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ABSTRACT: A steady-state model of the planktonic food web of the lagoon of Takapoto Atoll (Tuamotu 
Archipelago, French Polynesia) was developed to assess the characteristics of that ecosystem. The 
planktonic food web was divided into 7 compartments, whose carbon biomasses and rates of exchange 
were determined from field data combined with lnverse analysis, the latter being used to estimate miss- 
ing rates. Results indcate that the system was characterized by high phytoplankton production and, in 
agreement with previous results, low bacterial production. Due to their high metabolism, metazoan 
zooplankton played a dominant role in the cycling of carbon. In contrast, the contribution of protozoa 
was small. The non-living particulate organic carbon compartment also played a key role, qualitatively 
and quant~tatively, because detritus was directly consumed by all heterotrophic compartments. 
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INTRODUCTION 

Typical coral reefs are generally considered to be 
dominated by benthic communities, with a very minor 
contribution by phytoplankton to primary production 
(Sargent & Austin 1949, 1954, Odum & Odum 1955, 
Sournia 1977, Kinsey 1985, Gattuso et al. 1993). 
This generalization does not apply, however, to atoll 
lagoons where, because of a relatively deep water 
column and scarcity of coral structures, the pelagic 
community plays a significant role. In atoll lagoons, the 
primary productivity of plankton exceeds that of 
benthos (e.g. Charpy-Roubaud 1988, Furnas 1988). 

The first studies of planktonic food webs in coral 
reefs have shown that these are characterized by high 
abundance of zooplankton, which are a food source for 
corals (Russel 1934, Motoda 1938), high biomasses and 
metabolic rates of bacteria (Sargent & Austin 1949, 
Odum & Odum 1955, Sorokin 1973), and large stocks 
of detritus, which are mainly consumed by zooplank- 
ton (Marshal1 1965, Gerber & Marshall 1974). The bio- 
masses and production rates of phytoplankton are 

generally low, but highly variable (Sournia & Ricard 
1976, Lewis 1977, Sournia 1977, Kinsey 1985). 

In French Polynesia, the benthic fauna of atoll lagoons 
is characterized by dominance of a few species, espe- 
cially filter-feeding bivalves (Salvat 1969). The pearl 
oyster Pinctada margaritifera was naturally the most 
abundant bivalve at the turn of the 20th century, but 
has since been heavily exploited for mother-of-pearl 
(Grand & Hauti 1993). Overexploitation led to the near 
disappearance of this species, after which farming 
developed to produce black pearls. Because farmers 
suspend oysters on ropes in the water colunln, they are 
moving these benthic bivalves into the pelagic envi- 
ronment. Knowledge of the trophic functioning of the 
pelaglc food web is thus essential to determining the 
standing stock of pearl oysters that can be supported 
by a given lagoon. 

In the Tuamotu Archipelago, research on lagoon 
ecology started in 1974 as part of the Man and Bio- 
sphere UNESCO programme (Salvat 1976, 1988). Stud- 
ies were concentrated on the lagoon of Takapoto Atoll, 
where pearl oyster farming was then being developed. 
Since 1990, studies on pearl oysters have been con- 
ducted within the framework of the Programme 
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General de  Recherche sur la Nacre (hereinafter abbre- 
viated as PGRN), the main objective of which is to 
assess the carrylng capacity of the lagoon for oyster 
farming. Because of this suite of studies, Takapoto Atoll 
is one of the most investigated atolls in the world. Re- 
sults of previous work (Charpy et al. 1992, 1994a, b, 
1997, Charpy 1996, Torreton et al. 1997) do not provide, 
however, a complete description of the planktonic food 
web, because several flows between trophic compart- 
ments could not be quantified in the field. 

Biological oceanographers are often confronted with 
the problem of deriving the whole picture of a food 
web from an incomplete data set. In order to do so, 
Vezina & Platt (1988) applied the analytical method 
known as inverse analysis to planktonic food webs. 
Their inverse approach is an optimization technique 
which provides a complete steady-state model of the 
food web by estimating the unknown flows, using a 
parsimony principle and ancillary information to con- 
strain the biological processes. Subsequent applica- 
tions of inverse analysis to marine food webs have 
included euphotic-zone planktonic systems (Vezina & 

Platt 1988, Ducklow et al. 1989, Vezina 1989, Jackson 
& Eldridge 1992) and benthic systems (Eldndge & 

Jackson 1992, 1993, Chardy et al. 1993) in temperate 
environments. 

The present study applies inverse analysis to the 
PGRN data, with the purpose of obtaining a biologi- 
cally realistic description of the whole planktonic food 
web in the lagoon of Takapoto Atoll. The resulting 
model is used to characterize the main features of the 
cycling of carbon in the lagoon. 

MATERIAL AND METHODS 

Study site. Takapoto Atoll (145" 10' W, 14" 40' S) 
(Fig. 1) is located in the northwestern part of the 75- 
atoll Tuamotu Archipelago. The lagoon has a surface 
area of 81 km2 (Andrefouet 1994) and a mean depth of 
23 m (Ricard et al. 1979). It is isolated from the ocean 
by an almost continuous reef rim. A few shallow chan- 
nels (less than 50 cm depth) sporadically allow water 
from the ocean to enter the lagoon, but currents in 
these are generally weak (Sournia & Ricard 1976). The 
main means for water to leave the lagoon is by eva- 
poration, which exceeds precipitation by an average of 
50 cm per year (Rougerie 1979). The excess salts leave 
through the rim of the atoll by percolation (Rougerie 
1979, 1995). The renewal time of water is 2.5 yr for 
50% renewal and 18 yr for 99% (Magnier & Wauthy 
1976). Because tides and swell are negligible inside 
the lagoon, wind is the factor that determines water 
motion, with trade-winds from the east providing the 
dominant forcing (Rougerie 1979). 

