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Abstract The planktonic food web of Takapoto Atoll
lagoon was studied using network analysis. This analysis
includes four types of indices dealing with bilateral in-
teractions of compartments, the trophic structure, bio-
chemical cycles, and the topology of the flows. We found
numerous parallel carbon pathways of similar impor-
tance, indicating a highly complex system compared to
other marine ecosystems. Other characteristics were
trophic levels not ranked in the same order as the size
classes, the domination of system activity by processes at
the first trophic level (and especially by herbivory), and
cycling processes that involve many pathways. This is
the first use of network analysis to describe completely a
planktonic food web, and also the first comprehensive
description of the trophic structure of the planktonic
system in an atoll lagoon.
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During the last 20 years, ecology has evolved toward a
vision of the ecosystem as a system of interactions
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(Fasham 1984; Frontier and Pichod-Viale 1995), where
the center of interest is no longer the state of the bio-
masses of the different groups of organisms, but the
interactions between them, quantified by flows of matter
or energy. This change in the view of the ecosystem has
provoked an increasing interest in food webs, i.e., the
schema gathering these flows into an ecosystem, or
segregating out part of an ecosystem.

It is difficult to comprehend the nature of complex
food webs through direct observation, because the
number of flows of matter or energy involved can be
overwhelming (Pimm 1982; Ulanowicz 1987). To define
and quantify the essential processes among the many
interactions, several indices have been developed that
characterize properties of the food web through an
overall vision of its structure and functioning (Ulano-
wicz 1987; Kay et al. 1989). These network methods,
usually invoked in connection with entire ecosystems,
were applied in this instance to the planktonic subsystem
of an atoll lagoon. ;

The planktonic food webs of corallian atolls have
become the focus of interest in recent years because of
the development of pearl oyster farming. These oysters
interact directly with the planktonic food web. Addi-
tionally, they have attracted attention because of the
seemingly increasing frequency of mass faunal mortality
events abetted by algal blooms. Thus, the lack of
knowledge concerning the global functioning of the
planktonic community has become apparent. So far, the
planktonic system has remained poorly described in
coral reef ecosystems as most studies have focused on
open shallow reefs dominated by benthic metabolism -
(Atkinson and Grigg 1984; Kinsey 1985; Sorokin 1990;
Arias-Gonzalez et al. 1997). Planktonic productivity,
however, becomes important and can even dominate
benthic processes in particular corallian ecosystems,
such as coral atoll lagoons, where coral patches are
scarce and the water is often deep (Charpy-Roubaud
1988; Furnas 1988).

The planktonic food web is characterized by complex
interactions between non-living organic carbon, bacte-



ria, the phytoplankton as primary producer, and the
zooplankton as consumer. The exchange between these
different compartments of the food web can be quanti-
fied by the flow of carbon between them during the
processes of consumption, excretion, or respiration.

The planktonic compartments in atoll lagoons have
recently been the subject of several studies. The char-
acteristics emphasized were a phytoplankton community
dominated by the size class <3 pm (Blanchot et al.
1989; Charpy et al. 1992), a high abundance and fast
turnover of zooplankton (Le Borgne et al. 1989), slow-
growing bacterioplankton (Torréton et al. 1997), and
large stocks of non-living particulate organic carbon
that is strongly grazed by zooplankton (Gerber and
Gerber 1979) and other animals (Alongi 1988; Sorokin
1990; Arias-Gonzalez 1993). However, these studies fo-
cused upon individual compartments, and quantitative
descriptions of the network characteristics of planktonic
food webs in atoll lagoons, i.e., of the exchanges between
the living and non-living non-motile compartments of
the water column, have been rare. Only Wilkinson
(1987) and Charpy and Charpy-Roubaud (1990) have
attempted to examine the entire planktonic system in
coral reefs. The food webs they built were based on di-
rect estimations in the field. These studies remain in-
complete, however, as only calculation will allow the
construction of complete food webs, because field esti-
mation of all the flows is impossible.

The aim of our study was to describe fully the func-
tioning of the planktonic system in an atoll lagoon. A
study of the Takapoto Atoll lagoon provided an ideal
opportunity, since much information on its planktonic
compartments has been collected over the years. This
lagoon has been the focus of a multidisciplinary pro-
gram and survey since 1974, and the planktonic com-
munity was studied from 1990 to 1994. Here, we intend
to examine the structure of the carbon flow of this food
web. A previous study (Niquil et al. 1998) has already
described a complete model of the carbon flow, em-
ploying inverse analysis — a numerical approach aimed
at estimating missing flow values using data from the
literature. However, this description utilized only direct
observation of planktonic flow and cannot analyze the
full structure of all the carbon pathways involved.
Therefore, we applied network analysis to the model and
data. This type of analysis uses global indices to char-
acterize the structure of the network of trophic ex-
changes between the compartments, and with their
surroundings. This study is the first attempt to apply to
planktonic food web studies these two numerical ap-
proaches, i.e., inverse analysis for building the complete
model and network analysis for analyzing the structure
obtained.

