5  6936,3 56 82423 66,5
8 340,2 2,7 13265 10,7
7,6 1873,7 15,1 28185 228
26,1 91502 739 123873 100
t km?¥ year

(% of total throughput)

mercially important populations of shrimp feed-
ing fish seems the logical consequence of this
overexploitation,

The primary production to respiration ratio
(P/R) computed by the model (1.72) indicates
that more biomass is produced than respired,
indicative for a relatively immature- system
(Odum, 1971). The value is significantly higher
than that of Golfo Dulce (1.07) showing the dif-
ferent nature of both gulf systems. The character
of an immature system is also confirmed by the
low index of recycling (FCI= 5,5%) (Finn 1976)
and the Ascendency/capacity (A/C) ratio
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(Ulanowicz, 1986) a further descriptor for system
maturity. The value computed for the model (26.
1%) (Table 5) is very low, suggesting a low de-
gree of system's maturity. This seems to gener-
ally hold for tidally driven, tropical estuarine
systems, in which hydrographic and climatic
variability is very pronounced. These systems of
high system P/R and low A/C ratio are used to
environmental stress, and may eventually be con-
sidered relatively robust against perturbations
(Ulanowicz & Mann 1981, Rutledge er al. 1976).

TABLE 6
Golfo de Nicoya. Transfer efficiencies (TE) for each
trophic level; TE=proportion of energy transferred
Srom one trophic level to the next

Source | n m 1w A" Vi Vil Vil
Producers - 86 172 149 148 164 154 17
Detritus - 96 179 154 148 164 151 17,1
All flows - B8 174 15 148 164 151 17

Proportion of total flow originating from detritus 0,33 X=14.9

We think that the modelling exercise allowed
for a coherent picture of the Golfo de Nicoya
system and permitted to answer the questions
addressed in the study. Moreover, a quantitative
basis was obtained through the model construc-
tion, for a comparison of the gulf with other
tropical coastal systems.

Some shortcomings should be mentioned,
however. Although the data basis for the model
was comparatively good due to the intensive
research in the study area over the past 20 years,
for some of the model compartments only crude
estimates were available. This especially holds
for the biomass and production values for phyto-
plankton and phytobenthos compartments,which
need intensive research in the future, Imports and
exports (apart from catches and detritus produced
within the system) were not considered in the
model. The riverine import has not been quanti-
fied and migrating populations of birds, dolphins,
sharks or turtles, known to alter the biomass
budget by their migratory activities, were not
considered as well. Very little quantitative in-
fomation existed for the higher predators such as
birds or aquatic mammals. While we included
birds, by using rough estimates from the litera-
ture, we did not include marine mammals due to
the lack of information.

As in most trophic models, the "microbial
loop" was not considered and detritus was used
as a black box, without partitioning into benthic
and pelagic compartments or particulate and dis-
solved organic matter. We think that a microbial
loop study (or model) should be done in addition
to the trophic model presented here once the re-
spective data basis is available.

Further limitations are associated with the
staedy-state assumption of the model:

It is known that high seasonal variations occur,
which can produce intra-annual changes in the
trophic structure and productivities of the system
compartments. These are not considered in the
model, which reports "average conditions". The
construction of two seasonal models (rainy, and
dry season) would be a worthwhile next step to
account for the seasonal dynamics of the system.
This, however, requires a data basis as yet not
available. Strong modifications of the fishing
activities (new targets, increasing effort) can also
introduce changes in the ecosystem structure and
flow pattern, which are difficult (if not impossi-
ble) to predict. It is important to keep this in mind
when steady state models are being used as man-
agement tools.

RESUMEN

El Golfo de Nicoya es uno de los es-
tuarios mas grandes y sobreexplotados de
América Central. Con el propésito de integrar
la informacion disponible sobre el estuario, se
construyd un modelo tréfico de 21 comparti-
mentos usando el programa ECOPATH II. La
mayor porcion de la biomasa ( 18.4 g / m?)
proviene de los ambientes bénticos, sin incluir
manglares, comparado con 13.8 g /m? de los
ambientes peldgicos. Los manglares, que solo
cubren el | % del édrea del Golfo y propor-
cionan el 1 % de la productividad primaria,
aportan sin embargo, el 76 % de la biomasa
del sistema. Las raices del manglar aportan 90
% de la biomasa ( 12 g/m®) proveniente de la
epifauna, el segundo grupo mas grande del
modelo, enfatizando el papel fundamental de
los manglares en el Golfo de Nicoya. La ma-
yoria del flujo energético ocurre entre los ni-
veles tréficos 1 y Il ( 62 %) y 1I-111 (34 %)
seglin se espera para un ecosistema costero
basado en fitoplancton-detritus. Una alta efi-
ciencia bruta de la pesqueria ( captura / pro-
ductividad primaria) de 0.3 % confirma la alta
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explotacion actual. Los camarones son im-
portantes en convertir detritus en otras formas
de biomasa. El modelo sugiere que el Golfo de
Nicoya es un sistema de poca madurez,
caracteristico de estuarios tropicales domina-
dos por las mareas. Se discute las limitaciones
del modelo y se orienta la investigacion fu-
tura. El modelo es comparado con el ya pro-
puesto para el Golfo Dulce, una fosa anoxica
también en la costa Pacifica de Costa Rica.
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