145"lO'W I 

1 2 k m  . 
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14"40'S 

Flg. 1. Takapoto Atoll, Tuamotu Archipelago, French Polynesia 

A village is located at the south end of the rim. The 
main economic activity on the atoll is pearl-oyster 
farming, which began in 1969, developed in the 1970s 
(Salvat & Richard 1985), and has flourished since the 
1980s (Grand & Hauti 1993). 

Model development. A complete steady-state model 
of carbon cycling in the planktonic food web of Taka- 
pot0 Atoll was built using PGRN data. The numerical 
method was the inverse approach developed by Vezina 
& Platt (1988). 

Data: The data used for constructing the food-web 
model (Table 1) result from studies conducted during 
the first part of the PGRN (1990 to 1994). We distrib- 
uted the water-column biogenic carbon among 7 com- 
partments. These compartments, which structure the 
ecosystem on the basis of processes and/or sizes, are: 
phytoplankton (autotrophic prokaryotes and eukary- 
otes), bacteria, protozoa (zooplankton <35 pm), micro- 
zooplankton (from 35 to 200 pm), mesozooplankton 
(>200 pm), detritus (non-living particulate organic 
carbon, POC, >0.7 pm), and dissolved organic carbon, 
DOC (<0.7 pm). Published values were transformed in 
order to obtain average flows expressed as mg C m-' 
d-' and stocks as mg C m-'. 

Methods used to collect the data have been de- 
scribed in published papers and/or reports. They are 
briefly summarized here. Phytoplankton biomass and 
production were determined daily between 4 and 11 
June 1991 (3 sites, 5 sampling depths). Chlorophyll a 
concentration was determined fluorometrically after 
fractionated filtration on 3 pm and 1 pm Nuclepore 
filters and Whatman GF/F filter. The carbon/chloro- 
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Table 1. Field data and values used for the inverse analysis. Vertical water-column integration was over a mean depth of 23 m 
(Ricard et al. 1979) 

Description Value in the model Published value Source 

Stocks mg C m-' 
Phytoplankton 585 0.31 ? 0 01 pg chl a I-'; C/chl = 82 Charpy et al. (1992) 
Bacteria 300 13 k 2 p g C  1-' Torreton et al. (1997) 
Protozoa 3 3 mg C m-' Charpy et al. (1994a) 
Microzooplankton 98 98 mg C m-2 Charpy et al. (1994a) 
Mesozooplankton 47 47 mg C m-2 Charpy et al. (1994a) 
Detritus 2400 2400 mg C m-2 Charpy et al. (1994a) 
DOC 33400 121 & 14 pM Torreton et al. (1997) 
Flows mg C m-2 d-' 
Gross particulate primary prod. 820 0 82 t 0.1 g C m-2 d-' Charpy et al. (1992) 
Bactenal prod. 7 6 3.3 * 0.6 pg C 1-' d-' Torreton et al. (1997) 
Microzooplankton prod. 131 131 mg C m - 2 d - 1  Charpy et al. (1994a) 
Microzooplankton total ingestion 342 342 mg C n1r2 d-' Charpy et al. (1994a) 
Microzooplankton respiration 147 30.8 pm01 O? mg-' d-' Charpy et al. (1994b) 
Mesozooplankton prod. 75 75 mg C m-' d-l Charpy et al. (1994a) 
Mesozooplankton total ingestion 358 358 mg C m-' d-' Charpy et al. (1994a) 
Mesozooplankton respiration 147 63.5 pm01 O2 mg-' d-' Charpy et al. (1994b) 

phyll a ratio was determined for Synechococcus and 
applied to total chlorophyll a since Synechococcus rep- 
resented 67% of the pigment biomass (Charpy et al. 
1992). Primary production was estimated from 4 h 14C 
in situ incubations (Charpy et al. 1992). We assumed 
that values corresponded to gross particulate primary 
production, given the short incubation time. 

Bacteria and DOC (Torreton et al. 1997) were deter- 
mined between 16 and 25 January 1994 (2 sites, sub- 
surface sampling). DOC was the organic carbon pass- 
ing through a Whatman GF/F filter. Bacteria were 
collected on 0.2 pm Nuclepore filters, stained with 
DAPI, and counted under an epifluorescence micro- 
scope. Bacterial production was estimated by [methyl- 
3H] thyrnidine incorporation into DNA. 

The masses of detritus and zooplankton were deter- 
mined monthly between June 1991 and December 
1992. Total organic carbon was determined by CHN 
analysis after filtration on precombusted Whatman 
GF/F filters (Charpy et al. 1994a). ATP was used to 
estimate the living carbon in the size classes 0.7-1, 
1-3, and > 3  pm. The mass of detritus was computed as 
the difference between total organic carbon >0.7 pm 
and the living organic carbon >0.7 pm. Stocks of 
micro- and mesozooplankton were estimated from 
the dry weights of vertical net haul samples. The dry 
weights were transformed into carbon using a relation- 
ship determined for Tikehau Atoll (Charpy et al. 
1994a, b). Protozoa were estimated by subtracting the 
carbon calculated for phytoplankton >3 pm from the 
living carbon in the class 3-35 pm (Charpy et al. 
1994a). 

Metabolic rates for micro- and mesozooplankton 
were estimated in February 1994 from an overnight in 
situ incubation (Charpy et al. 1994b). Production 
rates were computed using the C/N/P ratios method 

(Le Borgne et  al. 1989). The respiration rates of micro- 
and mesozooplankton were calculated using a respira- 
tory quotient of 1, since it is likely that zooplankton 
mostly used carbohydrates for their metabolism. (R. Le 
Borgne pers, comm.). 

