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ABSTRACT
The coastal zone is where land, ocean, and atmosphere interact. It exhibits a
wide diversity of geomorphological types and ecosystems, each one displaying
great variability in terms of physical and biogeochemical forcings. Despite its
relatively modest surface area, the coastal zone plays a considerable role in the
biogeochemical cycles because it receives massive inputs of terrestrial organic
matter and nutrients, is among the most geochemically and biologically active
areas of the biosphere, and exchanges large amounts of matter and energy with the
open ocean. Coastal ecosystems have therefore attracted much attention recently
and are the focus of several current national and international research programs
(e.g. LOICZ, ELOISE). The primary production, respiration, calcification, car-
bon burial and exchange with adjacent systems, including the atmosphere, are
reviewed for the major coastal ecosystems (estuaries, macrophyte communities,
mangroves, coral reefs, and the remaining continental shelf). All ecosystems

405
0066-4162/98/1120-0405$08.00



406 GATTUSO ET AL

examined, except estuaries, are net autotrophic. The contribution of the coastal
zone to the global carbon cycle both during pristine times and at present is dif-
ficult to assess due to the limited metabolic data available as well as because of
major uncertainties concerning the magnitude of processes such as respiration,
exchanges at the open ocean boundary, and air-sea fluxes of biogases.

INTRODUCTION

The world coastline, which extends over about 350,000 km, displays a wide di-
versity of geomorphological types and ecosystems. The coastal ocean—where
land, ocean and atmosphere interact—is shallow (<200 m), covering approx-
imately 7% (26 x 10° km?) of the surface of the global ocean. Despite its
relatively modest surface area, the coastal zone plays a considerable role in
the biogeochemical cycles because it (a) receives massive inputs of terrestrial
organic matter and nutrient through run-off and groundwater discharge; (b)
exchanges large amounts of matter and energy with the open ocean; and (c)
constitutes one of the most geochemically and biologically active areas of the
biosphere. For example, it accounts for 14-30% of the oceanic primary produc-
tion, 80% of organic matter burial, 90% of sedimentary mineralization, 75-90%
of the oceanic sink of suspended river load, and ca. 50% of the deposition of
calcium carbonate (87, 109). Additionally, it represents 90% of the world fish
catch (107). Its overall economic value has been recently estimated as 43% of
the value of the world’s ecosystem services and natural capital (29). The coastal
ocean is also the area of greatest human impact on the marine environment since
approximately 37% of the human population currently live within 100 km of
the coastline (27). The anthropogenic pressure on it is increasing steadily.

Despite its potential importance, the coastal ocean has been relatively ne-
glected until recently, probably because of its intrinsic complexity. It is the
focus of several national and international on-going research programs. The
Land-Ocean Interactions in the Coastal Zone (LOICZ) program was established
as part of the IGBP Global Change Programme in 1993, and the European Union
has launched a coastal core project (European Land-Ocean Interaction Studies,
ELOISE; Ref. 22).

Several reviews on the biogeochemistry of the coastal ocean have recently
been published (e.g. 87,132,146, 157).! The aim of the present paper is to
review the available information using an ecosystem approach, with special
emphasis on primary production, respiration, calcification, carbon burial and

'A recent and exhaustive book on coastal ecosystem processes (5a) has been published too late
for discussion in this chapter. Readers are strongly advised to refer to this authoritative book for
additional information.
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exchange with adjacent systems, including the atmosphere. Whereas the meta-
bolism of the open ocean is by far dominated by phytoplankton primary pro-
duction, the coastal ocean exhibits a great diversity of primary producers, often
inhabiting the same area, which makes it difficult to subdivide this region into
subdomains. We first provide some definitions of metabolic terms and, after a
brief review of land inputs in the coastal zone, discuss separately, and somewhat
arbitrarily, estuaries, macrophyte communities, mangroves, coral reefs, and the
remaining continental shelves. Finally, the contribution of costal ecosystems
to the marine carbon cycle is reviewed.

DEFINITIONS

The contribution of any biological system (e.g. organism, community, Or ecosys-
tem) to the global carbon cycle relies on (a) the balance between organic carbon
production and consumption, and (b) the balance between calcium carbonate
precipitation and dissolution. A simple model allows prediction of the potential
air-sea CO; flux driven by these processes (52). A system is net autotrophic
(in terms of organic carbon) when production is higher than consumption and
is, conversely, net heterotrophic when consumption exceeds production. Note
that autotrophy does not necessarily imply an air-to-sea CO, flux because the di-
rection of this flux is driven by the sign of the CO, pressure gradient across the
air-sea interface. For example, upwellings are net autotrophic but are a source
of CO;, to the atmosphere due to the high pCO; of upwelled water (higher than
360 patm, the present average atmospheric pCQOy).

It is difficult to apply these production concepts to data compiled from the
literature. First, there is some confusion about which type of production is
reported. Net primary production (P,) is the balance between gross primary
production (P) and respiration of the autotrophic components of the system
(R,). Excess production (E) or netecosystem production (NEP) is the difference
between P, and ecosystem respiration (R), which includes both the autotrophic
and heterotrophic components. Therefore E (= NEP) is of interest for assessing
the contribution of an ecosystem to net global processes. Another source of
confusion is that it is not clear which type of production is measured by the
14C technique (110). Last, metabolic data obtained on isolated photosynthetic
organisms (P,) are sometimes used instead of, or grouped with, ecosystem
metabolic rate (NEP), which leads to overestimating NEP as the respiration rate
of the heterotrophic components of the ecosystem is not taken into account.

Units of moles per m? and per year are used throughout this chapter. Some
metabolic data expressed on a daily basis have been multiplied by 365 in order
to get yearly rates; this, of course, neglects seasonal changes in the proces-
ses. The following abbreviations are used: N = sample size; p = probability;
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Mmol = 108 moles; Gmol = 10° moles; Tmol = 102 moles; Pmol = 10'> moles.
Average data are reported as mean =+ standard error of the mean (SE).

LAND INPUTS

River input constitutes the main flux of material from the continents to the
ocean and can considerably influence the carbon metabolism of the coastal
zone. Furthermore, both the riverine fluxes of nutrients and organic carbon have
been significantly affected by human activities and have probably modified the
autotrophic vs heterotrophic conditions in estuaries and locally on continental
shelves.

Pristine and anthropogenic fluxes of dissolved and particulate carbon (C), ni-
trogen (N), and phosphorus (P) have been thoroughly investigated by Meybeck
(92,93). The global riverine flux of carbon is approximately 77 Tmol y~!,
among which are found 32 Tmol y ! of dissolved inorganic carbon (DIC, 41%),
14 Tmol y~! of particulate inorganic carbon (PIC, 18%), 17 Tmol y~! of dis-
solved organic carbon (DOC, 22%), and 14 Tmol y~! of particulate organic
carbon (POC, 19%). The additional river fluxes of C due to human activity are
estimated to be around 8 Tmol y~! (DOC and POC; 93).

The natural flux of dissolved inorganic nitrogen is mainly due to nitrate
(225 Gmol N y~!), with a small contribution of ammonia (40 Gmol N y=1).
There is a significant contribution of dissolved and particulate organic nitrogen,
estimated to be 700 and 2400 Gmol y~!, respectively (93). Natural river fluxes
of phosphorus are around 12 Gmol y~! for the inorganic fraction, with a similar,
but less well known, flux of dissolved organic phosphorus (93). The particulate
flux of phosphorus is also poorly known, but is considerably higher than the
dissolved flux—probably of the order of 600 Gmol y~! (93). Meybeck’s figures
must be considered as minimal estimates because of the lack of data from rivers
in developing nations, including the high standing islands in Oceania, which
may have greater inputs than suggested by Meybeck (JD Milliman, personal
communication).

River fluxes of N and P have been strongly affected by anthropogenic ac-
tivities, leading to eutrophication in heavily disturbed areas. According to
Meybeck (93), the anthropogenic riverine flux of total dissolved nitrogen and
phosphorus are about 500 and 30 Gmol y~!, respectively. Wollast (156) es-
timated the river flux of particulate nitrogen of anthropogenic origin at 500
Gmol y"l. The origins of the increased nutrient fluxes are numerous and,
for nitrogen, include washout of fertilizer and intensive livestock operations.
Discharge of untreated or partially treated industrial and domestic waste water
is responsible for the high fluxes of nutrients and organic carbon observed in
heavily populated areas. The magnitude of fluxes of dissolved carbon, nitro-
gen, and phosphorus of anthropogenic and natural origins are similar (93). The
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increased riverine inputs of these elements due to anthropogenic activities have
profoundly affected estuaries and the adjacent coastal zones (see next section).
In the case of large rivers, the dissolved components are directly transferred to
the coastal zone, whereas some of the particulate fraction accumulates in the
delta. When river water passes across estuarine systems, large changes in the
fluxes and speciation of the constituents typically occur.

ESTUARIES

Estuaries are difficult to define (see 69), and there is no consensus on their
global surface area. We use a tentative estimate of 1.4 x 10° km?, derived from
areas where the salinity is lower than 34 (159). From a biogeochemical point
of view, an estuary can be defined as a semi-enclosed zone where river water
mixes with sea water. It should be noted, however, that in the case of large
rivers, the flow is sufficiently great that water mixing mostly occurs on the
continental shelf rather than in an embayment, and that the material carried
by rivers is directly delivered to the shelf. The ecology and geochemistry of
estuarine ecosystems, including salt marshes, have been the subject of recent
reviews (39,58, 68, 154).

Estuaries are pathways for the transfer of dissolved and particulate material
from the continent to the marine system through rivers. They exhibit a wide
range of diversity in terms of geomorphology, geochemistry of the drainage
basin, river flow, and tidal influence. These affect physical attributes such as
vertical stratification, longitudinal gradients, and residence time of fresh wa-
ter. Estuaries are extremely dynamic systems usually characterized by strong
physico-chemical gradients, enhanced biological activity, and intense sedimen-
tation and resuspension (69). Profound changes are observed in the speciation
of organic and inorganic compounds in response to these factors, particularly
in macrotidal estuaries, where the tidal regime leads to an increased residence
time of fresh water in the estuarine mixing zone and to the generation of a
turbidity maximum.

One of the major changes due to human activity is the increased respiration
of detrital organic carbon that usually occurs in the upper part of the estuaries,
often in the turbidity maximum, and can lead to anoxic conditions that affect
the behavior of other elements in the water (154). The turbidity maximum in
macrotidal estuaries or deltas of large rivers is also an area of intense shoal-
ing. Due to the flocculation of colloidal material transported by rivers when
the salinity increases and to the presence of large quantities of particulate or-
ganic carbon, the sediments deposited are organically rich muds characterized
by intense anaerobic processes. A large fraction of the particulate load trans-
ported by rivers can accumulate in these areas and never reach the continental
shelf.
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The balance between autotrophy and heterotrophy has been modified by
human activity, but in a way still difficult to identify because of antagonistic
responses (19,58,67,94,125,132). The increased nutrient load leads to eu-
trophication, enhances net ecosystem production, and shifts the system toward
increased autotrophy (e.g. 66, 85). On the other hand, respiration of the organic
carbon leads to increased heterotrophy. Additionally, light may become limit-
ing for primary production in the upper part of estuaries (e.g. 63); respiration is
then the dominant metabolic process, and an oxygen-depleted zone may occur,
stimulating various anaerobic processes. In such areas, the partial pressure of
CO; in surface water may reach several thousand patm, inducing very large
fluxes of CO; to the atmosphere (45).