Network analysis involves calculating indices that
yield information over four domains, each one being a
way of describing the structure of the food web: (1) the
relationships between planktonic compartments consid-
ered two by two (input-output analysis), (2) a picture of
the underlying structure of the food web in terms of
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trophic levels (trophic structure analysis), (3) the pattern
for recycling (cycles analysis), and (4) overall indices that
characterize the geometry of the connections (topologi-
cal analysis). None of these perspectives is available
through direct investigation. These characteristics can
address different questions: What are the strongest links
and the most important compartments in the carbon
circulation? What are the dominant trophic levels and
how important are herbivory and detritivory? How are
the processes of carbon cycling characterized? How can
the geometry of the flows be characterized? How spe-
cialized are the carbon pathways?

The sum of these analyses should allow us to describe
the trophic functioning of the planktonic system of the
Takapoto Atoll lagoon. Furthermore, a comparison of
these results with previous descriptions of complete
coral reef food webs in shallow reefs dominated by the
benthic community, or with other food webs describing
communities in various marine ecosystems will be pos-
sible.

Materials and methods

Study site and studied model

Takapoto Atoll (145°10°W, 14°40’S) is located in the South Pacific,
in the Tuamotu Archipelago (French Polynesia). It is a medium-
sized (81 km?) atoll, in which the lagoon, of moderate depth (23 m),
is isolated from the ocean by an almost continuous reef rim
(Fig. 1). A few shallow channels show a generally weak current.

145°10W |

Fig. 1 Takapoto Atoll (located in the northwest of the Tuamotu
Archipelago, French Polynesia). The surface area of the lagoon is
81 km? (Andrefoust 1994) and its mean depth is 23 m (Ricard et al.
1979)
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This indicates that the ocean water hardly enters into the lagoon
(Sournia and Ricard 1976). In this almost closed atoll, the water
residence time is long: 4 years (Sournia and Ricard 1976), and the
eastern trade winds are the main factor determining water motion
(Rougerie 1979).

The atoll was initially studied in 1974 during the UNESCO
Man And Biosphere Program (Salvat 1976, 1988), in relation to the
development of pearl oyster farming (Salvat and Richard 1985),
and later as part of the General Research Program on the Pearl
QOyster (Programme Général de Recherche sur la Nacre, PGRN).
One of the objectives of the latter program was to describe the
planktonic system, which was considered to be the main food
source for the oysters (Charpy et al. 1994a). For this reason, the
program gathered specialists on each compartment of the plank-
tonic community. The data were collected during several field trips
that took place from 1990 to 1994. The sampling procedures varied,
from one measurement per week for chlorophyll ¢ determination,
to a full year of monthly estimates for zooplankton (see Niquil et al.
1998 for a summary of the sampling procedure). The spatial cov-
erage of the lagoon also varied according to the field trips (Niquil
et al. 1998 and references in Table 1).

Data from the PGRN (presented in Table 1) were all averaged
spatially and temporally and translated into units of carbon per
square meter, where stocks were concerned, or into carbon per
square meter per day, when processes, i.c., flows of carbon, were
taken into account. These data were used to build a model of the
carbon cycling by juxtaposing the flows of carbon from all the
various processes occurring in the water column: e.g., predation,
grazing, excretion, respiration (Niquil et al. 1998). This model was
based on the assumption that each compartment maintains con-
stant mass, i.e., the quantity of carbon coming into each com-
partment was the same as that leaving it. This assumption can be
expressed by the fact that, for each compartment:

consumption = production + respiration + excretion

The planktonic organic carbon was divided into seven com-
partments (Fig. 2) based on function and size: (1) dissolved organic
carbon (DQC); (2) non-living particulate organic matter (POC);
(3) bacteria; (4) phytoplankton; (5) nanozooplankton (<35 um that
was assumed to be similar to protozoa); (6) microzooplankton
(35-200 um), and (7) mesozooplankton (> 200 pm).