A priori compartment model: The a priori model is 
the diagram of all flows likely to exist that must be esti- 
mated. We chose to consider flows of carbon only, and 
not of nitrogen, for reasons discussed later. Interactions 
with the lagoon bottom were combined into a single 
flow which included detritus sinking and resuspension. 
Other interactions with the bottom were not explicitly 
considered. 

Several assumptions were made when constructing 
the model: both prokaryotic and eukaryotic phyto- 
plankton can be grazed by zooplankton of any size 
class; bacteria are consumed only by protozoa, since 
most microzooplankton cannot efficiently graze bacte- 
rial-sized particles (Sherr & Sherr 1984, Rassoulzade- 
gan & Sheldon 1986, Ducklow 1990); zooplankton feed 
on zooplankton compartments whose sizes are smaller 
than their own; detritus can be consumed by zooplank- 
ton of all size classes; protozoa can assimilate DOC (as 
shown for high molecular weight compounds by Sherr 
1988 and Sherr & Sherr 1988). Each living compart- 
ment can contribute to the detritus and DOC pools. 
Detritus are transformed into DOC by direct dissolu- 
tion (mechanical fragmentation) and dissolution medi- 
ated by microbial activity (Mornssey 1985, Alongi 1988). 
The resulting model contained 32 flows (Table 2). The 
system has only 1 carbon input, i.e. gross phytoplank- 
ton production, and 3 outputs, i.e. respiration by all 
living compartments, detritus sinking, and production 
exported by mesozooplankton to higher trophic levels. 

Inverse analysis: The inverse approach used here is 
a tool for constructing a conlplete model of flows 
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Table 2. 
flow, the 

Description Flow name Inferred value Resolution 
(mg C m-' d-l) 

Gross phytoplankton production gpp -+ phy 863 0.589 
Phytoplankton respiration phy + res 250 0.392 
Grazing of phytoplankton 

by protozoa P ~ Y  + Pro 88 0.289 

Grazing of phytoplankton 
by microzooplankton phy -+ mic 205 0.442 

Grazing of phytoplankton phy + rnes by mesozooplankton 167 0.442 

DOC exudation by phytoplankton phy + doc 43 0.589 
Phytoplankton detritus production phy - det 109 0.289 
Protozoa respiration pro + res 51 0.316 
Grazing of protozoa pro + mic by microzooplankton 4 0 0.405 

Grazing of protozoa pro + mes by mesozooplankton 1.5 0.405 

Protozoa egestion pro + det 12 0.176 
DOC excretion by protozoa prp + doc 17 0.252 
Microzooplankton respiration mlc + res 147 1.000 
Grazing of microzooplankton mic + mes by mesozooplankton 131 1.000 

Microzooplankton egestion mic + det 46 0.563 
DOC excretion by mic + doc microzooplankton 18 0.563 

Mesozooplankton respiration mes -+ res 147 1.000 
Mesozooplankton egestion rnes -+ det 82 0.563 
DOC excretion by rnes + doc mesozooplankton 54 0.563 

Bacterial respiration bac + res 51 0.492 
Use of bacteria by protozoa bac + pro 28 0.412 
Bacteria detritus production bac -+ det 4 8 0.353 
DOC excretion by bacteria bac + doc 0 0.373 
Grazing of detritus by protozoa det + pro 0 0.176 
Grazing of detritus det + rnic by microzooplankton 97 0.405 

Grazing of detritus det + rnes by mesozooplankton 58 0.405 

Use of detritus by bacteria det 4 bac 0 0.353 
Detritus dissolution to DOC det + doc 0 0.252 
DOC consumption by bacteria doc 4 bac 127 0.373 
DOC consumption by protozoa doc + pro 6.4 0.252 
Sinking of detritus det + 10s 142 0.316 
Grazing of mesozooplankton rnes + 10s by higher level organisms 75 1.000 

Input data Corresponding equation 

Gross particulate primary production @PP * P ~ Y )  - ( P ~ Y  -+ doc) 
Bacterial production (bac -* pro) + (bac + det) 

Microzooplankton production mic + mes 
Microzooplankton respiration m c  - res 
Microzooplankton (phy - mlc) + (pro + mic) + 

total ingestion (bac 4 mic] + (det + mi.c) 

Mesozooplankton production mes 4 10s 
Mesozooplankton respiration mes + res 
Mesozooplankton (phy -, mes) + (pro + mes) + 

total ingestion (mic + mes) + (det + mes) 

Flows in the a prion model (flow names are used in Fig. 3). For each among compartments. The resulting 
value obtained from the inverse analysis and the corresponding resolu- model is static without temporal 

Lion are gven .  Resolution values >0.5 are in bold variations). Hence, the purpose of such 
a model is not prediction but the char- 
acterization of the food web. The ap- 
proach is based on the steady-state 
assumption that each compartment 
has a constant mass, i.e. that the total 
flows entering any compartment are 
equal to the total output flows. The 
balance between in- and outflows 
leads to a mass-balanced equation for 
each compartent, resulting in 7 equa- 
tions describing the 7 compartments. 
In addition, the PGRN data provided 
8 equations (Table 3) .  As there are 
only 15 equations for 32 unknowns, 
the system is mathematically underde- 
terrnined with an infinity of solutions. 