As aresult of light limitation and nutrient availability (28), the maximum pri-
mary production in many estuaries occurs at intermediate salinities (125). NEP
values in the literature display a wide range of variation (42 to —23 mol
Cm~2 y="), which may be partly due to different methods used (58). The
average value indicates that estuaries are net heterotrophic with a NEP signifi-
cantly lower than 0 (=6 £2 molCm~2y~!; N = 21, t-test, p = 0.001) and
an average P, /R ratio of 0.8 £0.1 (Table 1). Heterotrophy is more pronounced
in the salinity range O to 30, at least in macrotidal (Figure 1A), where large
CO, supersaturation is always observed (66; M Frankignoulle, unpublished
observations) as a result of organic matter respiration. In the Scheldt estuary
(North Sea), approximately 60% of the respiratory CO; is released to the atmo-
sphere (45), 26% is transferred to the sediment (94, 101), and only 14% remains
in the water column. Global P, of estuaries is estimated to be approximately
31 Tmol C y~!. The NEP is —8 Tmol C y~!, a value that is in good agreement
with a previous estimate (132) of —7 Tmol C y~!. The benthic contribution to

Table 1 Surface area and metabolic data for the coastal zone (this paper) and open ocean
(157)*

Surface area P, P, NEP
System 10°km?)  (molCm~2y~') (TmolCy!) (TmolCy™!) Py/R
Coastal ecosystems
Estuaries 14 22 31 -8 0.8+ 0.05
Macrophyte- 2.0 87 174 37 1.1 +0.1
dominated
Coral reefs 0.6 144 86 6 1.3+0.2
Salt-marshes 0.4 185 74 7 1.2+0.1
Mangroves 0.2 232 46 18 1.4+04
Remaining shelf 21.4 18 377 171 1.4+0.3
Sum 26 789 231
Open ocean and slope 334 10 3396

“The sources of the surface area are given in the text. The areal gross primary production and NEP are the
average values of data collected from the literature (see legend of Figure 1). P, and NEP of macrophyte-
dominated ecosystems were adjusted empirically by a factor x 0.5 to take into account the bias in the data
base (see text). The P, /R ratio was estimated using a geometric regression technique (see Figure 1).
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Figure 1 Py vs R (both in mol C m~2 year~!) in selected coastal ecosystems. A. Estuaries
with macrotidal estuaries shown in dark symbols (Y = 1.0 + 0.76X;r = 0.92; N = 21). B.
Macrophyte-dominated ecosystems (Y = 19.7 + 1.13X;r = 0.85; N = 35). C. Mangroves
(Y =322+1.37X;r =042; N =9). D. Salt-marshes (Y = —11.74+1.22X;r = 0.94; N = ).
E. Coral reefs (Y = —24.6 + 1.28X;r = 0.85; N = 7). F. Continental shelf (Y = 3.9 +
1.36X; r = 0.648; N = 10). The line shown is the 1:1 relationship; the regression equations were
obtained using a geometric regression technique (114); r, correlation coefficient (all significantly
different from 0 except for mangroves); N, sample size. The full data sets used, including the list of
references, are available at the Annual Reviews web site (http://www.annurev.org/sup/material.htm)
as well as at ftp://ccrv.obs-vlfr.fr/pub/gattuso/ares.xls.
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total respiration is in the range of 25-50% (58). The ratio of benthic to plank-
tonic respiration depends on the depth of the water, but planktonic respiration
is higher than benthic respiration even in a shallow (ca. 3 m) estuary such as
Tomales Bay, California (43).

Coastal eutrophication resulting from river inputs most often affects a rel-
atively limited area in the immediate vicinity of the river mouth. The anoxic
conditions in the water and/or in the sediments, associated with long residence
times of the fresh water in estuaries, are extremely favorable for denitrification.
A large part of the nitrate load is lost during the estuarine journey and never
reaches the coastal zone. The importance of both the burial of nutrients in
estuarine sediments and the denitrification process depends on the tidal prism
and the depth of the estuary, two factors that affect the residence time of river
water in the system (102).

Finally, carbon dioxide is not the only biogas produced in estuaries. The
elevated nutrient loading enhances nitrous oxide (N,O) production via denitri-
fication of nitrate in the oxygen-depleted zones and nitrification of ammonia in
more aerated waters (e.g. 136, 154). The photoproduction of carbon monoxide
(CO) in surface water is probably stimulated by terrestrially derived dissolved
organic matter. Anoxic sediments in the region of the turbidity maximum en-
hance hydrogen sulfide (H,S) and methane (CH,) production, with subsequent
emission to the atmosphere. Eutrophic conditions are also very favorable for
the production of gases of importance in climate regulation such as dimethyl
sulfide (DMS) and carbonyl sulfide (COS). Despite their potential importance
in biogas emission, very little is known about the coupling of estuaries to the
atmosphere. On a global scale, estuaries may act as a significant source of these
gases, and the magnitude of this source deserves further investigation.

MACROPHYTE-BASED ECOSYSTEMS

Macrophytes (seagrasses and macroalgae) do not constitute ecosystems by
themselves and can be found in any shallow coastal or estuarine ecosystem.
They cover approximately 2 x 10° km? worldwide (149), while the surface
area available for micro- and macrophytobenthos has been estimated to be
6.8 x 10° km? (25). The arcal biomass of macrophytes is about 400 times higher
than that of phytoplankton, and their turnover time is much larger (ca. 1 year vs
a few days). These attributes make them play a potentially significant role in
the global carbon cycle (128). The macrophyte contribution to metabolism is
highly variable among ecosystems, depending on their relative surface cover.
For example, macrophytes account for less than 1% of net primary production
in turbid and nutrient-rich estuaries, and more than 50% in non-turbid ones (58).
Metabolism generally exhibits a strong seasonality in macrophyte-dominated
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ecosystems. The balance of organic carbon varies widely depending on factors
such as the dominant species, interspecific competition, climatic conditions
(temperature and light), nutrient availability, herbivore pressure, and anthro-
pogenic disturbance (1, 41, 42a, 42b, 58, 73, 88, 89, 103). Data are available
on net primary production of several species of macrophytes (see 25), but there
is comparatively little information on P, and R at the community or ecosystem
level. Epiphytes, despite their comparatively low biomass, can significantly
contribute (up to 20%) to macrophyte production (e.g. 25, 58).

Studies on tropical seagrass beds have suggested that their carbon cycle is
balanced: low export is balanced by allochtonous inputs of organic carbon,
and most biomass is either stored or remineralized within the system (41, 42a).
Some seagrass communities are nutrient limited (1), whereas others are not
(42b), demonstrating the variability of nutrients status depending on species and
sediment types. Our compilation of data (Figure 1B) suggests that macrophyte-
dominated ecosystems are net autotrophic witha NEP of 37413 mol Cm=2y~!
(N = 35), a value that is significantly different from O (p = 0.008). An earlier
estimate was 42 mol C m~2 year™! (128). The average Pg/Rratiois 1.1 £0.1
(Table 1).

The fate of P, depends on the macrophyte ecosystem considered. P, can be
grazed by herbivores, exported outside the system, buried within the sediment,
or enter the detrital pathway. Duarte & Cebrian (37) have compiled data from
the literature on these pathways for several marine primary producers, including
macroalgae, and seagrasses. Their major conclusions are that (@) decomposition
within the system is an important process for each macrophyte system (>40%
of P,); (b) herbivore pressure is significant for macroalgae only (>30%); (c)
export is significant (24—43%); and (d) storage within the sediment is negligible
for macroalgal communities, but not for seagrass (>15%). These trends are
quite variable from species to species; for example, 80% of the production of
four Mediterranean seagrasses are consumed by detritivores (23).

Buried material within the sediment is estimated to be four times more abun-
dant in higher plant than in algal communities. Marine angiosperm communi-
ties, which account for 4% of the oceanic net primary production, could store
up to 30% of the total oceanic buried carbon (37). Moreover, seagrasses con-
tain more carbon than N and P compared to pelagic communities: Their C:N:P
ratios range from 204:4:1 to 3550:61:1 (126), with an average of 474:24:1 (36).

Posidonia oceanica is characterized by a large difference between above-
ground (leaves) and below-ground (matte = roots and rhizomes) parts: the
turnover of leaves is about 1 y compared to matte turnover on the order of a
century (121). The latter behaves as a sink for biogenic material (120, 121),
which has been estimated at 26% of the produced carbon (90). Large differences
have, however, been observed from site to site, suggesting that accretion rate is
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controlled by local factors (91). Light also controls the transfer of C from
shoots to roots in the eelgrass Zostera marina, underlining the importance of
light in light-limited areas (162).

The global gross primary production and NEP of macrophyte-dominated
ecosystems estimated from our compilation of the literature are 348 and 74
Tmol C y~!. These figures are likely overestimates because (@) more data are
available for the more productive tropical than for the less productive temper-
ate ecosystems, and (b) more data were obtained in very shallow areas than
in deeper, light-limited areas. An empirical adjusting factor of 0.5 can be ten-
tatively and arbitrarily used to account for these biases; the resulting estimate
for P, and NEP are 174 and 37 Tmol C y ™!, respectively (Table). Previous
estimates of NEP range from at least 83 (128, 140) to 254 Tmol C y~! (25, 33).
Macrophyte-dominated ecosystems appear to be net C sinks but Smith’s (128)
conclusion of 1981 that their quantitative significance in the global carbon
budget was poorly known still stands today.

There is major concern about the survival of seagrasses worldwide due to
anthropogenic disturbances. While large, presumably natural, changes in sea-
grass distribution have occurred (113), human activity severely disturbs seagrass
communities in several ways. The eutrophication of coastal areas results in a
higher pelagic activity, with subsequent light limitation to benthic communities
that induces a decrease in primary production (14), or even seagrass mortality
(103). In Chesapeake Bay, it has been suggested that the long-term survival of
Zostera marina depends on water turbidity rather than on changes in the nutrient
concentration or salinity (98). Brown tides, induced by coastal eutrophication,
are major causes of seagrass decline (104, 141). However, primary produc-
tion depends more on temperature than on light availability in some seagrasses
species such as Thalassia testudinum and Cymodocea nodosa (80, 88). A strong
correlation has been observed between the standing stock of Zostera marina
in a Netherlands estuary and the concentration of dissolved silicon that may
decrease due to coastal eutrophication (59). Large tidal ranges combined with
stresses are responsible for the decline of Z. marina in Long Island Sound (73).
Worldwide, the mortality of seagrasses is higher than growth rate (89).

MANGROVES

Mangroves are intertidal forests growing above mean sea level, distributed
on sheltered shores of the tropics and subtropics (31°N to 39°S); they cover
0.18 x 10° km? (138). Mangrove ecosystem function has been the subject
of several reviews (3,4,56,86,115,144). The major primary producers are
mangrove trees, but seedlings, macroalgae, periphyton, and phytoplankton also
contribute. The respective contribution of these producers to total mangrove
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primary production varies with their relative surface cover, delivery of nutrients,
and turbidity.

Net assimilation of leaves and above-ground P, of mangrove trees have been
estimated using indirect (allometric) methods, but P, of whole trees is poorly
known because there are no reliable estimates of the respiration rate of the stem
and roots (including the above-ground portion known as prop roots) due to the
unknown contribution to gas exchange by non-photosynthetic components (26).

Community metabolism of mangrove trees displays considerable variation
at both the local and regional scales, primarily as a response to environmental
forcings (tide, climate, and seawater composition); forest type is of secondary
importance (16). The net primary production of mangrove trees derived from
indirect measurements ranges from 12 to 142 mol C m~2 y~!(mean = 58 &
7; N = 22). The only measurement of root production is an indirect estimate
of about 9 molCm~2y~!,i.e. ca. 10% of the above-ground P, of that site (77).
Twilley et al (144) compiled data on wood production and provided a global
estimate of 13.3 Tmol C y~'.