The combination of information from the field and the re-
quirement for conservation of matter within each compartment is
not sufficient to estimate all the carbon flow values. Flows that
could not be directly quantified from the field information were
estimated using the inverse analysis technique of Vézina and Platt

(1988). The aim of this numerical analysis is to estimate realistic
values for all the flows in a food web, when only some can be
deduced from field data. The originality of this method lies in the
use of previous knowledge on physiological rates to estimate
the values of the flows that constitute the most realistic food web.
The final determination of the unique solution is based on the
principle of parsimony, which postulates that the best solution
minimizes the sum of squares of the flows. The flow values yielded
by these criteria are given in Table 2 and are represented graphi-
cally in Fig. 2. We considered that the food web obtained was
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Fig. 2 Inverse solution for the 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 gpp gross
primary production, phy phytoplankton, pro protozoa, mic micro-
zooplankton, mes mesozooplankton, poc non-living particulate
organic carbon, doc dissolved organic carbon, bac bacteria (from
Niquil et al. 1998)

Table 1 Data of the PGRN 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 used in the model Published value Reference

Stocks
Phytoplankton 585 mgC m™2 0.31£0.01 pg Chl 17! Charpy et al. (1992)

C/Chl=82

Bacteria 300 mgC m™2 13+2 pgC 1! Torréton et al. (1997)
Protozoa 3 mgCm™> 3 mgC m™> Charpy et al. (1994a)
Microzooplankton 98 mgCm™ 98 mgC m™ Charpy et al. (1994a)
Mesozooplankton 47 mgCm™ 47 mgC m™2 Charpy et al. (1994a)
Detritus 2400 mgC m™2 2400 mgC m™2 Charpy et al. (1994a)
Dissolved organic carbon 33,400 mgC m™ 121+ 14 pm Torréton et al. (1997)

Flows
Gross particulate primary production 820 mgC m~2 day™’ 0.82+0.1 g€ m2 day™* Charpy et al. (1992)
Bacterial production 76 mgC m~2 day! 3.3+0.6 pgC 17! day™ Torréton et al. (1997)
Microzooplankton production 131 mgC m™2 day* 131 mgC m™ day™" Charpy et al. (1994a)
Microzooplankton total ingestion 342 mgC m~2 day™! 342 mgC m™ day~! Charpy et al. (1994a)
Microzooplankton Tespiration 147 mgC m™? day™ 30.8 pmol O, mg™! day™ Charpy et al. (1994b)
Mesozooplankton production 75 mgC m~2 day™! 75 mgC m~2 day™! Charpy et al. (1994a)
Mesozooplankton total ingestion 358 mgC m 2 day ™! 358 mgC m™> day™* Charpy et al. (1994a)
Mesozooplankton respiration 147 mgC m™2 day™ 63.5 umol O, mg™' day™ Charpy et al. (1994b)
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Table 2 Flows of the steady-
state model, with abbreviations
used in Fig. 2. For each flow,

the value obtained from the in-
verse analysis is given (from
Niquil et al. 1998) (DOC dis-
solved organic carbon, POC
particulate organic matter car-
bon)

Description Flow name Inferred value
(mgC m~2 day™)

Gross phytoplankton production gpp-phy 863
Phytoplankton respiration phy-res 250
Grazing of phytoplankton by protozoa phy—pro 88
Grazing of phytoplankton by microzooplankton phy—mic 205
Grazing of phytoplankton by mesozooplankton phy-mes 167
DOC excretion by phytoplankton phy—doc 43
Phytoplankton detrital POC production phy—poc 109
Protozoa respiration pro-res 51
Grazing of protozoa by microzooplankton pro—mic 40
Grazing of protozoa by mesozooplankton pro—mes 1.5
Protozoa egestion pro—poc 12
DOC excretion by protozoa pro—doc 17
Microzooplankton respiration mic-Tes 147
Grazing of microzooplankton by mesozooplankton mic—mes 131
Microzooplankton egestion mic—poc 46
DOC excretion by microzooplankton mic—doc 18
Mesozooplankton respiration mes—Tes 147
Mesozooplankton egestion mes—poc 82
DOC excretion by mesozooplankton mes—doc 54
Bacterial respiration bac-res 51
Use of bacteria by protozoa bac—pro 28
Bacterial detrital POC production bac—poc 48
DOC excretion by bacteria bac—doc 0
Grazing of non-living POC by protozoa poc—pro 0
Grazing of non-living POC by microzooplankton poc—mic 97
Grazing of non-living POC by mesozooplankton poc—mes 58
Use of non-living POC by bacteria poc—bac 0
Non-living POC oxydation into DOC poc—doc 0
DOC consumption by bacteria poc-bac 127
DOC consumption by protozoa poc—pro 6.4
Sedimentation of non-living POC poc-los 142
Grazing of mesozooplankton by higher-level organisms mes—los 75

representative of the mean state of the system during the period
1990-1994. This assumption has to be treated cautiously, however,
as the period of measurement was highly variable (Niquil et al.
1998).