Vezina & Platt (1988) applied 2 
additional critena to obtain a single 
solution. The first is a set of con- 
straints, expressed in terms of flows, 
that provide limits to the rates and effi- 
ciencies of biological processes. For 
example, the efficiency of ingestion by 
zooplankton was required to be less 
than an unrealistically high level 
when compared to literature data. This 
can be expressed as an inequality, 
called hereafter a 'biological con- 
straint'. Applying such constraints re- 
duce the domain of solutions but still 
allows an  infinity of possible solutions 
for the set of flows. The second crite- 
rion is based on a parsimony principle. 
It assumes that the 'best' set of flows is 
that with the smallest Euclidean norm 
(sum of squares) (Vkzina 1989). These 
2 additional criteria lead to a single 

Table 3. Equations used as complements to the mass balance equations, to take solution vector, which describes the 

into account field estimates. Modified from Vezma & Platt (1988) flows between compartments of the 
system, or between one compartment 
and the outside of the system. The 
algorithmic technique is given in V6z- 
ina & Platt (1988) and Vezina (1989). 

We used constraints (Table 4) similar 
to those of Vkzina & Platt (1988), with 
the exception of ingestion by microzoo- 
plankton and mesozooplankton which 
were not constrained here because 
they were fully determined by the 
available field data. Moreover, we did 
not constrain minimum rnicrozooplank- 
ton excretion because the value in 
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Vezina & Platt conflicted with field determinations 
of microzooplankton metabolism in Takapoto Atoll. 
The resulting constraints comprised 26 inequalities 
(Table 4) .  The fact that each of the 32 flows must be 
non-negative resulted in 32 additional relationships, 
yielding a total of 58 inequalities. 

Model analysis. Descriptive indices: We calculated 
an index of recycling ( L )  as the sum of all internal flows 
(flows between 2 compartments) divided by the net C 
flow entering the system (gross primary production 
minus phytoplankton respiration). This index provides 
a measure of the number of times an atom of carbon is 
transformed on its way through the system before it 
exits (Jackson & Eldridge 1992). L 2 1 because each 
carbon atom is counted at least once before leaving the 
system. 

We also computed other indices to characterize the 
relative importance of each living compartment. Fbac is 
the fraction of bacterial production relative to phyto- 
plankton production; Fplo, F,,,,,, and F,,, are the 
fractions of carbon going through the protozoa, micro- 
zooplankton, and mesozooplankton compartments, re- 
spectively, relative to the sum of flows through all 3 
zooplankton compartments. 

Resolution of each Now: The resolution of a flow 
quantifies how much that flow is constrained by the 15 
equations (mass balance equations plus equations 
corresponding to field data). The resolution, whose 
calculation is described in Vezina (1989), has a value 
between 0 and 1. Flows with a resolution of 1 are fully 

determined by the equations and therefore do not 
change after applying the biological constraints. The 
lower the resolution, the stronger the effect of the bio- 
logical constraints on the flow (Vezina 1989). Hence, 
the resolution quantifies the sensitivity of each esti- 
mated flow value to the assumed food web structure 
and the field input data (Vezina & Platt 1988). 

Sensitivity analyses: In order to test its robustness, 
the model was subjected to 3 sensitivity analyses. The 
first two assessed the significance of each input vari- 
able to the resulting solution. The third one calculated 
the sensitivity of the result to the pattern of flows, i.e. 
the choices of flows made when building the a priori 
model. 

Firstly, the sensitivity of calculated flows to each 
input variable was determined by calculating new 
solutions of the model after changing the input value 
of the variable by *10%. Secondly, more drastic 
changes to the available field data were considered. 
On the one hand, flow values in field data were 
removed and new solutions of the model were calcu- 
lated; on the other hand, the input value for primary 
production was divided by 2, which provided a rate 
close to that published by Sournia & Ricard (1976). 
Thirdly, the structure of the model was modified, i.e. 
problen~atic flows were added to and/or removed 
from the a priori model: ingestion of DOC by protozoa 
(removed), consumption of bacteria by microzoo- 
plankton and mesozooplankton (added), and a combi- 
nation of the 2 changes. 

Table 4. List of minimum and maximum values used as  biological constraints (Vezina & Platt 1988). 7 is the mean annual water 
temperature, which is 28OC in the lagoon of Takapoto Atoll (Charpy et al. 1994a). The lower and upper bounds are expressed as  

inequalities involving the concerned flow, sum of flows, or rate 

Llst of biological constraints Lower bound Upper bound 

Respiration 
Phytoplankton 5% of gross primary production 30 % of gross primary production 
Protozoa 6.4 C, of biornass X exp(0.0693T) None 
Microzooplankton 7.2 16 of biomass X exp(0.0693T) None 
Mesozooplankton 2.3 X of biomass X exp(0.0693T) None 
Excretion 
Phytoplankton 5 "4, of gross primary production 50 "6 of gross primary production 
Protozoa 33 S;, of respiration 100 ?'k of respiration 
Microzooplankton None 100'%, of respiration 
Mesozooplankton 33 % of respiration 100 % of respiration 
Assimilation efficiency 
Protozoa 50 X 90 ",L 
Microzooplankton 50 ?h 90 "L 
Mesozooplankton 50 90 % 
Net production efficiency 
Bacteria 1 0 %  60 % 
Gross production efficiency 
Protozoa 10 % 60 % 
Microzooplankton 10% 60 9 
Mesozooplankton None 40"0 
Ingestion 
Protozoa None 546% of biornass x exp(0.0693T) 



22 Mar Ecol Prog Ser 165: 17-29, 1998 

RESULTS 

Description of the inferred carbon cycle 

The field data (Table 1) were spatially and tempo- 
rally averaged over the lagoon, using a vertical inte- 
gration depth of 23 m. The values for carbon flows, 
resulting from the inverse analysis, are therefore simi- 
larly averaged values (numerical values in Table 2, 
graphical representation in Fig. 2). 