Most leaf production enters the detrital pathway as litter fall (119). Leaves
and, to a lesser extent, twigs, branches, and bark are shed as litter throughout the
year. Reproductive parts are shed seasonally. Litterfall, which is negatively cor-
related with latitude, ranges from 5to 70molCm~2y~! (mean = 32; Ref. 124).

Submerged primary production is often limited by high turbidity and changes
insalinity. Water column metabolism is largely heterotrophic (e.g.57, 106, 116).
Despite its generally low quantitative importance, phytoplankton production
may play an important role in sustaining secondary production because of the
poor nutritional quality of mangrove detrital material (117). Macrophytes are
generally absent from mangrove ecosystems, but seagrass beds can thrive in
areas adjacent to mangrove stands and significantly contribute to total primary
production of lagoons (31). Prop root periphyton can be relatively important
when shading is moderate (P, = 12—34 mol C m~2 y~!). Benthic microal-
gal production is generally very low or undetectable (e.g. 5) because of: (a)
light limitation resulting from shading by the mangrove canopy (76), (b) in-
hibition by sedimentary organic compounds such as tannins (see 3), and (c)
nutrient limitation (76). P, of benthic microalgae ranges from 0 to 26 mol C
m~2y~!(mean = 6 & 2; N = 28).

Sediment respiration is different in submerged and emergent conditions, and
data obtained with the widely used O, technique are doubtful because anaer-
obic processes are of major importance in mangrove sediments (3). There is,
however, little doubt that the sediment is largely net heterotrophic (average
Py/R=06;P,=-3+15molCm?y % N =31).

The major source of C for benthic heterotrophs is litter fall, followed by
deposited phytoplankton and benthic micro- and macrophytes. The retention
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and processing of litter within the mangrove system is much greater than ini-
tially thought due to consumption and hiding by crabs (116). Mangrove leaf
litter supports a very high benthic bacterial productivity (2, 15,100, 139). It
is now recognized, despite methodological uncertainties (2), that carbon flow
through microbial pathways probably accounts for a large proportion of total
C flow in mangrove ecosystems. Densities of micro-, meio-, and macrofauna
are generally very low and are not correlated with bacterial production (3). The
so-called ‘carbon sink hypothesis’ (3,4) satisfactorily addresses this discrep-
ancy by suggesting that only a small proportion of the large bacterial biomass
is consumed in the sediment and that the remaining bacterial carbon is re-
cycled very efficiently though natural mortality and carbon turnover within
the sedimentary microbial food web. There are very few estimates of total
community metabolism of mangrove systems (Figure 1C). Most systems in-
vestigated are net autotrophs as shown by a NEP significantly different from
0(89428mol Cm™2y~'; N = 12; p = 0.008), despite large variation of the
Po/Rratio (1.4 £0.4; N = 9; Table 1).

The net organic matter produced can be accumulated or exported to adja-
cent systems. The content of organic carbon in mangrove sediment varies
widely depending on the type of forest and the geomorphology of the site
(e.g. 0.21-18 wt%; Ref. 96a). The rate of sedimentation is 0.3-2.4 mm y‘l,
and the average rate of C accumulation is 23 mol C m~2 y~! (144). Burial
leads to the accumulation of peat deposits containing up to 17 mmol C g sed.™!
(145). The total carbon sequestered in mangrove peat is about 1.7 Tmol C y~!
(144). The quality and quantity of material exported from mangroves de-
pend on forest type (riverine, fringe, or basin) and productivity, as well as
on physical constraints (strength and frequency of tidal inundation, river flow,
wind speed and direction) and biological forcings (e.g. consumption of litter-
fall by macrodetritivores). In open habitats subjected to tidal flushing (riverine
mangroves), a large proportion of leaf litter is exported as debris to the adja-
cent systems (bays) where it is decomposed (ca. 30% in Pacific mangroves;
Ref. 118). Inland habitats (basin forests) are comparatively less subject to tidal
flushing, export is very low (e.g. <0.3%; Ref. 81), and decomposition pri-
marily occurs within the mangrove. As a result, the material exported com-
prises little particulate matter but a greater proportion of dissolved organic
compounds (e.g. 143). Consumption and hiding of detritus by macrodetriti-
vores can greatly diminish (by up to 30%) the amount of litter available for
export.

Physical forcing, and its effect on export, has been relatively well studied.
Outwelling is favored by tidal flow, rates of which are higher during ebb tide
than flood tide (152), but lateral trapping in forested tidal rivers (152) and high-
salinity plugs (150) can limit export. Export of DOC can change seasonally
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with tidal inundation and rainfall. DOC is clearly the dominant form of total
exported C in two basin forests in Florida (ca. 70%; 3 and 4 mol C m~2 y“;
Ref. 143). To our knowledge, the contribution of land-derived DOC and in situ
production to total DOC export has not been estimated, but a small net import of
DOC (<1% of P,) was measured in a tidally dominated (i.e. without terrestrial
runoff or groundwater input) creek at Hinchinbrook Island, Australia (18). It is
therefore possible that a large proportion of DOC export may actually originate
with freshwater inputs (116), although there is also evidence of export in a non-
estuarine mangrove forest (99). Export of DOC via groundwater seepage has
received very little attention, although it represents 20% of the TOC exported
from a Florida forest (143). Mangroves generally act as exporters of organic C,
although some forests are net importers due to a limited inundation regime (82).
Global export has been estimated at 4.2 Tmol C y~! (144). Exported C can
have a significant influence on nearshore benthic processes (6), especially where
hydrodynamic features inhibit the mixing of estuarine and offshore waters. Its
influence appears to be limited offshore (5-15 km) due to its dispersion and its
refractory nature (116).

No data are available for air-water CO, fluxes in mangrove areas, and there
are only limited data on seawater pCO,, which seems to remain higher than
atmospheric pCO, during most of a diurnal cycle (at ca. 1114 patm) in two
mangrove areas in India (53). Efflux of methane from mangrove sediment
appears to be very small (<0.1 mmol m~2 y~!; Ref. 95), but significant fluxes
have been measured when pore water salinity is <1 (9). Mangrove forests are
netautotrophic, with a global NEP of 18 Tmol C y~! (Table 1). Marshes, another
angiosperm-based ecosystem, bear some similarity to mangrove forests, but
are not fully discussed here. The surface area of these temperate ecosystems is
twice that of mangroves (0.4 vs 0.2 x 10° km?), but marshes make a smaller
contribution to the global carbon cycle (NEP = 7 vs 18 Tmol C y~!) because
they are less net autotrophic (P, /R ratio: 1.2 vs 1.4; Figure 1D and Table 1).
NEP data based on burial rates can be greatly overestimated in some marsh
communities because import and storage of allochthonous carbon is not always
accounted for (96b).

Mangroves are carbon sinks but are being increasingly cleared by humans
for activities such as wood production, farming, mining, peat extraction, and
other forms of land exploitation (56). It is estimated that 50% of mangrove
ecosystems have been transformed or destroyed by human activities (160).
The loss of mangrove forest not only diminishes fixation of atmospheric CO,
and C burial, but also results in the oxidation and release to the atmosphere of
the organic C stored in sediments. Approximately 39.3 Mmol C are released per
ha of mangrove swamp cleared and excavated, and 31.3 Mmol C are released
per 1000 t of dry peat combusted (32).
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CORAL REEFS

Coral reefs are carbonate structures located at or near sea level, dominated
by scleractinian corals and algae, that display high rates of organic carbon
metabolism and calcification. They are mostly distributed in the tropics, al-
though they can also reach higher latitudes (32.5°N; 31.5°S), and they cover
approximately 0.6 x 10° km? (71, 127). Information on various aspects of reef
ecology and metabolism can be found in recent reviews (12,38, 137).

Most community metabolism data were obtained on reef flat communities,
which are technically suited for measurement because they are relatively shal-
low, protected from the swells and subject, in many cases, to a unidirectional
flow, which allows the use of flow respirometry techniques. Consequently,
despite the numerous community metabolism data available, the database is
biased, and there is comparatively little information available for reef slopes,
lagoons, and complete reef systems. The contribution of reef slopes to reef
metabolism cannot be ignored in principle, since slopes are generally the most
actively growing part of the system. However, they represent a small contribu-
tion to the surface area of reef systems (15% in the central Kaneohe Bay sector;
Ref. 135), and it is likely that a relatively large proportion of their communities
are light-limited.

Reef metabolism is dominated by benthic processes. Phytoplankton commu-
nity production is very minor, often dominated by picoplankton, and ranges
from 0.3 to 22 mol C m~2 y~! in atoll lagoons (reviewed in 24). The highest
values were in the few sites with elevated nutrient concentrations.

Coral/algal reef flats display a wide range of P, (79-584 mol Cm~2 y™'),
R (76-538 mol C m~2 y}), and G (5-126 mol CaCO; m~? y~!). This vari-
ability is owing to the absolute and relative surface area covered by the major
communities (e.g. corals, macrophytes, and sediments) as well as to seasonal
and environmental conditions (see 84). Modal rates of metabolic performances
have nevertheless been proposed (e.g. 70, 129). Such standards can be applied
only to reefs having similar structure and zonation, and have little predictive
value (111). The average P,/R ratio, estimated using a geometric regression
technique, is 1.07 & 0.1(N = 43), perhaps indicating a slight net autotrophy.

Algal-dominated reef communities generally display higher rates of organic
C metabolism (P; = 30—1369 and R = 6—910 mol C m~2 y~!) and lower
rates of net calcification (G = —0.4 to 40 mol CaCO3; m~2 y~!) than coral/algal
reef flats. Sediments represent the largest physiographic zone of many reef
ecosystems (e.g. 95% of the surface area of the SW Caledonian reef com-
plex; I Clavier, personal communication) but have received comparatively
less attention than coral/algal reef flats, probably because carbon and carbon-
ate fluxes in reef sediments are of lower magnitude (P, = 8—82 and R =
1-73 molCm™2 y~'; G = —1 to 12 mol CaCO; m~2 y~'). Sedimentary
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areas contribute 3-30% of the community excess production of a Pacific bar-
rier reef flat (18).

There are only nine data sets for complete reef systems, some of which do
not provide both organic and inorganic carbon metabolism. P, and R are well
correlated (Figure 1E). The estimated P, /R ratio (1.28 4 0.2; Table 1) sug-
gests a net autotrophy, although it is not statistically significant. Itis, moreover,
dominated by a single data set (75), which casts some doubt on that conclu-
sion. Additionally, P, and R are measured separately, and each has significant
error terms, which are cumulative when calculating the P;/R ratio or NEP.
The approach of ecosystem stoichiometry (e.g. 130) enables estimation of NEP
directly by upscaling changes in the concentration of dissolved inorganic phos-
phorus to NEP using the ecosystem C:N:P ratio. The overall average NEP
obtained with both approaches is slightly higher than the previous estimate of
Crossland et al (10 &7 vs 3 mol C m~2 y~!; Ref. 30) but is not significantly
different from 0 (p = 0.21, N = 9). It can therefore be concluded that the
organic C metabolism of complete reef systems is essentially balanced. The
average net calcification rate is 10 & 3 mol CaCOs m~2y~! (N = 7).