This method gave us a first description of the food web, which
combined field information and calculations. Our interpretation of
the functioning of the planktonic system was limited, however, due
to the high complexity of the schema of carbon flows. That is why
network analysis was applied to characterize the structure via the
calculation of several informative indices.

Network analysis

Network analysis is a domain of ecology that aims at characterizing
the properties of food webs, i.c., the complex flow of matter or
energy between groups of organisms in an ecosystem or a com-
munity. Network analysis was applied to the planktonic food web
of Takapoto Atoll using the program NETWRK 4 (Ulanowicz
1987). This program calculates a set of indices that characterize the
structure of the food web. The calculations of these indices were
derived from various scientific domains, ranging from economics to
signal theory, in order to give a comprehensive description of the
network properties in terms of processes that occur at different
levels of food web organization. As described below, the indices can
be classed into four groups, according to the type of structure
described.

Input-output analysis

The first question asks which are the main links between the
compartments of the network, or between a compartment and the
surroundings? To identify these links, one employs the indices of

input-output analysis, which characterize the relationships at a
particular time between any two compartments of the system or
between any single compartment and the surroundings of the
system (Ulanowicz 1987). The “total contribution coefficients” (see
definition in the legend of Table 4) characterize the destinations of
the carbon that leaves each compartment. The “‘total dependency
coefficients” (definition in Table 5) characterize the origins of the
carbon arriving at each compartment. These two sets of indices
quantify three types of links between compartments: direct links,
recycling, and indirect effects (Baird and Ulanowicz 1989). The
total dependency coefficients can also be interpreted as the ex-
tended diets of the individual taxa (Baird and Ulanowicz 1989; Kay
et al. 1989), that is, the combined information on the diet consumed
and where it came from.

In this section we rank the compartments according to their
activities in order to identify the most important compartments
involved in the circulation of carbon. Such activity is quantified by
the total quantity of carbon flowing into each compartment. This
quantity is called the compartment throughput.

Trophic structure

In the second part, the program characterizes the trophic structure
according to how much each population feeds at the various
trophic levels. Traditionally, the ecosystem was considered as a
trophic pyramid composed of successive trophic levels. This view
has been criticized for two reasons: the fact that each animal can
feed on various sources and therefore belongs to several trophic
levels, and the difficulty of taking into account the fact that trophic
chains can be based on detritus, as well as on autotrophs. In this
section, network analysis combines the conventional ecological
vision of the ecosystem as a pyramid of species with the more recent
image of more complex interactions.
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Most consumers feed on several compartments, which may
belong to different trophic levels. For example, zooplankton con-
sume autotrophic organisms like phytoplankton as well as other
consumers, such as smaller zooplankton. To obtain the “average
trophic position” of a compartment, the lengths of the different
consumption pathways are averaged, as weighted by the quantity
of carbon that passes over each (Field et al. 1989). Like the primary
producers, the non-living, detrital compartments are assigned to
the trophic position 1. The strict herbivores or detritivores conse-
quently occupy a position of 2 (one plus one).

The consumer organisms can also be allocated to several dis-
crete trophic positions, according to the amounts that reach them
along feeding pathways of various lengths (Table 6). This is the
idea behind the Lindeman trophic aggregation, that summarizes
the complicated food web in terms of a single linear chain (Kay
et al. 1989). The efficiency of the transfer from one aggregated
trophic level to the next is calculated as the fraction of the total
carbon input to a given level that is transmitted to the next higher
level (Baird and Ulanowicz 1989). The contributions of each
trophic level to respiration, imports, and exports are also evaluated
(Ulanowicz 1995).

In this part, the importance of detritivory versus herbivory is
also assessed. Although these two processes are both considered to
occur at the same trophic level, whether one dominates the other is
considered to be an important characteristic of trophic functioning.

Biochemical cycle analysis

Biochemical cycles (Kay et al. 1989) are pathways of flow whereby
carbon returns to a compartment that it had exited previously.
These pathways are important to the functioning of the system as
they can facilitate homeostatic control over the magnitudes of the
flows. The total number of cycles in the system, their size and the
compartments that are most often involved in cycling are the key
features that characterize cycling. The importance of cycling pro-
cesses is also characterized by the Finn cycling index, ie., the
percentage of total carbon exchange that contributes to cycling
(Finn 1976).