The input of carbon (863 mg C m-2 d-l) is the sum of 
the field-determined gross particulate primary produc- 
tion (820 mg C m-' d-l) and DOC exudation calculated 
by the model, which is 5 % of the total input (this value 
corresponds to the lower bound of the constraint in 
Vezina & Platt 1988). The computed respiration by 
phytoplankton (29% of the gross primary production) 
is close to the upper limit allowed by the correspond- 
ing constraint. 

Mesozooplankton have the largest total inflow of all 
consumer compartments. This value results from the 
high ingestion rate of total POC estimated by Charpy et 
al. (1994131, i.e. 358 mg C m-2 d-l. The value of F,,, indi- 
cates that the flows toward mesozooplankton are 43 % 
of the total for all zooplankton, which is higher than 
their fraction of the total zooplankton biomass (32%). 

-- l00 rng C d-l 
-) respiration 

sinking Export 

Fig. 2. Inverse solution for planktonic food-web flows in the 
lagoon of Takapoto Atoll. Each carbon flow is represented by 
an arrow whose width is proportional to the calculated value. 
Dotted arrows: flows present in the a pnon model, whose 
computed values are null. gpp = gross pnmary production, 
phy = phytoplankton, pro = protozoa, mlc = microzooplank- 
ton, mes = mesozooplankton, det = detritus, doc = dssolved 

organic carbon, bac = bacteria 

Mesozooplankton grazing is mainly on phytoplankton 
(47 %) and microzooplankton (37 %).  Respiration and 
grazing mortality are the largest non-phytoplankton 
fluxes out of the system (25 % of the overall output). 

The total carbon flow through microzooplankton is 
almost as large as the flow through mesozooplankton, 
with an ingestion of 342 mg C m-2 d-' and F,,, = 42 %.  
The microzooplankton compartment has the largest 
biomass among all zooplankton (66% of the total). 
Most of the input flow (60%) results from the grazing 
on phytoplankton, although grazing on detritus also 
provides a substantial fraction of the carbon (28%). 
Grazing on protozoa is small (12 %). 

The total ingestion by protozoa estimated by inverse 
analysis is 122 mg C m-2 d-l, which is the maximum 
value allowed by the biological constraint. Fpro = 15% 
is the lowest value among all zooplankton compart- 
ments, but it is high compared to the protozoa biomass 
which is only 2 % of the total zooplankton biomass. 

The carbon flow through bacteria is almost the same 
as that through protozoa, 127 mg C m-2 d-'. The value 
Fbac = 15 % indicates that bacterial production is small 
compared to gross primary production. Carbon is lost 
by bacteria through respiration (40%), formation of 
detritus (38%), and consumption by protozoa (22%). 

The flow through detritus, 297 mg C m-* d-l, is large 
relative to that through the bacteria and protozoa com- 
partments. This carbon is either consumed by grazers 
or lost through sinking (estimated to be 142 mg C 
m-2 d-l). The dissolution of detritus into DOC, either 
directly or mediated by bacteria, was included in the a 
priori model but estimated to be null by the inverse 
analysis. 

Analysis of the food web 

The recycling index calculated from the results of 
the inverse analysis is L = 2.25. This means that the 
sum of all flows through all compartments other than 
phytoplankton is 2.25 times the carbon that entered 
the system once it passed through the phytoplankton 
compartment. 

The resolutions of flows vary from 0.18 to 1 (Table 2). 
The 4 flows with resolutions of 1 (i.e. fully determined 
by the field data combined with the mass balance 
equations) all involved micro- or mesozooplankton. 
The flows with resolutions >0.5 are mostly those 
i.nvolving phytoplankton and micro- and mesozoo- 
plankton. The lowest resolutions (0.18 to 0.25) concern 
flows from the protozoa, detritus, and DOC compart- 
ments, as their masses provided the only available 
information that could be used in the analysis. 

The first sensitivity analysis (Fig. 3) shows that gross 
primary production and the ingestion rates of micro- 
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structure of the model did not change much. The 
removal of data on the metabolism of either micro- or 
mesozooplankton resulted in a decrease of the total 

and mesozooplankton strongly affected the flows from Table 6. Results of the third sensit~vity analysis, concerning 
or to other compartments, i.e. mainly protozoa and the structure of the a priori model: total throughput through 

DOC, In contrast, the biomass of zooplankton, except each compartment, and Fand L indices. Three modifications 
were considered: flow from DOC to protozoa removed ( I ) ;  

protozoal had On There was a flows from bacteria to microzooplankton and mesozooplank- 
positive link between bacterial production and the ton allowed (11); and a combination of the previous 2 changes 
flows from the DOC compartment. (111). Fand L indices are defined in Table 5 

The second sensitivity analysis (Table 5) shows that, 

flow through the corresponding compartment. Even 
when the 6 metabolic values (i.e. ingestion, respiration 
and production, for micro- and mesozooplankton) 
were removed, there still was a dominance of meso- 
zooplankton (46 %) over microzooplankton (32 %) and 
protozoa (22 %). The latter change resulted, however, 
in a decrease of the recycling index, L, from 2.25 to 
1.72. This is because of a decrease in the required car- 
bon passing through the 3 zooplankton compartments 
relative to the initial (PGRN) model. Similarly, there 
was a decrease in recycling when bacterial production 
was removed, because of a small decrease in the total 
carbon passing through the bacteria and DOC com- 
partments, the latter being the main source of carbon 
for bacteria. When primary production was divided by 
2, the recycling increased markedly. This is because, 
with half the carbon running through the model, re- 
cycling processes became essential for satisfying the 
demand of carbon from all compartments. 

even when drastic changes were applied, the general 

Total throughput through: 
Phytoplankton 863 863 863 863 1 
Protozoa 122 122 122 122 

PGRN I I1 111 

Microzooplankton 
Mesozooplankton 
Detritus 
DOC 
Bacteria 
Indices 
Fbac (%) 
Fpro (%l  
Fmic ( % 1 
Fmer  (%l 
L 

The third sensitivity analysis, which consisted in 
adding and/or removing flows, did not affect the main 
characteristics of the model (Table 6). The role of bac- 
teria remained low, the overall distribution of carbon 
among the 3 zooplankton compartments was un- 
changed, and the recycling index varied little. 