Several sources of nutrients sustain reef primary production, but the contri-
bution of each is largely site-dependent and generally poorly known. NEP of
reef ecosystems is not significantly different from that of tropical oligotrophic
oceans (30). It seems unlikely that reef productivity is sustained by the same
nutrient source as the surrounding ocean (advective inputs from below) due to
physical limitation, although active upwelling along the slope (e.g. 151) and
internal tidal bores (83) can sometimes provide a significant nutrient supply.
Smith (129) offered two alternative explanations. First, the C:N:P ratio of reef
benthic plants (550:30:1; Ref. 7) is much higher than the typical Redfield ratio
(106:16:1). Therefore, the production of organic carbon is much more efficient
in reef systems per unit of nitrogen and phosphorus. Second, oceanic wa-
ter impinging reefs is typically depleted in nitrogen relative to phosphorus.
The well-established capacity of several reef organisms and physiographic
zones to fix nitrogen enables reef communities to overcome nitrogen limitation.
The convection resulting from upward geothermal heat flow drives circulation
of nutrient-rich deep oceanic water within the reef matrix (endo-upwelling; Ref.
122). The magnitude of this nutrient source remains unknown, but it is proba-
bly relatively small (79) and not required to sustain excess primary production
on reefs (142). Last, phytoplankton and planktonic microbial communities ad-
vected from the ocean are a significant source of nutrients; their retention rates
are virtually identical to the net excess primary production of a Pacific reef
(2.7 vs 3mol C m~2 y~!; Ref. 8).

The net organic and inorganic carbon production can be accumulated as
biomass or reef structure, buried in sediments, or exported to adjacent ecosys-
tems. The importance of these alternative fates is poorly known, but it is
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somewhat different for organic and inorganic carbon. The rate of CaCO; ac-
cumulation is limited by sea level on reef flats (ca. I mm y~'; see 135) but not
in lagoons. A budgetary approach (135) suggests that 65% of total carbonate
production of an hypothetical atoll is stored in the lagoon, 25% is exported, and
about 10% is accumulated in the fore reef and reef flat areas. The rate of CaCO4
export increases sharply as lagoon area decreases. In contrast, there is little ac-
cumulation of organic carbon in reef sediments (ca. 15% of E'), which contains
typically less than 0.7 weight % C (reviewed in 137), and in biomass (ca. 2%
of E; 55). Approximately 10% of E is available for human harvest, a potential
not realized at present, but most of the very little net excess organic carbon
produced appears to be exported as particulate or dissolved organic carbon or
in the form of migrating organisms (50-75% of E; 30, 135).

Air-sea CO; fluxes in reef ecosystems and communities can be investigated
using either direct measurements or a budgeting approach based on community
metabolism data (52). The few direct measurements indicate that the sites stud-
ied were sources of CO, to the atmosphere at the time of measurement (46, 51).
The same conclusion was reached using indirect estimates (50,52, 131, 148).
Data on organic C burial in reef sediments support such conclusion on longer
time scales (21). A few recent reports suggest, however, that some fringing reefs
are sinks for atmospheric CO, (62,74,75, 161), and localized results have been
extended to a global scale (64). Although the interpretation and generalization
of some of these data were inappropriate (21, 48), most studies suggesting that
reefs may be sinks of CO;, were carried out on fringing reefs, which are more
likely subject to anthropogenic stresses than are other reef systems. It is well es-
tablished that such disturbances shift reef communities from a coral-dominated
to an algal-dominated state (e.g. 35,61). The resulting changes in community
metabolism (increased primary production and/or decreased calcification) can
turn the systems from a CO; source into a CO; sink (49).

The global production of reef carbonate (6 Tmol CaCO;3 y~!) represents,
respectively, 26% and 11% of the coastal and total marine CaCOj5 precipitation
estimated by Milliman (97). Crossland et al (30) have estimated the global
significance of reef metabolism to oceanic processes. Gross primary production
is 86 Tmol C y~', a value higher than the previous estimate of 58 Tmol C y~!
(30) due to the recent addition of metabolic data collected in algal-dominated
fringing reefs. The NEP is probably better constrained than P as there are
more data because of the inclusion of some direct determinations. Our estimate
of NEP is slightly higher than the previous estimates of Crossland et al (6 vs 1.7
Tmol C y~!; Ref. 30) for reasons outlined above. As pointed out by Ware et al
(148) and Smith (131), coral reefs have a minor role in the present global carbon
cycle, and their release of CO, is 0.4—1.4% of the current rate of anthropogenic
CO, production. According to the so-called coral reef hypothesis, reefs may
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have played a significant role in the change of atmospheric pCO, that occurred
during the last glacial-interglacial cycle (10, 20, 105).

CONTINENTAL SHELF

The continental shelf comprises the area between the continents and the open
ocean. It is limited by the ocean margin, which corresponds to the abrupt
bathymetric change that occurs between the shelf and the slope, at an average
depth of 130 m. The world coastline is about 350,000 km long; the shelf has
a mean width of 70 km. The total surface area of the coastal zone represents
26 x 10% km? or 7% of the total surface area of the ocean (360 x 10° km?).
Here we consider the main aspects of the carbon cycle occurring on the con-
tinental shelf, with the exception of the ecosystems discussed in the previous
sections. Several recent reviews (87,97, 132, 146, 157) provide detailed infor-
mation on the carbon and carbonate cycling of continental shelves. There are
distinct differences in physical, chemical, and biological properties of the ner-
itic and oceanic provinces, leading to marked gradients that generate fluxes at
the ocean margins. Because of the diversity of processes at the margins and the
large variability of coastal systems, the exchanges of energy and of dissolved or
particulate matter between the shelf and the open ocean remain poorly under-
stood (87). The circulation and mixing of water are especially complicated by
the steep bathymetric change introduced by the continental slope and rise (62).
As a consequence, the exchange of organic matter and nutrients between the
coastal zone and the open ocean is poorly known. Attempts are being made,
in the framework of LOICZ, to establish mass balances of dissolved nutrients
using a limited amount of field data for a variety of shelf environments (54).
The difference between the input and output fluxes of phosphorus is scaled to
carbon and is assumed to represent the NEP of the system considered. One of
the critical data required in these calculations is the mixing rate of water masses
at the open ocean boundary. It is estimated from the mass balance of salt, and
usually assumes the system is at steady state, which may be a crude approxi-
mation on an annual basis. The development and improvement of models may
soon provide a better evaluation of the role of the coastal zone on a global basis.
We cite in this section the studies for which the fluxes of carbon linked to various
elemental processes have been estimated for sufficiently long periods of time.

Unfortunately, in only a few studies have P, and the total (benthic and pelagic)
respiration of coastal waters been investigated simultaneously. The average
areal Py is 18 =2 mol C m~2 y~!, and the corresponding global gross primary
production is 377 Tmol C y~'.

The relative importance of recycled production, resulting from the regen-
eration of nutrients by the bacterial degradation of dead biomass, and of new
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production sustained by nutrients from an external source, is different on the
continental shelf and in the open ocean. New production represents between
5% and 15% of P, in the oligotrophic central gyres of the open ocean (40),
and its contribution is close to 50% on the shelves if the remineralization of the
nutrients in the sediments is taken into account (72, 157). In the open ocean,
new production is essentially due to upwelling and vertical mixing of deep,
nutrient-rich water with surface water. The source and fluxes of nutrients re-
quired to sustain the high productivity of the coastal zone is still controversial.
The origin of nutrients is much more complex than in the open ocean and in-
volves fluxes at the margins of deep ocean water, in addition to riverine and
atmospheric inputs. Furthermore, nutrients recycled in the sediments can be
rapidly transferred to the overlying waters by diffusion.

Most attention has been devoted to the fluxes of nitrogen, which is often
the limiting nutrient. The occurrence of two species, ammonium and nitrate,
also enables one to distinguish between new and recycled production. The main
source of nitrogen is the deep ocean reservoir, which is transferred to the shelf by
upwelling and vertical mixing resulting from the shelf break (60, 147, 156). This
flux represents about half the nitrogen required to sustain new production in the
North Atlantic, the river input accounting for the other half (47). Atmospheric
deposition (8%) and nitrogen fixation (1%) are negligible. On a global basis,
Wollast (157) estimated that the contribution of the open ocean represents 80%
of the nitrogen flux required to sustain new production of the continental shelf,
an evaluation close to an earlier estimate (147). Riverine input of nitrogen,
although heavily enhanced by anthropogenic activities, accounts for less than
15%, and atmospheric deposition and nitrogen fixation constitute about 5% of
the total required N.

The behavior and fate of organic matter produced in the water column are
also very different in the coastal zone and open ocean. First, the number
of trophic levels decreases markedly with increasing primary production. As
many as six trophic levels can be identified in oligotrophic waters; there are
as few as three in upwelling areas (78). In addition, coastal phytoplankton
is typically dominated by large cells, whereas micro- and picophytoplankton
dominate in the open ocean (78). Fecal pellets produced by organisms grazing
small phytoplankton in the open ocean are small and are not exported from
the photic zone efficiently as a result of low settling velocities (108). Due to
the large size of fecal pellets (157) and shallow depth of the coastal zone, a
large fraction of primary production and detrital matter imported by the rivers
may be deposited and stimulate biological activity in the sediments. Figure 1E
compares total respiration (pelagic plus benthic) to gross primary production
in various shelf areas. Approximately 30% of the production is respired in
the water column, and an equivalent amount is mineralized in the sediments.
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Total respiration is therefore 1042 mol C m™2 y~! or 214 Tmol C y~! for the
global coastal zone, which would make the continental shelf net autotrophic
with a P, /R ratio of 1.4 4= 0.3 (Table 1) and a NEP of 171 Tmol C y~! that
must be exported (157). These observations are in good agreement with the
high values of new production found for the coastal area (40,72). Although
coastal sediments accumulate about 90% of detrital organic carbon on a global
basis, this represents only 3—4% of shelf production. The remaining 36% of
total production must therefore be exported to the open ocean, re-exporting
simultaneously particulate organic nutrients, which compensate for the transfer
of dissolved nutrients from the ocean across the shelf (157). An alternative fate
may exist for nitrogen if denitrification, which occurs mainly in shelf sediments,
is significant. This hypothesis has been proposed for the North-Atlantic (102).
Note that such denitrification must be balanced by an equivalent flux of nitrogen
fixation in the open ocean to maintain a steady-state condition in the marine
system. It must be emphasized that temperate shelf ecosystems can be net
heterotrophic in winter and net autotrophic in summer, when high rates of
photosynthesis occur (146).

Eutrophication resulting from the discharge of estuarine nutrient-rich water
to the coastal sea can induce a wide range of ecological and societal con-
sequences. For example, a correlation between primary production and the
supply of inorganic nitrogen from the Mississippi River has been observed in
the Gulf of Mexico (85). An increasingly large part of the Gulf becomes hy-
poxic or anoxic in summer, with considerable potential effect on catches in this
leading US fishery area. In the southern Bight of the North Sea, which is under
the influence of several macro-tidal and polluted estuaries (Rhine, Scheldt, and
Thames), pCO; varies from 100 to 800 patm depending on river flow, water
temperature, and light availability (44).

SIGNIFICANCE OF COASTAL ECOSYSTEMS
IN THE GLOBAL OCEANIC CARBON CYCLE

Metabolic data from coastal ecosystems are summarized in Table 1. The P;/R
ratios vary considerably but are, in most cases, not statistically different from 1.
All coastal ecosystems are net autotrophs (Pg/R > 1; NEP > 0) except estuar-
ies, which are net heterotrophs exhibiting a negative net ecosystem production
(—8 Tmol C y™"). These data can be integrated to provide an independent esti-
mate of coastal metabolism for comparison with estimates obtained by other
approaches, a method that has several limitations. The sites for which metabolic
data are available are scarce for some ecosystems (e.g. N = 7 for coral reefs)
and may not adequately represent the range of metabolic parameters. Average
areal productions are not weighted averages, so large error can result when
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they are scaled up to derive global production estimates (see the section on
macrophyte-dominated ecosystems). Additionally, most NEP data are esti-
mated as the difference between P, and R, each of which has an associated
error. If, for example, these errors are 25% and are independent, P, and R must
differ by more than 35% for the NEP to be statistically different from 0 (130).
Nevertheless, our estimate of P, (789 Tmol Cy~ I;i.e. 23% of the global marine
gross primary production (see Table 1), is of the same order of magnitude as the
previous estimate of 500 Tmol C y~! (132, 157). The latter estimate (e.g. 157)
did not specifically take into account systems such as macrophyte-dominated
ecosystems and mangroves, which might partly explain the difference.