Topological analysis

The last type of analysis characterizes the geometry of the flows,
i.e., the status of the network topology. The indices used are de-
rived from information theory (Ulanowicz and Norden 1990;
Ulanowicz 1997). The topology is characterized primarily by an
index called the ascendency of the system. The system ascendency is
defined as the product of the total flow of carbon in the system and
the information inherent in the structure of the flows. This infor-
mation is linked to the freedom that an atom of carbon has in going
from one compartment to a next. The more the system is special-
ized in its carbon flow, the more constraint or information will be
involved in guiding the flow. The more numerous the choices
presented to an atom of carbon, the less information required. The
maximum value for ascendency is called the capacity for develop-
ment. It corresponds to a food web with maximum specialization.
It will prove useful to express the ascendency as a percentage of this
development capacity. This ratio quantifies the percentage of the
maximum specialization that is actually realized in the system. The
difference between this percentage and 100% corresponds to a
dearth of information, that is, the freedom available to the atom of
carbon because of the diversity of flows. If the freedom is expressed
inside the system, that is in flows that link two compartments to-
gether, the drop in information corresponds to what is called the
redundancy of the system. In other words, the redundancy quan-
tifies the multiplicity of parallel flows between any two arbitrary
compartments of the system. Ambiguities associated with exports
or respiration are quantified as the overhead on exports or the
dissipative overhead (the carbon respired is lost for all the organ-
isms, i.e., it is dissipated), respectively.

Sensitivity analysis of system indices

It is important to know how robust the model is to changes in the
data. Therefore, the sensitivities of the results were analyzed.

Several sensitivity analyses were performed to study the capa-
bilities of the inverse analysis to build a complete model of the
carbon flows. The results were published in Niquil et al. (1998). In
summary, the resulting structure was quite robust with respect to
variations of the input data. The most influential of these data in
determining the flow values was primary production.

For this reason, we chose to perform a sensitivity analysis of the
network indices by studying how the results from the inverse
analysis vary when primary production takes on values plus or
minus 10% of that estimated in the field. Network analysis was
then carried out using NETWRK on the results from inverse
analysis under the perturbed inputs.

Results
Input-output analysis

The exchanges between the system and the environment
are portrayed by a unique entry of carbon as phyto-
plankton primary production (863 mgC m~2 day™") but
with numerous outputs (respiration 75%, sedimentation
of POC 16%, and consumption of mesozooplankton
by external predators 9%). There was no appreciable
export of carbon out of the lagoon by water advection.

The rankings of the compartments according to their
activity, estimated by the compartmental throughputs
(Table 3), was not related to their respective masses.
Other than the phytoplankton, the compartments with
the most important throughputs were the micro- and
mesozooplankton, followed by the POC.

POC was the main destination for carbon leaving the
six other compartments (Table 4); each one had at least
25% of its output going to POC. Micro- and mesozoo-
plankton were also an important destination. Micro-
and mesozooplankton were the main sources (Table 5)
of carbon entering the bacteria (32% and 44%, respec-
tively), POC (32% and 37%) and DOC (32% and 44%).
Mesozooplankton were also strongly dependent on mi-
crozooplankton (42% of their extended diet). POC was
the compartment most involved in cyclic pathways, with
a diagonal value of 14% (Tables 4, 5), which means that
14% of its activity is related to recycling.

Table 3 Stocks (in mgC m™) and compartmental throughput
(sum of the flows in mgC m™2 day™!) of the seven compartments.
The compartments are ranked in order of decreasing throughputs

Compartment Stock Throughput
Phytoplankton 585 863
Mesozooplankton 47 358
Microzooplankton 98 342
POC 2,400 297
DOC 33,000 133
Bacteria pool 300 127
Protozoa 3 122
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Table 4 Total contribution coefficients. Each value corresponds to
the percentage of the carbon leaving the vertical compartment and
entering the horizontal compartment. These include indirect path-
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ways, which means that the sums of the lines can be greater than
100%. The diagonal elements (italicized) give the amount by which
each compartment is dependent upon itself in cyclic pathways

Sink: Protozoa Microzooplankton Mesozooplankton Bacteria POC DOC

Source:

Phytoplankton 13 36 37 14 29 14
Protozoa 5 39 21 18 25 19
Microzooplankton 3 10 44 12 27 13
Mesozooplankton 4 11 10 16 29 17
Bacteria 23 22 18 7 44 7
POC 2 35 34 7 14 8
DOC 26 23 18 10 43 8

Table S Total dependency coefficients. Each value corresponds to
the percentage of the carbon entering the horizontal compartment
coming from the vertical compartment. These include indirect
pathways which means that the sums of the columns are greater

than 100%. The diagonal elements (italicized) give the amount by
which each compartment is dependent upon itself in cyclic path-
ways

Sink: Protozoa Microzooplankton Mesozooplankton Bacteria POC DOC

Source:

Phytoplankton 100 100 100 100 100 100
Protozoa 5 15 8 18 11 18
Microzooplankton 9 10 42 32 32 32
Mesozooplankton 12 12 10 44 37 44
Bacteria 23 8 6 7 20 7
POC 4 29 27 15 14 15
DOC 28 - 9 7 10 21 8

Trophic structure

The following characteristics of the interaction of
trophic levels were observed. The mean trophic positions
were not ranked in the same order as organism size.
Mean trophic levels were 2.23 for protozoa, 2.14 for
microzooplankton, and 2.42 for mesozooplankton. The
bacteria pool, as an obligate detritivore, occupied a
trophic position of 2, because the non-living compart-
ments were summarily assigned to level 1, as were the
autotrophs.