DISCUSSION 

Table 5. Results of the second sensitivity analysis. The total throughput through 
each compartment and the F and L indices are given for: the initial model 
(PGRN); cases with flows being removed in turn, i.e. ingestion by micro- or meso- 
zooplankton (IMlc and IHES), ingestion, respiration and production for rnicro- 
zooplankton (MIC), mesozooplankton (MES), and both micro- and mesozoo- 
plankton (ZOO), and bacterial production (Ps); and primary production being 
divided by 2 (Pp/2). a,,: fraction (%) of bacterial production relative to phyto- 
plankton production. F,,,, F,,,,,, F,,,: fraction (%) of carbon through protozoa, 
microzooplankton and mesozooplankton, respectively, relat~ve to the sum of the 

three. L: recycling index 

PGRN INIC IMES MIC MES ZOO PB Pp/2 

Total throughput through: 
Phytoplankton 863 863 863 863 863 863 863 432 
Protozoa 122 122 122 122 122 122 122 122 
Microzooplankton 342 309 342 180 342 171 342 342 
Mesozooplankton 358 358 301 358 280 249 358 358 
Detritus 297 275 255 269 245 242 286 214 
DOC 133 127 128 127 127 127 110 148 
Bacteria 127 127 127 127 127 127 104 127 

Indices 
Fbac ( X )  15 15 15 15 15 15 12 29 
FP,, (%l 15 16 16 19 16 22 15 15 
F m c  P"+') 42 39 45 27 46 32 42 42 
F m s  (%) 43 45 39 54 38 46 43 43 
L 2.25 2.15 2.09 1.96 2.05 1.72 2.11 3.24 

Food-web characteristics inferred 
from the model 

The major pathways of carbon in the 
pelagic food web are through rnicro- 
and mesozooplankton, not protozoa 
(i.e. 15, 42, and 43  % through protozoa, 
microzooplankton, and mesozooplank- 
ton, respectively). The protozoan bio- 
mass in Takapoto Atoll (3 mg C m-*) 
might have been underestimated, 
since it is much lower than the biomass 
in the lagoon of nearby Tikehau Atoll 
(60 mg C m-'; Charpy & Charpy- 
Roubaud 1990). However, increasing 
the protozoan biomass from 3 to 60 
and 120 mg C m-' did not significantly 
change the respective contributions of 
the various zooplankton size classes to 
the carbon flows, and it increased the 
flow through protozoa to only 24 % for 
both biomass values (the flow values 
for the 2 higher protozoan biomasses 
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are the same because the biomass is only used to set 
the biological constraints). The low contribution of pro- 
tozoa is therefore a robust characteristic of the trophic 
structure. 

In British waters, Vezina & Platt (1988) found an in- 
creasing carbon flow with increasing size of zooplank- 
ton, i.e. 15,49, and 36 % in the English Channel and 19, 
27, and 53% in the Celtic Sea for protozoa, microzoo- 
plankton, and mesozooplankton, respectively. In con- 
trast, Jackson & Eldridge (1992) observed a decreasing 
carbon flow (40, 47, and 13%) in the California Basin 
for the same 3 zooplankton compartments. The latter 
corresponds to a food chain where mesozooplankton 
fed on microzooplankton which, in turn, fed on proto- 
zoa. Our results and those of Vezina & Platt (1988) 
appear to be exceptions to the latter 'classical' scheme, 
which reflect preferential herbivory for all size classes 
of zooplankton. 

The fact that zooplankton >35 pm dominated the 
carbon cycle seems inconsistent with the observed 
high abundance of picophytoplankton and their high 
contribution to primary production (Blanchot et al. 
1989, Charpy et al. 1992). In Takapoto Atoll, the pro- 
duction of cyanobacteria accounts for 60% of the total 
phytoplankton production (Charpy et al. 1992), where- 
as the consumption of phytoplankton by protozoa 
represents only 19% of the phytoplankton which is 
directly eaten by zooplankton. It follows that part of 
the picophytoplankton 1s grazed by micro- or mesozoo- 
plankton. This is not unrealistic given that small par- 
ticles are efficiently ingested by the appendicularian 
Oikopleura fusiformis (Fenaux 1989), which is among 
the 8 most abundant holoplankton taxa in the zoo- 
plankton community of Takapoto Atoll (Renon 1989). 

Bacteria are the other living group consumed by pro- 
tozoa. Most of them are free-living, small-sized cells 
(Ducklow 1990, J.-P. Torreton pers, comm.) that are 
believed to be mostly grazed by protozoa. This com- 
partment is characterized by low production (76 mg C 

d- I ) ,  despite its high biomass (300 mg C m-'). Since 

a similar result was obtained for Tikehau Atoll, where 
the production and biomass of bacteria are 143 mg C 
m-' d-' and 1175 mg C m-', respectively (Torreton et 
al. 1997), a low production to biomass ratio seems to 
be a general characteristic of the bacterial community 
in Polynesian atoll lagoons. Bacteria process 15% of 
the carbon input, which is at the lower end of the 
range reviewed by Azam et al. (1983) for marine 
systems (10 to 50%). Hence, although they make up a 
high biomass, bacteria contribute little to the carbon 
cycle in the studied system. It must be kept in mind, 
however, that our model considers the water column 
only, which does not preclude high activity of benthic 
bacteria as shown on the Great Barrier Reef (Wilkinson 
1987). 