Although there is a consensus on the magnitude of P,, there are differences
in the estimates of the global coastal NEP. The ecosystem approach provides
an estimate of 231 Tmol C y~!, a value in good agreement with that provided
by Wollast (200 Tmol C y~!; 157) but much higher than the —7 Tmol C y~!
proposed by Smith & Hollibaugh (132) or the 12 Tmol C y~! given by Rabouille
(112). Smith & Hollibaugh (132) used a linear relationship between NEP and
P, based on 22 nearshore and estuarine sites, as well as the average P, of
estuaries and the remaining continental shelves, to predict the NEP of both
systems. They concluded that estuaries are net heterotrophic (VEP = —7
Tmol C y~!), that the remaining coastal ocean has a balanced organic carbon
metabolism (NEP = 0), and that the coastal ocean is thus net heterotrophic
(NEP = —7 Tmol C y~!). They therefore estimated R indirectly at 507 Tmol
C y~!. Most values of NEP used in the linear regression were obtained as the
difference between separate estimates of P, and R, a procedure that induces
great uncertainty in NEP. Also, most data used to derive the predictive equation
were from nearshore sites, the outer shelf areas being poorly represented. On
the other hand, Wollast’s estimate of R (and NEP) is based on the observed
average remineralization rate of P, (60%; 157) of 500 Tmol C y~!, so R and
NEP are respectively estimated to be 300 and 200 Tmol C y~!. This approach
is also limited by the average remineralization rate being calculated from a
small data set (N = 10) exclusively based on temperate and boreal shelves
of the northern hemisphere. The continental shelf proper (excluding specific
ecosystems) is the major contributor to NEP of the coastal zone (75%) followed
by macrophyte-dominated ecosystems (16%), mangroves (7%), marshes (3%),
and coral reefs (2.6%). Respiratory processes are poorly known, not only on
the continental shelves but also in the open ocean (34).

The coastal ocean contributes more than 40% of marine calcium carbonate
production (23 vs 53 Tmol CaCO; y~'; 97). The highest deposition occurs in
coral reef habitats (9 Tmol y~!, according to Ref. 97, and 6 Tmol y~! according
to our own estimate), followed by banks and embayments (4 Tmol y '), carbon-
ate shelves (6 Tmol y™'), and non-carbonate shelves (4 Tmol y~!). However,
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Milliman (97) has suggested that a significant fraction (4 Tmol y~') of the
calcium carbonate produced on the shelf is exported and deposited on the con-
tinental slope and rise. This was confirmed by Sabine & Mackenzie (123), who
observed abundant carbonate skeleton debris, characteristic of shallow water
organisms, in traps deployed along the Hawaiian slope.

The delivery of carbon to the coastal ocean has been enhanced by human
activities and is presently ca. 85 Tmol C y~! (93). In the marine system, the
riverine DIC is believed to be partitioned equally between deposition of carbon-
ate minerals and CO, evasion to the atmosphere. The organic carbon delivered
is either oxidized to CO,, accumulated in coastal sediment, or exported to the
deep open ocean. The importance of these various fates is poorly known and
is one of the major source of uncertainty in the global carbon cycle. The extent
of export from the ocean margin has recently been examined using radiocarbon
(**C) data and a mass balance approach by Bauer & Druffel (9a). Their results
suggest that inputs of DOC and POC from ocean margins to the deep open
ocean may be more than an order of magnitude greater than inputs of recently
produced organic carbon derived from the surface ocean.

Itisincreasingly evident that the higher fertility of the coastal ocean compared
to the open ocean and slope (20 vs 8 mol C m~2 y~!; 11, 146, 157) is mainly
due to the large fluxes of nutrients transferred from the deep ocean to the shelf
by upwelling or vertical mixing. The recycled production is relatively low, and
thus the new production related to the large nutrient input must be balanced by
the export of an equivalent amount of these elements. Walsh (147) and Wollast
(156) have suggested that a significant fraction of the primary production is
exported to the open ocean and that the nutrients are re-exported as particulate
organic matter. However, along the northwest Atlantic coast, only 5% of the
primary production is exported from the shelf to the adjacent slope (13). Nixon
et al (102) concluded that only phosphorus, presumably in dissolved form,
is largely exported to the open ocean, but that most of the nitrogen, mainly
imported from the open ocean, is lost by denitrification on the shelf. This
implies a considerable rate of denitrification in the sediments, contrasting with
a high lability and release of the phosphorus constituents from the bottom to
the water column.

Until recently, models of the global carbon cycle did not incorporate the
coastal ocean, but directly linked ocean and continents. The status of the
coastal ocean in global models is still a matter of debate because the magnitude
of the transfer of carbon between the coastal zone and the open ocean is poorly
constrained. There is no doubt that, in pristine times, the total riverine input of
organic carbon in the coastal zone was greater than organic carbon preserved
in shelf sediments. The coastal ocean was net heterotrophic and a source of
CO, to the atmosphere (7 Tmol C y™!), assuming little or no transfer of C at
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the margins (132, 158; Ver et al, submitted). If these transfers are assumed
to be significant (112; C. Rabouille, personal communication), it was slightly
autotrophic and a net sink of atmospheric CO, (20 Tmol C y™').

Anthropogenic disturbance has led to an increased delivery of inorganic
nutrients, organic carbon, and suspended matter into the coastal ocean. The ex-
cess nutrients may locally enhance planktonic primary production and carbon
sequestration. Even though the total load of riverine N and P has more than
doubled with respect to pristine conditions (93), it has not significantly affected
the productivity of the coastal zone on a global basis. This perturbation is, how-
ever, responsible for the eutrophication in zones adjacent to polluted estuaries,
especially in semi-enclosed areas. The increased amount of organic carbon de-
livered to the coastal zone can be stored in the sediment and/or oxidized to CO,.
In the latter case, remineralization releases nutrients and promotes primary pro-
duction. The present rate of sedimentation in the coastal zone is probably twice
that of preindustrial times because of increased continental erosion resulting
from deforestation and changes in agricultural practices. This should increase
the rate of C burial in coastal sediments (155). The balance between increased
primary production and increased respiration may shift the coastal zone toward
a more heterotrophic or a more autotrophic state relative to initial conditions
(158). According to Smith & Hollibaugh (132), the present coastal zone re-
mains heterotrophic (but a sink for fossil fuel CO;). The changes in air-sea CO,
flux relative to pristine conditions depend on the response of both ocean carbon-
ate chemistry and atmospheric CO; to anthropogenic perturbations. Increased
carbonate precipitation and increased heterotrophy (or decreased autotrophy)
result in a source of CO; smaller than the rise of atmospheric pCO; due to
anthropogenic activities. The CO; sink potential of the coastal ocean is there-
fore diminished. A model that assumes a low rate of C transfer at the margin
estimates that CO, flux has changed both in direction (from net evasion to net
invasion) and magnitude (by 6.7 Tmol C y™!) relative to the year 1700 (Ver
etal, submitted). Finally, Rabouille (112) has suggested that the various human-
induced modifications of the coastal carbon cycle have resulted in decreased
autotrophy of the coastal ocean (20 to 11 Tmol C y=!).

CONCLUSIONS

Kempe (67) asserted that whether coastal seas are net sinks or sources of CO; for
the atmosphere cannot be determined. There are currently few carbon budgets
available for coastal ecosystems. An important research initiative was recently
launched by the LOICZ program to develop modeling guidelines (54), compile
150-200 carbon (and nitrogen) budgets for coastal ecosystems in key regions,
and extend these budgets to a global scale using a functional coastal zone
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classification system (109). Approximately 30 budgets are available (e.g. 133),
and it is anticipated that the compilation will be completed in the near future
(SV Smith, personal communication).

Itis difficult to evaluate the autotrophic/heterotrophic character of the coastal
zone on the basis of the balance between inputs and outputs because of the very
limited knowledge of circulation and water exchange between the shelf and the
open ocean. The net flux of material at this boundary is poorly constrained: itis
the difference between two huge numbers, both of which are affected by large
uncertainties. An additional difficulty lies with the extremely non-stationary
conditions of the coastal zone. Hydrodynamically, river discharge exhibits
strong seasonal and annual variations, and the shelf is periodically affected by
storms that resuspend freshly deposited sediments, and favor export to the
slope area and open ocean.

The available data suggest that riverine and atmospheric inputs of dissolved
and particulate carbon represent a negligible fraction of the high primary pro-
duction of the coastal zone on a global scale. New production on the shelf
represents at least 50% of primary production and thus only 50% or less is
respired and recycled (40,72, 146, 155-157). Some of the production that
is not recycled accumulates in the sediments, but most of the detrital organic
matter—dissolved or particulate—must be exported to the slope and open ocean.
Changes in riverine fluxes of organic matter and nutrients or suspended matter
due to human activities are also small with respect to natural fluxes, and have
probably affected the global carbon cycle only slightly.

ACKNOWLEDGMENTS

Thanks are due to the following colleagues for providing data, reprints and/or
papers in press or submitted: L. Charpy, C. X. Duarte, A.-M. Leclerc, S.
Kraines, F. T. Mackenzie, H. M. E. Nacorda, A. Ormond, and C. Rabouille.
Numerous other colleagues kindly provided material that could not be included
in the present review. S. Dallot assisted with statistical analysis. This paper
has greatly benefitted from the assistance of M. Loijens and from insight-
ful comments of D. M. Alongi, R. W. Buddemeier, J. Dolan, J. J. Middel-
burg, J. D. Milliman, M. Pichon, C. Rabouille, J. M. Shick, and S. V. Smith
on early drafts. JPG thanks C. Emery and the staff of the library of the
Oceanographic Museum (Monaco) for their invaluable help during prepara-
tion of this review. The research of the authors on coastal metabolism is
supported by the Programme National Récifs Coralliens (PNRCO, France),
FNRS (Belgium) with which MF is a research associate, the European Union
programs Environment and Climate (BIOGEST contract ENV4-CT96-0213)
and MAST (OMEX contracts MAS2-CT93-0069 and MAS3-CT97-0076), the
Belgian State Prime Minister’s Office (OSTC) in the framework of the Global



428

GATTUSO ET AL

Change and Sustainable Development Programme (contract CG/DD/11C) and
the Council of Europe. This is a contribution of PNRCO and ELOISE contribu-
tion 020.

Visit the Annual Reviews home page at
http://www.AnnualReviews.org

Literature Cited

L.

5a.

%a.

10.

. Alongi DM.

Agawin NSR, Duarte CM, Fortes MD.
1996. Nutrient limitation of Philippine
seagrasses (Cape Bolinao, NW Philip-
pines): in situ experimental evidence.
Mar. Ecol. Prog. Ser. 138:233-43

. Alongi DM. 1988. Bacterial productivity

and microbial biomass in tropical man-
grove sediments. Microb. Ecol. 15:59-
79

. Alongi DM. 1989. The role of soft-

bottoms benthic communities in tropical
mangrove and coral reef ecosystems. Rev.
Aquat. Sci. 1:243-80

1990. The ecology of
tropical soft-bottom benthic ecosystems.
Oceanogr. Mar. Biol. Ann. Rev. 28:381~
496

. Alongi DM. 1994. Zonation and season-

ality of benthic primary production and
community respiration in tropical man-
grove forests. Oecologia 98:320-7
Alongi DM. 1998. Coastal Ecosystem
Processes. Boca Raton: CRC Press

. Alongi DM, Boto KG, Tirendi F. 1989.