In building the Lindeman chain (Table 6), all con-
sumer compartments were apportioned mainly to the
second trophic level (i.e., they fed largely upon the first
trophic level consisting of autotrophs and detritus).
Protozoa and mesozooplankton were also linked
strongly with the third trophic level.

The equivalent Lindeman chain consisted of five
trophic levels (Fig. 3), i.e., the maximum possible for a
system with four heterotrophic compartments. The flow
reaching the fifth level, however, was small in value
(0.4% of the gross primary production). Moreover, the
fifth level was composed -of a small amount of a single
taxon (0.9% of the mesozooplankton).

The highest transfer efficiency (Fig. 3) occurred at the
first trophic level (65.6%). This level aggregates primary
producers with non-living materials. Herbivory in the
system totaled 461 mgC m™ day ™!, whereas detritivory
summed to 288 mgC m™ day “: herbivory exceeded
detritivory by 60%.

Table 6 Repartition of the heterotrophic compartments into each
trophic level of the Lindeman trophic aggregation. Level II corre-
sponds to strict detritivory or herbivory and levels III-V to con-
sumption of consumers

Level I Level I Level IV Level V
Bacteria 100%
Protozoa 774%  23.6%
Microzooplankton 88.4% 9.0% 2.6%
Mesozooplankton 63.0% 32.7% 3.4% 0.9%
Cycling

As many as 24 cycles were counted among the different
pathways of carbon flow. Of these, 17 were longer than
or equal to four transfers (Fig. 4). DOC was the com-
partment through which most cycles flowed. It was
present in 21 of the 24 existing cycles. The amount of
carbon involved in cycling (Finn cycling index) equaled
17.5% of the total carbon flow.

Network topology

The topology of the network resulted in an ascendency
that comprised 37% of its maximum value, i.e., that
level corresponding to a maximum specialization. The
indeterminacy in the system was expressed as 4% of the
overhead on export, 19% on respiration (the dissipative
overhead), and 40% on internal flows (the redundancy,
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Fig. 3 Linear food chain of Takapoto planktonic food web. Flows
out of the top of compartment boxes represent export (mgCm™  Discussion

day™!) and flows out of the bottom represent respiration (mgC m™
day™). Black doubled arrows tepresent exports and mass signs
represent respiration. Level I-D corresponds to the association of
level 1 (autotrophs) and D (detritus: non-living compartments). The
heterotrophic compartments are divided in levels II-V, according to
their diet
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Fig. 4 Number of cycles versus cycle length, i.e., the number of
compartments constituting the cycle

or the importance of parallel carbon pathways between
compartments).

Sensitivity analysis

The indices that result from varying the primary pro-
ductivity by plus or minus 10% are presented in Table 7.
By and large, the major characteristics mentioned above
still pertain to the two modified systems. The ranking of
the throughput remains independent of the mass, the
POC still dominates the cyclic pathways (diagonal ele-
ments of the two tables showing the coefficients of
contribution and dependency), the effective trophic level
is still not proportional to the size of organisms, the first
trophic level remains the most efficient, herbivory con-
tinues to be superior to detritivory, and the multiplicity
of the internal flows (redundancy) stays at the same
level. The most sensitive indices to variation in primary
production are those related to the cycling processes. A
decrease in primary production requires the system to
recycle more in order to meet its needs for carbon,
whereas when primary production increases, recycling
becomes less necessary.

The interactions among the different compartments of a
food web are quite complex, and any emerging diagram
soon resembles a “spaghetti plate” (Pimm 1982; Ula-
nowicz 1987). This remains the case, even when only
part of the ecosystem, e.g., the planktonic food web, is
considered (Fig. 2). Direct observation (Niquil et al.
1998), without the use of network analysis, provides
valuable clues on the functioning of the system, but this
description remains limited. The directly visible charac-
teristics included high phytoplankton primary produc-
tion and low bacterial production, domination of the
system by metazoan compartments (micro- and meso-
zooplankton) due to their high metabolism, and the
central role played by the POC, which adds complexity
by sustaining all the consumers (Niquil et al. 1998).
Network analysis allows one to elaborate this descrip-
tion significantly, as described below.