In contrast to protozoa and bacteria, the detritus 
compartment plays a significant role in the food web. 
Qualitatively, this compartment adds a high degree of 
complexity to the model because detritus can be con- 
sumed by all heterotrophic compartments; quantita- 
tively, the total flow through this compartment is more 
than twice that through bacteria. Several zooplankters 
are known to graze detritus in reef waters, where this 
food source can account for up to 95 % of their gut con- 
tents (Gerber & Marshal1 1974, Gerber & Gerber 1979). 
Detritus consumption has been emphasized by Sorokin 
(1990) and Anas-Gonzalez (1993) as a general charac- 
teristic of coral reef ecosystems. 

The recycling index in Takapoto lagoon (2.25) is 
similar to values calculated from the results obtained 
by Vezina & Platt (1988) in the English Channel (2.49) 
and the Celtic Sea (2.27), and by Jackson & Eldridge 
(1992) in California waters (2.46). Hence, the efficiency 
of carbon recycling in pelagic systems does not seem to 
be very different in temperate and tropical ecosystems. 
Two benthic systems were investigated with the in- 
verse approach. The ?-compartment benthic network 
of the Bay of Saint-Brieuc has L = 1.75 (data from 
Chardy et al. 1993), which is consistent with the low 
efficiency of energy transfer stressed by the authors. In 
the 8-compartment benthic systems of Santa Monica 
Basin and Patton Escarpment (data from Eldridge & 

Jackson 1993), the L values are much higher, i.e. 2.79 
and 3.00 respectively. The L index, however, is sensi- 
tive to the number and the nat.ure of compartments 
involved, so that direct comparison of benthic and 
pelagic systems may not be possible because these 
characteristics differ in the 2 types of systems. 

The intermediate value of the recycling index for 
the planktonic system of Takapoto Atoll contrasts with 
previous results for typical coral reefs. These systems 
have very high efficiency in the use of primary energy 
sources by heterotrophic processes (Sorokin 1990), and 
high recycling which allows the maintenance of very 
high animal biomasses together with almost null 
excess production (Kinsey 1985, Crossland et al. 1991, 
Opitz 1993, Arias-Gonzalez et al. 1997). As already 
mentioned at the beginning of the 'Introduction', atoll 
lagoons and typical coral reefs are very different 
systems. 

The first sensitivity analysis shows that carbon 
cycling in the planktonic food web mainly depends on 
the input of carbon in the system, i.e. primary produc- 
tion. A 10 0/0 variation in this input strongly modified all 
the other flow values. The system is also strongly 
dependent on the metabolic rates of the metazoan 
compartments. Finally, the small value of the total flow 
through the DOC compartment is linked to the low 
bacterial production. A large reservoir of DOC that is 
little used by the planktonic system seems to be the 
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rule in Polynesian atoll lagoons (e.g. Tikehau Atoll; 
Torreton & Dufour 1996). 

One of the aims of the present paper was to show 
that it is possible to derive a large number of charac- 
teristics of a planktonic system from an incomplete 
data set. A critical analysis of the data used to build the 
model is beyond the scope of the paper. One of the 
potential problems of the approach is that the data 
were collected at different sites and periods of the 
year, and averaged over space and time before assimi- 
lation in the analysis. The drastic sensitivity analyses 
which were applied to the model showed, however, 
that the observed patterns were resistant to changes in 
both the input data (first and second sensitivity analy- 
ses) and the structure of the model (third sensitivity 
analysis). The food-web characteristics derived from 
the inverse analysis are therefore robust. 

Despite the above considerations, the very high val- 
ues for the micro- and mesozooplankton flows deserve 
some discussion. The ratios of ingestion and produc- 
tion to biomass are, for microzooplankton, 349 and 
134 %, respectively, and, for mesozooplankton 762 and 
160%. These values seem unusually high in compari- 
son to mean allometric models (e.g. Moloney & Field 
1989). The high environmental temperature and the 
nature of the organisms present (especially the appen- 
dicularians), however, favor metabolic values higher 
than those of a 'mean' population (Le Borgne pers. 
comm.). Moreover, the values we used for production 
and ingestion are close to those observed in the lagoon 
of Uvea Atoll, New Caledonia (Le Borgne et al. 1997), 
where the ratio of mesozooplankton ingestion to bio- 
mass did not exceed 350 %. The extremely high value 
(762%) of this ratio in the lagoon of Takapoto Atoll 
may have been caused by an underestimation of the 
mesozooplankton biomass. This, however, would have 
no consequence for our model since the first sensitivity 
analysis showed that the biomasses of micro- and 
mesozooplankton had no influence on the result. 

Methodological choices and consequences 

The inverse approach, as applied by Vezina & Platt 
(1988), is based on the assumption that the model is at 
steady state. In other words, the masses of the different 
compartments are assumed to be constant. In Taka- 
pot0 Atoll, the observed variations of phytoplankton 
and micro- and mesozooplankton biomasses from one 
day to another did not exceed, in general, half the bio- 
masses of the previous day and occurred randomly in 
positive and negative directions (Charpy et al. 1994a, 
b, 1997). Changes in flows needed to obtain such small 
changes in biomasses would be very low compared to 
our caIculated flows. Similarly, there was no clear sea- 

sonal pattern of variation. At all times during the year, 
the pelagic ecosystem varied only a little around the 
mean state represented by the model. 