Effect of exported mangrove litter on
bacterial productivity and dissolved or-
ganic carbon fluxes in adjacent tropical
nearshore sediments. Mar. Ecol. Prog.
Ser. 56:133-44

. Atkinson MJ, Smith SV. 1983. C:N:P

ratios of benthic marine plants. Limnol.
Oceanogr. 28:568-74

. Ayukai T. 1995. Retention of phytoplank-

ton and planktonic microbes on coral reefs
within the Great Barrier Reef, Australia.
Coral Reefs 14:141-47

. Bartlett DS, Bartlett KB, Hartman JM,

Harriss RC, Sebacher DI, et al. 1989.
Methane emissions from the Florida Ev-
erglades: patterns of variability in a re-
gional wetland ecosystem. Glob. Bio-
geochem. Cycles 3:363-73

Bauer JE, Druffel ERM. 1998. Ocean
margins as a significant source of organic
matter to the deep open ocean. Nature
392:482-85

Berger WH. 1982. Increase of car-
bon dioxide in the atmosphere during

12.

13.

14.

15.

16.

17.
18.

19.

20.

deglaciation: the coral reef hypothesis.
Naturwissenschaften 69:87-88

. Berger WH. 1989. Appendix. Global

maps of ocean productivity. In Produc-
tivity of the Ocean: Present and Past,
ed. WH Berger, VS Smetacek, G Wefer,
pp. 429-55. Chichester, UK: Wiley &
Sons

Birkeland C, ed. 1997. Life and Death
of Coral Reefs. New York: Chapman &
Hall. 536 pp.

Biscaye PE, Flagg CN, Falkowski PG.
1994. The Shelf Edge Exchange Pro-
cesses experiment, SEEP-II: an introduc-
tion to hypotheses, results and conclu-
sions. Deep Sea Res. 41:231-52
Bondsorff E, Blomqvist EM, Mattila J,
Norkko A. 1997. Coastal eutrophication:
causes, consequences and perspectives
in the Archipelago areas of the North-
ern Baltic Sea. Estuar Coast. Shelf Sci.
44(Suppl. A):63-72

Boto KG, Alongi DM, Nott ALJ. 1989.
Dissolved organic carbon-bacteria inter-
actions at sediment-water interface in a
tropical mangrove system. Mar. Ecol.
Prog. Ser. 51:243-51

Boto KG, Bunt JS, Wellington JT. 1984,
Variations in mangrove forest productiv-
ity in northern Australia and Papua New
Guinea. Estuar Coast. Shelf Sci. 19:321-
29

Deleted in proof

Boucher G, Clavier J, Hily C, Gattuso J-P.
1998. Contribution of soft-bottoms to the
community metabolism (primary produc-
tion and calcification) of a barrier reef flat
(Moorea, French Polynesia). J. Exp. Mar:
Biol. Ecol. 225:269-83

Boynton WR, Murray L, Hagy JD, Stokes
C, Kemp WM. 1996. A comparative
analysis of eutrophication patterns in a
temperate coastal lagoon. Estuaries 19:
408-21

Broecker WS, Lao Y, Klas M, Clark E,
Bonani G, et al. 1993. A search for an
early holocene CaCOj preservation event.
Paleoceanography 8:333-9



21.
22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

METABOLISM OF COASTAL ECOSYSTEMS

Buddemeier RW. 1996. Coral reefs and
carbon dioxide. Science 271:1298-89
Cadée N, Dronkers J, Heip C, Martin J-M,
Nolan C, eds. 1994. ELOISE (European
Land-Ocean Interaction Studies) Science
Plan, Luxembourg: Off. Official Publ.
Eur. Communities. 52 pp.

Cebridn J, Duarte CM, Marba N, Enriquez
S. 1997. Magnitude and fate of the
production of four co-occurring west-
ern Mediterranean seagrass species. Mar:
Ecol. Prog. Ser. 155:29-44

Charpy L. 1996. Phytoplankton biomass
and production in two Tuamotu atoll
lagoons (French Polynesia). Mar. Ecol.
Prog. Ser. 145:133-42

Charpy-Roubaud C, Sournia A. 1990. The
comparative estimation of phytoplank-
tonic, microphytobenthic and macro-
phytobenthic primary production in the
oceans. Mar. Microb. Food Webs 4:31-
57

Clough BF. 1992. Primary productivity
and growth of mangrove forests. In Tropi-
cal Mangrove Ecosystems, ed. Al Robert-
son, DM Alongi, pp. 225-49. Washing-
ton, DC: Am. Geophys. Union

Cohen JE, Small C, Mellinger A, Gallup
J, Sachs J. 1997. Estimates of coastal pop-
ulations. Science 278:1211-12

Conley DJ, Smith WM, Cornwell JC,
Fisher TR. 1995. Transformation of
particle-bound phosphorus at the land-
sea interface. Estuar. Coast. Shelf Sci.
40:161-76

Costanza R, d’Arge R, de Groot R, Far-
ber S, Grasso M, et al. 1997. The value of
the world’s ecosystem services and natu-
ral capital. Nature 387:253-59
Crossland CJ, Hatcher BG, Smith SV.
1991. Role of coral reefs in global ocean
production. Coral Reefs 10:55-64

Day JW, Day RH, Barreiro MT, Ley-Lou
F, Madden CJ. 1982. Primary production
in the Laguna de Terminos, a tropical
estuary in the southern Gulf of Mexico.
Oceanol. Acta 5 (Suppl.):269-76

De la Cruz AA. 1986. Tropical wetlands
as a carbon source. Aquat. Bot. 25:109—
15

De Vooys CGN. 1979. Primary produc-
tion in aquatic environments. In The
Global Carbon Cycle, ed. B Bolin, ET
Degens, S Kempe, P Ketner, pp. 259-92.
Chichester, UK: Wiley & Sons

del Giorgio PA, Cole JJ, Cimbleris A.
1997. Respiration rates in bacteria ex-
ceed phytoplankton production in unpro-
ductive aquatic systems. Nature 385:148—
51

Done TJ. 1992. Phase shifts in coral reef

36.
37.

38.
39.

40.

41.

42a.

42.

43.

44.

45.

46.

47.

429

communities and their ecological signifi-
cance. Hydrobiologia 247:121-32
Duarte CM. 1990. Seagrass nutrients con-
tent. Mar. Ecol. Prog. Ser. 67:201-7
Duarte CM, Cebridn J. 1996. The fate of
marine autotrophic production. Limnol.
Oceanogr. 41:1758-66

Dubinsky Z, ed. 1990. Coral Reefs. New
York: Elsevier. 550 pp.

Dyer KR, Orth DR, eds. 1994. Changes
in Fluxes in Estuaries: Implications from
Science to Management. Fredensborg:
Olsen & Olsen. 485 pp.

Eppley RW. 1989. New production: his-
tory, methods, problems. In Productivity
of the Ocean: Present and Past, ed. WH
Berger, VS Smetacek, G Wefer, pp. 85—
97. Chichester, UK: Wiley & Sons
Erftemeijer PLA, Middelburg JJ. 1993.
Sediment-nutrient interactions in tropical
seagrass beds: a comparison between a
carbonate and a terrigenous sedimentary
environment in South Sulawesi (Indone-
sia). Oecologia 99:45-59

Erftemeijer PLA, Middelburg JJ. 1995.
Mass balance constraints on nutrient cy-
cling in tropical seagrass beds. Aquat. Bot.
50:21-36

Erftemeijer PLA, Stapel J, Smekens MJE,
Drossaert WME. 1994. The limited ef-
fect of in situ phosphorus and nitrogen
additions to seagrass beds on carbonate
and terrigenous sediments in South Su-
lawesi, Indonesia. J. Exp. Mar. Biol. Ecol.
182:123-40

Fourqurean JW, Webb KL, Hollibaugh
JT, Smith SV. 1997. Contributions of the
plankton community to ecosystem respi-
ration, Tomales Bay, California. Estuar.
Coast. Shelf Sci. 44:493-505
Frankignoulle M, Bourge I, Canon C,
Dauby P. 1996. Distribution of surface
seawater partial CO; pressure in the Eng-
lish Channel and in the Southern Bight of
the North Sea. Cont. Shelf Res. 16:381-
95

Frankignoulle M, Bourge I, Wollast R.
1996. Atmospheric CO; fluxes in a highly
polluted estuary (the Scheldt). Limnol.
Oceanogr. 41:365-69

Frankignoulle M, Gattuso J-P, Biondo R,
Bourge I, Copin-Montégut G, et al. 1996.
Carbon fluxes in coral reefs. 2. Eulerian
study of inorganic carbon dynamics and
measurement of air-sea CO, exchanges.
Mar: Ecol. Prog. Ser. 145:123-32
Galloway JN, Howarth RW, Michaels AF,
Nixon SW, Prospero JM, et al. 1996. Ni-
trogen and phosphorus budgets of the
North Atlantic Ocean. Biogeochemistry
35:3-25



430

438.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

GATTUSO ET AL

Gattuso J-P, Frankignoulle M, Smith SV,
Ware JR, Wollast R. 1996. Coral reefs and
carbon dioxide. Science 271:1298
Gattuso J-P, Payri CE, Pichon M, Dele-
salle B, Frankignoulle M. 1997. Primary
production, calcification, and air-sea CO;
fluxes of a macroalgal-dominated coral
reef community (Moorea, French Poly-
nesia). J. Phycol. 33:729-38

Gattuso J-P, Pichon M, Delesalle B,
Canon C, Frankignoulle M. 1996. Car-
bon fluxes in coral reefs. 1. Lagrangian
measurement of community metabolism
and resulting air-sea CO; disequilibrium.
Mar. Ecol. Prog. Ser. 145:109-21
Gattuso J-P, Pichon M, Delesalle B,
Frankignoulle M. 1993. Community
metabolism and air-sea CO, fluxes in
a coral reef ecosystem (Moorea, French
Polynesia). Mar. Ecol. Prog. Ser. 96:259—
67

Gattuso J-P, Pichon M, Frankignoulle
M. 1995. Biological control of air-sea
CO;, fluxes: effect of photosynthetic and
calcifying marine organisms and ecosys-
tems. Mar. Ecol. Prog. Ser. 129:307-12
Ghosh S, Jana TK, Singh BN, Choudhury
A. 1987. Comparative study of carbon
dioxide system in virgin and reclaimed
mangrove waters of Sundarbans during
freshet. Mahasagar 20:155-61

Gordon DC Jr, Boudreau PR, Mann
KH, Ong J-E, Silvert WL, et al. 1996.
LOICZ biogeochemical modelling guide-
lines. LOICZ Rep. & Stud. 5:1-96
Hatcher BG. 1997. Organic production
and decomposition. In Life and Death of
Coral Reefs, ed. C Birkeland, pp. 140-74.
New York: Chapman & Hall

Hatcher BG, Johannes RE, Robertson Al
1989. Review of research relevant to the
conservation of shallow tropical marine
ecosystems. Oceanogr. Mar. Biol. Ann.
Rev. 27:337-414

Healey MJ, Moll RA, Diallo CO. 1988.
Abundance and distribution of bacterio-
plankton in the Gambia River, West
Africa. Microb. Ecol. 16:291-310

Heip CHR, Goosen NK, Herman PMJ,
Kromkamp J, Middleburg JJ, et al. 1995.
Production and consumption of biologi-
cal particles in temperate tidal estuaries.
Oceanogr. Mar. Biol. Ann. Rev. 33:1-149
Herman PMJ, Heminnga MA, Nienhuis
PH, Verschuure JM, Wessel EGJ. 1996.
Wax and wane of eelgrass Zostera ma-
rina and water column silicon levels. Mar.
Ecol. Prog. Ser. 144:303-7

Howarth RW, Billen G, Swaney D,
Townsend A, Jaworski N, et al. 1996. Re-
gional nitrogen budgets and riverine N&P

6l.