The application of inverse analysis to incomplete
data sets gave images of the food web that were more or
less realistic (Niquil et al. 1998). The sensitivity analyses
showed that the fundamental system characteristics
were quite robust, as had been demonstrated using
the simulation model built with the help of inverse
analysis.

The first remarkable system characteristic is that the
trophic levels are not ranked in the same order as the
size classes. The trophic level of compartments is usually
assumed to increase along with the size of the organisms,
e.g., protozoa are consumed by microzooplankton,
which in turn are consumed by mesozooplankton, and
so on. In the planktonic system of Takapoto, however,
this grazing chain involves less carbon than is trans-
ferred up the ladder by herbivory and detritivory.
Moreover, the protozoa, feeding as they do on bacteria
(trophic level 2), occupy a higher trophic position than
the microzooplankton, which feed mainly on phyto-
plankton (trophic level 1.) Thus, the normal correlation
of trophic position with size does not seem to pertain to
our planktonic system. A similar observation was made
by Baird and Ulanowicz (1993) in three of the four es-
tuaries they studied: the smaller-sized class of zoo-
plankton fed at a higher trophic level than did some
larger-bodied zooplankton. '

This absence of correlation between size and trophic
level derives from the fact that herbivory and detritivory
dominate over carnivory. In other words, ingestion of
the first trophic level, which combines herbivory and
detritivory, is by far the most important consumption.
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Table 7 Results of the sensi-

tivity analysis of the indices to a PGRN GPP-10% GPP+10%
variation in the value of gross ]
primary production (PGRN Input-output analysis
values obtained with the initial ~ Lhroughput
model, GPP-10% values ob- Phytoplankton 863 777 949
tained for a model constructed ~ Mesozooplankton 358 358 358
with a primary production de- Microzooplankton 342 342 342
creased by 10%, GPP+ 10% POC 297 270 317
with a primary production in- DOC 133 133 139
creased by 10%) Bacteria pool 127 127 138
Protozoa 122 122 122
Diagonal elements of the tables of coefficients of contribution and dependency
Protozoa 5% 6% 2%
Microzooplankton 10% 11% 9%
Mesozooplankton 10% 12% 9%
Bacteria 7% 8% 6%
POC 14% 16% 13%
DOC 8% 9% 6%
Trophic structure
Effective trophic level
pro 2.23 2.26 2.20
mic 2.14 2.18 2.09
mes 242 247 2.40
Transfer efficiencies
I-D 65.6% 69.4% 63.1%
I 23.4% 26% 21.3%
I 12.1% 15.8% 8.03%
v 16.3% 16.6% 15%
Herbivory/detritivory 1.60 1.49 1.72
Cycling
Number of cycles 24 24 20
Finn cycling index 17.5% 19.9% 15.3%
Topology
Ascendency (%A max) 37% 37% 38%
Overhead on exports 4% 4% 4%
Dissipative overhead 19% 18% 19%
Redundancy 40% 41% 38%

That the initial trophic levels dominate over succeeding
ones is made evident by the sharp decline in trophic
efficiency after the first level and by the fact that little
carbon reaches the highest levels. A similar decrease was
observed in Tiahura, a shallow reef dominated by the
benthic community, for which a comprehensive food
web model was created (Arias-Gonzalez 1993; Arias-
Gonzalez et al. 1997). The Takapoto planktonic system
differs from the Tiahura benthic system in the degree
that herbivory dominates over detritivory, i.e., in
Takapoto, primary production is exploited mainly by
consumers, whereas at Tiahura it is recycled directly via
the detritus. One cannot neglect detritivory in Takapoto,
however, as it contributes to the complexity of the sys-
tem — each zooplankton compartment effectively grazes
on at least one non-living compartment (POC or DOC).
Moreover, the two non-living compartments play a
central and critical role in cycling. POC receives most of
the cycled carbon, and DOC is the compartment most
frequently found in the cycles. The resulting scheme
combines successively the direct exploitation of primary
production by herbivores, followed by recycling through
non-living compartments.