Only carbon flows were considered in the present 
study, whereas both nitrogen and carbon have been 
considered in most previous uses of inverse analysis 
(e.g. Vezina & Platt 1988, Eldridge & Jackson 1992, 
1993, Jackson & Eldridge 1992). This is because no 
field data were available for Takapoto Atoll on the 
uptake of nitrogen by phytoplankton. Hence, a cou- 
pled carbon-nitrogen model would have been solely 
based on C/N ratios from the literature, which would 
not have brought any additional information on the 
functioning of the system. Obtaining estimates of 
phytoplankton nitrogen uptake is difficult in coral reef 
environments, where extremely low values of dis- 
solved N nutrients impede the use of the 15N tech- 
nique. The same choice was also made by Vezina & 
Pace (1994) in a study of planktonic food webs in lakes. 

Our a priori model differed from that of Vezina & 
Platt (1988) in that it included available information 
on coral reef ecosystems (Kinsey 1985, Alongi 1988, 
Sorokin 1990, Arias-GonzBlez 1993) and recent ad- 
vances concerning the microbial food web (Sherr & 
Sherr 1984, Rassoulzadegan & Sheldon 1986, Sherr 
1988, Ducklow 1990). The major differences were the 
addition of 3 pathways: detritus grazed by zooplank- 
ton, detritus processed by microbial degradation, and 
consumption of DOC by protozoa. As a consequence, 
the food web is more complex in the present model 
than in previous ones, especially concerning the key 
role played by detritus and with protozoa being an 
obligatory link from bacteria to the large-sized con- 
sumers. 

Choosing the constraints is a key step of inverse 
analysis. The constraints used in the present study 
were taken from Vezina & Platt (1988), although these 
came from literature mainly dealing with temperate 
systems. We nevertheless assumed that the resulting 
relationships could be applied to a tropical system, 
since they concern physiological limits and most of 
them are functions of temperature. 

Flows to and from the protozoa, detritus and DOC 
compartments have low resolution values, since no 
field data were available to estimate them. Because 
constraints were applied to the living compartments 
only, processes concerning the protozoa compartment 
were probably realistically defined, but this may not 
have been the case for the DOC and detritus compart- 
ments, which were allowed to vary freely. Similarly, no 
constraint could be applied to detrital sinking, which 
was based on field data in the models of Vezina & Pl.att 
(1988). Sinking rates were not determined in Takapoto 
Atoll, but the value computed by the model (6% of the 
detritus mass sinking every day) seems realistic since it 
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is similar to the 8 O/o flux determined in nearby Tikehau 
Atoll (Charpy & Charpy-Roubaud 1990). In contrast, 
the inverse analysis calculated an unrealistic null value 
for the degradation of detritus, either direct or medi- 
ated by bacteria. The only way to obtain a more realis- 
tic estimate for these flow values would have been to 
add new constraints. Dissolution of detritus in coral 
reefs ecosystems is, however, poorly documented and, 
because it mainly depends on the chemical composi- 
tion of detritus, the processes involved could not be 
extrapolated from temperate environments. 

The model is finally determined by the parsimony 
principle, which is essential for the selection of a 
unique solution. Using this non-biological criterion is 
classical in biology. I t  was first stated by the English 
logician William Ockham (1290-1349) as: 'unneces- 
sary assumptions should be avoided when formulating 
hypothesis'. This principle (also known as Ockham's 
razor) is often used in the construction of phylogenic 
trees, by considering that evolutionary changes are 
rare and that no changes have occurred other than 
those necessary to explain the presently observed 
differences (Darlu & Tassi 1993). Applying the parsi- 
mony principle to a steady-state food-web model 
implies that: (1) the carbon goes as directly as possible 
where it is required according to the constraints (i.e. 
field data, mass-balance equations, and inequalities 
based on previous studies), (2) when several pathways 
of similar length are possible from one compartment to 
another, the carbon is evenly shared among them; and 
(3) the non-necessary carbon as determined by the 
constraints exits the system by the shortest possible 
route. 

According to the first of these consequences of the 
parsimony principle, the direct grazing of phytoplank- 
ton by mesozooplankton is favored over the grazing of 
phytoplankton by microzooplankton which is in turn 
grazed by mesozooplankton. This causes an artificial 
decrease in the number of trophic levels in the food 
web, which promotes herbivory. The second conse- 
quence implies an equivalent effect of 2 grazer com- 
partments (i.e. micro- and mesozooplankton), whereas 
a competition leading to one dominating over the other 
may be more probable. This could be prevented by 
splitting the grazers' compartments according to their 
feeding preferences. Finally, the third consequence 
artificially increases respiration at the lower trophic 
levels. This is, however, consistent with the general 
observation of exponentially decreasing respiration 
rates with increasing sizes (Moloney & Field 1989). 
Despite the problems related to the parsimony princi- 
ple, a final criterion cannot be avoided if a single solu- 
tion is sought. For the time being, the parsimony prin- 
ciple is the only such criterion that is generally 
accepted. 

In the present study, inverse analysis was applied for 
the first time to a tropical planktonic system. It was 
possible to derive the main characteristics of that 
system from an incomplete data set. The sensitivity 
analyses showed the model to be robust. Hence, de- 
spite possible biases resulting from the parsimony 
principle, which must be kept in mind, the inverse 
approach is a powerful tool for obtaining the charac- 
teristics of underdetermined systems. This is generally 
the case for planktonic food webs. 
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