62.

63.

64.

65.
66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

fluxes for the drainages to the North At-
lantic Ocean: natural and human influ-
ences. Biogeochemistry 35:75-139
Hughes TP. 1994. Catastrophes, phase
shifts, and large-scale degradation of a
Caribbean coral reef. Science 265:1547—
51

Huthnance J. 1995. Circulation, exchange
and water masses at the ocean margin:
the role of physical processes at the shelf
edge. Prog. Oceanogr. 35:353-431
Irigoien X, Castel JC. 1997. Light limita-
tion and distribution of chlorophyll pig-
ments in a highly turbid estuary: the
Gironde (SW France). Estuar. Coast.
Shelf Sci. 44:507-17

Kayanne H, Suzuki A, Saito H. 1995. Di-
urnal changes in the partial pressure of
carbon dioxide in coral reef water. Sci-
ence 269:214-16

Deleted in proof

Kempe S. 1982. Valdivia Cruise, October
1981: carbonate equilibria in the estuaries
of Elbe, Weser, Ems and in the Southern
German Bight. Mitt. Goel.-Paldont. Inst.
Univ. Hamburg 52:719-42

Kempe S. 1995. Coastal seas: anet source
or sink of atmospheric carbon dioxide?
LOICZ Rep. & Stud. 1:1-27

Ketchum BH, ed. 1983. Estuaries and
Enclosed Seas. Amsterdam: Elsevier. 500

pp-

Ketchum BH. 1983. Estuarine character-
istics. In Estuaries and Enclosed Seas, ed.
BH Ketchum, pp. 1-14. Amsterdam: EI-
sevier

Kinsey DW. 1985. Metabolism, calcifi-
cation and carbon production. I. System
level studies. Proc. 5th Int. Coral Reef
Congr. 4:505-26

Kleypas J. 1997. Modeled estimates of
global reef habitat and carbonate produc-
tion since the last glacial maximum. Pa-
leoceanography 12:533-45

Knauer GA. 1993. Productivity and new
production of the oceanic system. Inter-
actions of C, N, P and S Biogeochemical
Cycles and Global Change, ed. R Wol-
last, FT Mackenzie, L Chou, pp. 211-31.
Berlin: Springer-Verlag

Koch EW, Beer S. 1996. Tides, light and
the distribution of Zostera marinain Long
Island Sound, USA. Aquat. Bot. 53:97-
107

Kraines S, Suzuki Y, Omori T, Shitashima
K, Kanahara S, et al. 1997. Carbonate dy-
namics of the coral reef system at Bora
Bay, Miyako Island. Mar. Ecol. Prog. Ser.
156:1-61

Kraines S, Suzuki Y, Yamada K,
Komiyama H. 1996. Separating biologi-



76.

1.

78.

79.

80.

81.

82.
83.

84,

85.

86.

87.

88.

METABOLISM OF COASTAL ECOSYSTEMS

cal and physical changes in dissolved oxy-
gen concentration in a coral reef, Limnol.
Oceanogr. 41:1790-9

Kristensen E, Andersen F@, Kofoed LH.
1988. Preliminary assessment of benthic
community metabolism in a south-east
Asian mangrove swamp. Mar. Ecol. Prog.
Ser. 48:137-45

Kristensen E, Holmer M, Banta GT,
Jensen MH, Hansen K. 1995. Carbon, ni-
trogen and sulfur cycling in sediments of
the Ao Nam Bor mangrove forest, Phuket,
Thailand: a review. Phuket Mar. Biol.
Cent. Res. Bull. 60:37-64

Lalli CM, Parsons TR. 1993. Biological
Oceanography: An Introduction. Oxford:
Pergamon Press. 301 pp.

Leclerc A-M, Broc D, Jean-Baptiste P,
Texier D. Density-gradient induced water
circulations in atoll coral reefs: a numer-
ical study. Limnol. Oceanogr. In press
Lee KS, Dunton KH. 1996. Production
and carbon reserve dynamics of the sea-
grass Thalassia testudinum in Corpus
Christi Bay, Texas, USA. Mar: Ecol. Prog.
Ser. 143:201-10

Lee SY. 1989. Litter production and
turnover of the mangrove Kandelia can-
del (L.) Druce in a Hong Kong tidal
shrimp pond. Estuar. Coast. Shelf Sci.
29:75-87

Lee SY. 1995. Mangrove outwelling: a
review. Hydrobiologia 295:203~12
Leichter JJ, Wing SR, Miller SL, Denny
MW. 1996. Pulsed delivery of subthermo-
cline water to Conch Reef (Florida Keys)
by internal tidal bores. Limnol. Oceanogr.
41:1490-501

Lewis JB, Gladfelter EH, Kinsey DW.
1985. Metabolism, calcification and car-
bon production. III. Seminar discussion.
Proc. 5th Int. Coral Reef Congr. 4:540-
2

Lohrenz SE, Fahnenstiel GL, Redalje DG,
Lang GA, Chen X, et al. 1997. Variations
in primary production of northern Gulf
of Mexico continental shelf waters linked
to nutrients inputs from the Mississippi
River. Mar. Ecol. Prog. Ser. 155:45-54
Lugo AE, Snedaker SC. 1974. The ecol-
ogy of mangroves. Annu. Rev. Ecol. Syst.
5:39-64

Mantoura RFC, Martin J-M, Wollast R,
eds. 1991. Ocean Margin Processes in
Global Change. 469 pp. Chichester, UK:
Wiley & Sons

Marba N, Cebridn J, Enriquez S, Duarte
CM. 1996. Growth patterns of West-
ern Mediterranean seagrasses: species-
specific responses to seasonal forcing.
Mar. Ecol. Prog. Ser. 133:203-15

89.

90.

91.

92.

93.

94.

95.

96a.

96b.

97.

98.

99.

431

Marba N, Duarte CM, Cebridn J, Galle-
gos ME, Olesen B, etal. 1996. Growth and
population dynamics of Posidonia ocean-
ica on the Spanish Mediterranean coast:
elucidating seagrass decline. Mar. Ecol.
Prog. Ser. 137:203-13

Mateo MA, Romero J. 1997. Detritus dy-
namics in the seagrass Posidonia ocean-
ica: elements for an ecosystem carbon
and nutrient budget. Mar. Ecol. Prog. Ser.
151:43-53

Mateo MA, Romero J, Pérez M, Lit-
tler MM, Littker DS. 1997. Dynamics of
millenary organic deposits resulting from
the growth of the Mediterranean seagrass
Posidonia oceanica. Estuar. Coast. Shelf
Sci. 44:103-10

Meybeck M. 1982. Carbon, nitrogen and
phosphorus transport by world rivers. Am.
J. Sci. 282:401-50

Meybeck M. 1993.C, N, P and S inrivers:
from sources to global inputs. In Inter-
actions of C, N, P and S Biogeochem-
ical Cycles and Global Change, ed. R
Wollast, FT Mackenzie, L Chou, pp. 163~
93. Berlin: Springer-Verlag

Middelburg JJ, Klaver G, Nieuwenhuize
J, Vlug T. 1995. Carbon and nitrogen cy-
cling in intertidal sediments near Doel,
Scheldt estuary. Hydrobiologia 311:57~
69

Middelburg JJ, Nieuwenhuize J,
Markusse R, Ohowa B. 1995. Some pre-
liminary results on the biogeochemistry
of mangrove sediments from Gazi Bay.
In Monsoons and Coastal Ecosystems in
Kenya, ed. CHR Heip MA, Hemminga,
MIM de Bie, pp. 51-66. Leiden: Natl.
Mus. Nat. Hist.

Middelburg JJ, Nieuwenhuize J, Slim FJ,
Ohowa B. 1996. Sediment biogeochem-
istry in an East African mangrove for-
est (Gazi Bay, Kenya). Biogeochemistry
34:133-55

Middelburg JJ, Nieuwenhuize J, Lubberts
RK, van de Plassche O, 1997. Organic
carbon isotope systematics of coastal
marshes. Estuar. Coast. Shelf Sci. 45:681~
87

Milliman JD. 1993. Production and ac-
cumulation of calcium carbonate in the
ocean: budget of a nonsteady state. Glob.
Biogeoch. Cycles 7:927-57

Moore KA, Neckles HA, Orth RJ. 1996.
Zostera marina (eelgrass) growth and sur-
vival along a gradient of nutrients and tur-
bidity in the lower Chesapeake Bay. Mar.
Ecol. Prog. Ser. 142:247-59

Moran MA, Wicks RJ, Hodson RE.
1991. Export of dissolved organic mat-
ter from a mangrove swamp ecosystem:



432

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

GATTUSO ET AL

evidence from natural fluorescence, dis-
solved lignin phenols, and bacterial sec-
ondary production. Mar. Ecol. Prog. Ser.
76:175-84

Moriarty DJW. 1986. Measurement of
bacterial growth rates in aquatic systems
from rates of nucleic acid synthesis. Adv.
Microb. Ecol. 8:245-92

Nedwell DB, Trimmer M. 1996. Nitro-
gen fluxes through the upper estuary of
the Great Ouse, England: the role of the
bottom sediments. Mar. Ecol. Prog. Ser.
142:273-86

Nixon SW, Ammerman JW, Atkinson LP,
Berounsky VM, Billen G, et al. 1996.
The fate of nitrogen and phosphorus at
the land-sea margin of the North Atlantic
Ocean. Biogeochemistry 35:141-80
Olesen B. 1996. Regulation of light atten-
uation and eelgrass Zostera marina depth
distribution in a Danish embayment. Mar.
Ecol. Prog. Ser. 134:187-94

Onuf CP. 1996. Seagrass responses to
long-term light reduction by brown tide
in upper Laguna Madre, Texas: distri-
bution and biomass patterns. Mar. Ecol.
Prog. Ser. 138:219-31

Opdyke BN, Walker JCG. 1992. Return
of the coral reef hypothesis: basin to
shelf partitioning of CaCOj and its effect
on atmospheric CO;. Geology 20:733-
36

Pant A, Dhargalkar VK, Bhosale NB,
Untawale AG. 1980. Contribution of phy-
toplankton photosynthetic to a mangrove
ecosystem. Mahasagar 13:225-34s
Pauly D, Christensen V. 1995. Primary
production required to sustain global fish-
eries. Nature 374:255-57

Peinert R, von Bodungen B, Smetacek
VS. 1989. Food web structure and
loss rate. In Productivity of the Ocean:
Present and Past, ed. WH Berger, VS
Smetacek, G Wefer, pp. 35-48. Chich-
ester, UK: Wiley & Sons

Pernetta JC, Milliman JD, eds. 1995.
Land-ocean interactions in the coastal
zone. Implementation plan. /GBP Rep.
33:1-215

Peterson BJ. 1980. Aquatic primary pro-
ductivity and the 4C-CO, method: a his-
tory of the productivity problem. Annu.
Rev. Ecol. Syst. 11:359-85

Pichon M. 1997. Coral reef metabolism
in the Indo-Pacific: the broader picture.
Proc. 8th Int. Coral Reef Symp. 1:977-
80

Rabouille C. 1997. Human perturbation
on carbon and nitrogen cycles in the
global coastal ocean. Presented at LOICZ
Open Sci. Meet., 3rd, The Netherlands