The processes that allow recycling can be character-
ized as very complex in the sense that they involve nu-
merous pathways (24 cycles), although the quantity of

carbon involved in these processes is low (Finn cycling
index of 17.5%). This indicates that, despite an abun-
dance of cycles, a large amount of the total carbon flow
is not being recycled. Most of the published values for
the Finn cycling index in various marine systems or es-
tuaries are higher than that of Takapoto: they vary from
23 to 58% (Baird et al. 1991; Ulanowicz and Wulff 1991;
Baird and Ulanowicz 1993; Johnson et al. 1995; Arias-
Gonzalez et al. 1997). Lower values are found only in
the Benguela (0.01%) and the Peruvian (3.2%) upwel-
lings (Baird et al. 1991), i.e., two sites characterized by
very high advection. As regards reef ecosystems, the
Finn ratio in Takapoto is lower than the indices calcu-
lated for the Tiahura fringing and barrier reefs (50 and
58%, respectively; Arias-Gonzalez et al. 1997) and lower
than that for the Davies Reef ecosystem (26%; Johnson
et al. 1995). Thus, carbon cycling presents a completely
different profile, depending on whether the system of
concern is a shallow, widely open reef or a deep enclosed
lagoon. The difference could be related to the relative
availability of nutrients to the primary producers. The
Tiahura reef system is a narrow, shallow reef that is
quickly flushed by very oligotrophic oceanic waters.
Residence time in Tiahura is less than 1 day, whereas it
reaches 4 years in the closed lagoon of Takapoto. More
effective recycling is required to sustain the existing high
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biomass in Tiahura, where the severe lack of available
nutrients does not permit much in the way of primary
production.

The geometry of the flows in the planktonic food web
is characterized by the fact that carbon flows over nu-
merous parallel pathways, i.e., the system redundancy
(which quantifies the ambiguity of pathways between
compartments) is high. The value reached in Takapoto
(40%) is higher than values previously published for
marine, estuarine, and upwelling ecosystems, which
range from 22% for the Baltic sea to 36% for the
Swartkops estuary (Baird et al. 1991; Baird and Ula-
nowicz 1993). The redundancy reaches 40.4 and 37.6%
in the barrier and fringing reefs, respectively, of Tiahura,
however, values similar to those obtained for the
planktonic system of Takapoto (Arias-Gonzalez 1993).
Ulanowicz (1980, 1986, 1997) and Kay (1984) hypothe-
sized that a mature system will be characterized by a low
value for redundancy, because ecosystems are thought to
evolve toward highly specialized food webs via selection
for the most efficient pathways. Accordingly, the
planktonic community of Takapoto Atoll lagoon ap-
pears to be an immature system. Possibly, this imma-
turity arises from frequent stresses which prevent the
evolution of this system towards greater specialization.
Because the lagoon is nearly closed, the planktonic
system is left free to respond to local variations in en-
vironment that would otherwise be buffered by greater
access to the relatively unchanging oceanic environment.
Such lability can even lead at times to algal blooms.

Network analysis is normally considered to provide
insights into the properties of whole ecosystems (Field
et al. 1989). We chose, however, to apply the approach
to a food web that constitutes only a part of the eco-
system: the planktonic food web of Takapoto lagoon.
One must question how appropriate it is to apply
NETWRK to only the planktonic part of the Takapoto
lagoon ecosystem and then to compare the results to
those derived from consideration of whole ecosystems. It
should be obvious that applying NETWRK to Taka-
poto plankton yielded deeper insight into the trophic
functioning of the planktonic food webs. The results
must be regarded with caution, however, as the obser-
vations were not made at the usual hierarchical level,
i.e., the planktonic system is part of a whole ecosystem.
When only a subsystem is being examined, one expects
that the exchanges with the external world will comprise
a higher proportion of the total system activity. This
should be reflected in the subsystem having smaller
values for the internal components of ascendency or
overhead than would be the case when dealing with
whole ecosystems. Here, for example, the planktonic
system has obligatory links with the rest of the bioce-
noses, whereas a whole ecosystem is by definition more
isolated. Nevertheless, in our comparison we relied
mainly on the relative ascendency and the Finn cycling
index which are dimensionless quantities, and thus not
as sensitive to aggregation (Field et al. 1989) or to the
number of compartments.

Finally, using network analysis in combination with
the inverse algorithm of Vézina and Platt (1988) proved
to be an efficient tool for comparing very different sys-
tems, whatever their structures, in order to gain new
insights into ecosystem functioning and to infer new
principles for ecology. This combination of numerical
approaches revealed the following characteristics of the
planktonic food web of Takapoto Atoll lagoon: (1)
trophic levels that do not correlate well with the size
classes of consumers, (2) domination of the ecosystem by
processes involving the first trophic level, and most es-
pecially herbivory, (3) cycling processes that consist of
numerous pathways but little carbon, and (4) a structure
that is not very specialized, which can be interpreted as a
lack of maturity of the system. Our study indicates that
coral reef food webs differ from other marine systems in
their higher degree of redundancy in pathways of carbon
flow. This degree of ambiguity is what makes the food
web of the lagoon so complex.
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