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

Rasmussen E. 1977. The wasting disease
of eelgrass (Zostera marina) and its ef-
fects on the environmental factors and
fauna. In Seagrass Ecosystems: A Scien-
tific Perspective, ed. CP McRoy, C Helf-
frich, pp. 1-51. New York: Dekker
Ricker WE. 1973. Linear regressions in
fishery research. J. Fish. Res. Bd. Canada
30:409-34

Robertson Al, Alongi DM, ed. 1992. Tro-
pical Mangrove Ecosystems. Washington,
DC: Am. Geophys. Union. 329 pp.
Robertson Al, Alongi DM, Boto KG.
1992. Food chain and carbon fluxes. In
Tropical Mangrove Ecosystems, ed. Al
Robertson, DM Alongi, pp. 293-326.
Washington, DC: Am. Geophys. Union
Robertson Al, Blaber SJM. 1992. Plank-
ton, epibenthos and fish communities.
In Tropical Mangrove Ecosystems, ed.
Al Robertson, DM Alongi, pp. 173-224.
Washington, DC: Am. Geophys. Union
Robertson Al, Daniel PA, Dixon P. 1991.
Mangrove forest structure and productiv-
ity in the Fly River estuary, Papua New
Guinea. Mar. Biol. 111:147-55
Robertson Al, Duke NC. 1987. Insect
herbivory on mangrove leaves in North
Queensland. Aust. J. Ecol. 12:1-7
Romero J, Pérez M, Mateo MA, Sala
E. 1994. The belowground organs of the
Mediterranean seagrass Posidonia ocean-
ica as a biogeochemical sink. Aquat. Bot.
47:13-19

Romero J, Pergent G, Pergent-Martini C,
Mateo MA. 1992. The detritic compart-
ment in a Posidonia oceanica meadow:
litter features, decomposition rates and
mineral stocks. PZNI: Mar. Ecol. 13:69-
83

Rougerie F, Wauthy B. 1993. The endo-
upwelling concept: from geothermal con-
vection to reef construction. Coral Reefs
12:19-30

Sabine CL, Mackenzie FT. 1995. Bank-
derived carbonate sediment transport and
dissolution in the Hawaiian Archipelago.
Aquat. Geochem. 1:189-230

Saenger P, Snedaker SC. 1993. Pantrop-
ical trends in mangrove above-ground
biomass and annual litterfall. Oecologia
96:293-99

Schlesinger WH. 1997. Biogeochemistry.
An Analysis of Global Change. London:
Academic. 588 pp.

Short FT. 1990. Primary elemental con-
stituents. Seagrass Research Methods, ed.
RC Phillips, CP McRoy, pp. 105-9. Paris:
Unesco

Smith SV. 1978. Coral-reef area and the
contributions of reefs to processes and



128.

129.

130.

131.

132.

133.

134.
135.

136.

137.
138.

139.

140.

141.

142.

METABOLISM OF COASTAL ECOSYSTEMS

resources of the world’s oceans. Nature
273:225-26

Smith SV. 1981. Marine macrophytes as
a global carbon sink. Science 211:838-
40

Smith SV. 1988. Mass balance in coral
reef-dominated areas. In Coastal-Off-
shore Ecosystem Interactions, ed. B-O
Jansson, pp. 209--26. Berlin: Springer-
Verlag

Smith SV. 1991. Stoichiometry of C:N:P
fluxes in shallow-water marine ecosys-
tems. In Analyses of Ecosystems: Pat-
terns, Mechanisms and Theory, ed. J
Cole, G Lovett, S Findlay, pp. 259-86.
New York: Springer-Verlag

Smith SV. 1995. Reflections on the mea-
surements and significance of carbon
metabolism on coral reefs. Kans. Geol.
Surv. Open-File Rep. Ser. 95-96a:1-18.
Lawrence: Kans. Geol. Surv.

Smith SV, Hollibaugh JT. 1993. Coastal
metabolism and the oceanic organic car-
bon balance. Rev. Geophys. 31:75-89
Smith SV, Hollibaugh JT. 1997. An-
nual cycle and interannual variability of
ecosystem metabolism in a temperate cli-
mate embayment. Ecol. Monogr. 67:509—
33

Deleted in proof

Smith SV, Jokiel PL, Key GS. 1978. Bio-
chemical budgets in coral reef systems.
Atoll Res. Bull. 220:1-11

Soetaert K, Herman PMJ. 1995. Carbon
flows in the Westerschelde Estuary (The
Netherlands) evaluated by means of an
ecosystem model (MOSES). Hydrobiolo-
gia 311:247-66

Sorokin YI. 1993. Coral Reef Ecology.
Berlin: Springer-Verlag. 465 pp.
Spalding MD, Blasco F, Field CD, eds.
1997. World Mangrove Atlas. 178 pp.
Okinawa, Japan: Inter. Soc. Mangrove
Ecosystems

Stanley SO, Boto KG, Alongi DM,
Gillian FT. 1987. Composition and bac-
terial utilization of free amino acids in
tropical mangrove sediments. Mar. Chem.
22:13-30

Stevenson JC. 1988. Comparative ecol-
ogy of submersed grass beds in freshwa-
ter, estuarine, and marine environments.
Limnol. Oceanogr. 33:867-93

Street GT, Montagna PA, Parker PL.
1997. Incorporation of brown tide into an
estuarine food web. Mar. Ecol. Prog. Ser.
152:67-78

Tribble GW, Atkinson MJ, Sansone
FJ, Smith SV. 1994. Reef metabolism
and endoupwelling in perspective. Coral
Reefs 13:199-201

143.

144,

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

433

Twilley RR. 1985. The exchange of or-
ganic carbon in basin mangrove forests
in a southwest Florida estuary. Estuar
Coast. Shelf Sci. 20:543-57

Twilley RR, Chen RH, Hargis T. 1992.
Carbon sinks in mangroves and their im-
plications to carbon budget of tropical
coastal ecosystems. Water Air Soil Poll.
64:265-88

Twilley RR, Lugo AE, Patterson-Zucca
C. 1986. Litter production and turnover
in basin mangrove forests in southwest
Florida. Ecology 67:670-83

Walsh JJ. 1988. On the Nature of Con-
tinental Shelves. San Diego, CA: Aca-
demic. 520 pp.

Walsh JJ. 1991. Importance of continen-
tal margins in the marine biogeochemi-
cal cycling of carbon and nitrogen. Nature
350:53-55

Ware JR, Smith SV, Reaka-Kudla ML.
1992. Coral reefs: sources or sinks of
atmospheric CO2? Coral Reefs 11:127-
30

Whittaker RH, Likens GE. 1973. Carbon
and the biota. Brookhaven Symp. Biol.
24:281-302

Wolanski E. 1986. An evaporation-driven
salinity maximum zone in Australian
tropical estuaries. Estuar. Coast. Shelf Sci.
22:415-24

Wolanski E, Delesalle B. 1995. Up-
welling by internal waves, Tahiti, French
Polynesia. Cont. Shelf Res. 15:357-
68

Wolanski E, Mazda Y, Ridd P. 1992. Man-
grove hydrodynamics. In Tropical Man-
grove Ecosystems, ed. Al Robertson, DM
Alongi, pp. 43-62. Washington, DC: Am.
Geophys. Union

Deleted in proof

Wollast R. 1983. Interactions in estuar-
ies and coastal waters. In The Major Bio-
geochemical Cycles and Their Interac-
tions, ed. BBolin, RB Cook, pp. 385-407.
Chichester, UK: Wiley-Interscience
Wollast R. 1991. The coastal organic car-
bon cycle: fluxes, sources, and sinks.
In Ocean Margin Processes in Global
Change, ed. RFC Mantoura, J-M Matrtin,
R Wollast, pp. 365-81. Chichester, UK:
Wiley & Sons

Wollast R. 1993. Interactions of carbon
and nitrogen cycles in the coastal zone.
Interactions of C, N, P and S Biogeo-
chemical Cycles and Global changes, ed.
R Wollast, FT Mackenzie, L Chou, pp.
195-210. Berlin: Springer-Verlag
Wollast R. 1998. Evaluation and compar-
ison of the global carbon cycle in the
coastal zone and in the open ocean. In



434

158.

159.

160.

GATTUSO ET AL

The Sea, ed. KH Brink, AR Robinson, pp.
213-52. New York: Wiley & Sons
Wollast R, Mackenzie FT. 1989. Global
biogeochemical cycles and climate. In
Climate and Geo-Sciences, ed. A Berger,
S Schneider, J-C Duplessy, pp. 453-73.
Dordrecht: Kluwer

Woodwell GM, Rich PH, Hall CAS. 1973.
Carbon in estuaries. In Carbon and Bio-
sphere, pp. 223-40. Springfield, VA: U.S.
Atomic Energy Commission

World Resour. Inst. 1996. World Re-

161.

162.

sources 1996-1997. New York: Oxford
Univ. Press. 384 pp.

Yamamuro M, Kayanne H, Minagawa M.
1995. Carbon and nitrogen stable iso-
topes of primary producers in coral reef
ecosystems. Limnol. Oceanogr. 40:617-
21

Zimmerman RC, Alberte RS. 1996. Ef-
fect of light/dark transition on carbon
translocation in eelgrass Zostera marina
seedlings. Mar. Ecol. Prog. Ser. 136:305~
9



	Article Contents
	p.405
	p.406
	p.407
	p.408
	p.409
	p.410
	p.411
	p.412
	p.413
	p.414
	p.415
	p.416
	p.417
	p.418
	p.419
	p.420
	p.421
	p.422
	p.423
	p.424
	p.425
	p.426
	p.427
	p.428
	p.429
	p.430
	p.431
	p.432
	p.433
	p.434

	Issue Table of Contents
	Annual Review of Ecology and Systematics, Vol. 29 (1998), pp. i-viii+1-626+C1-C2
	Front Matter [pp.i-viii]
	Molecular Trans-Species Polymorphism [pp.1-C1]
	Principles of Phylogeography as Illustrated by Freshwater and Terrestrial Turtles in the Southeastern United States [pp.23-58]
	The Functional Significance of the Hyporheic Zone in Streams and Rivers [pp.59-81]
	Endangered Mutualisms: The Conservation of Plant-Pollinator Interactions [pp.83-112]
	The Role of Introduced Species in the Degradation of Island Ecosystems: A Case History of Guam [pp.113-140]
	Evolution of Helping Behavior in Cooperatively Breeding Birds [pp.141-177]
	The Ecological Evolution of Reefs [pp.179-206]
	Roads and Their Major Ecological Effects [pp.207-C2]
	Sex Determination, Sex Ratios, and Genetic Conflict [pp.233-261]
	Early Evolution of Land Plants: Phylogeny, Physiology, and Ecology of the Primary Terrestrial Radiation [pp.263-292]
	Possible Largest-Scale Trends in Organismal Evolution: Eight "Live Hypotheses" [pp.293-318]
	Fungal Endophytes: A Continuum of Interactions with Host Plants [pp.319-343]
	Floral Symmetry and Its Role in Plant-Pollinator Systems: Terminology, Distribution, and Hypotheses [pp.345-373]
	Vertebrate Herbivores in Marine and Terrestrial Environments: A Nutritional Ecology Perspective [pp.375-403]
	Carbon and Carbonate Metabolism in Coastal Aquatic Ecosystems [pp.405-434]
	The Scientific Basis of Forestry [pp.435-466]
	Pathways, Mechanisms, and Rates of Polyploid Formation in Flowering Plants [pp.467-501]
	Bacterial Growth Efficiency in Natural Aquatic Systems [pp.503-541]
	The Chemical Cycle and Bioaccumulation of Mercury [pp.543-566]
	Phylogeny of Vascular Plants [pp.567-599]
	Back Matter [pp.601-626]



