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Abstract

Estuaries profoundly transform the large amounts of carbon delivered from rivers before their transfer to the adjacent coastal
zone. As a consequence of the complex biogeochemical reworking of allochtonous carbon in the sediments and the water
column, CO, and CHj, are emitted into the atmosphere. We attempt to synthesize available knowledge on biogeochemical
cycling of CO, and CHy in estuarine environments, with a particular emphasis on the exchange with the atmosphere. Unlike
CH,, the global emission of CO, to the atmosphere from estuaries is significant compared to other components of the global

carbon cycle.

Estuaries are dynamic ecosystems that host some of the highest
biodiversity and biological production in the world (Bianchi,
2007). At the land-ocean ‘interface, estuaries receive large
amounts of dissolved and particulate carbon (C), nitrogen
(N), phosphorous (P), and silica from rivers. This riverine
material undergoes profound transformations in estuaries
before being transferred to the adjacent coastal zone (Wollast,
1983). Since the pioneering studies of Park et al. (1969) and
Reeburgh (1969), it is known that estuarine environments emit
carbon dioxide (CO,) and methane (CH,) to the atmosphere.
Yet, it is only during the last decade that the dynamics of these
two potent green-house gases has been investigated in greater
depth in estuarine environments. In the present chapter, we
summarize the available knowledge on the multiple drivers of
biogeochemical cycling of CO, and CH, in estuarine environ-
ments, with a particular emphasis on the exchange with the
atmosphere.

5.04.1 Estuarine Definitions and Classifications from
the Perspective of CO, and CH, Dynamics

Estuaries are commonly defined as “semi-enclosed coastal
bodies of water that have a free connection with the open sea
and within which sea water is measurably diluted with fresh

water derived from land drainage” (Pritchard, 1967). This defi-
nition, based on salinity, was extended by Perils (1995)
including geomorphological, physical, and biological informa-
tion, whereby an estuary is defined as “a semi-enclosed coastal
body of water that extends to the effective limit of tidal influ-
ence, within which sea water entering from one or more free
connections with the open sea, or any saline coastal body of
water, is significantly diluted with fresh water derived from
land drainage, and can sustain euryhaline biological species
from either part or the whole of the life cycle.” This definition
allows to set the upstream limit of estuaries to the tidal river
and to include within estuaries the intertidal areas. Although
from the point of view of, for example, estuarine ecology,
coastal management, and legislation, the definitions of
Pritchard (1967) and Perillo (1995) might be ambiguous or
incomplete (e.g., Elliott and McLusky, 2002), these definitions
provide the basis for the analysis of CO, and CH,4 biogeochem-
istry examined in this chapter. However, there is a need to
further classify estuarine systems into different types that are
characterized by different physical settings that strongly influ-
ence organic carbon dynamics and, ultimately, CO, and CH,
dynamics.

The first estuarine classifications were based on physio-
graphy. Pritchard (1952, 1955) classified estuaries based on
physical mixing. Fairbridge (1980) provided a classification
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based on circulation and relief with the following types: coastal
plain, bar-built, delta, blind, ria, tectonic, and fjord. Perillo
(1995) provided a morphogenetic classification based on the
genesis of the systems. Primary estuaries correspond to former
river valleys (coastal plain estuaries and rias), former glacier
valleys (fjords and fjards), and river-dominated (tidal river
estuaries and delta fronts), and structural estuaries; secondary
estuaries correspond to coastal lagoons divided into chocked,
restricted, and leaky lagoons. The classification of Perillo
(1995) does not take into account the tidal regime of estuaries.
Tidal systems can be classified into micro-, meso-, and macro-
tidal estuaries corresponding to tidal amplitudes <2 m, 2-4 m,
and >4 m, respectively (Davies, 1964). Tidal regime will, to a
large extent, regulate the freshwater residence time and stratifi-
cation of the water column. These physical settings will strongly
influence organic carbon cycling in surface waters and oxygen
levels and, ultimately, CO, and CH, fluxes. The physical char-
acteristics of different estuarine types relevant for the present
chapter are summarized in Table 1.

In the following, we adopt the simplified estuarine classifi-
cation given by the typology of Diirr et al. (2010), whereby
systems are aggregated into four types: small deltas and estu-
aries (type I), tidal systems and embayments (type II), lagoons
(type III), and fjords and fjards (type IV). This estuarine classi-
fication is relevant to the present chapter because it is
associated with surface areas estimated by latitudinal bands
based on a geographical information system analysis (Diirr
et al., 2010). This will allow to scale globally CO, and CH,
fluxes using a more precise and detailed estuarine surface area
than previous studies (Bange et al., 1994; Middelburg et al.,
2002; Abril and Borges, 2004; Borges, 2005; Borges et al., 2005;
Chen and Borges, 2009).

5.04.2 Dynamics of CO, and Atmospheric CO, Fluxes
in Estuarine Environments

5.04.2.1 Spatial and Temporal Variahility of CO, in Estuaries

Estuaries are characterized by a dynamic range of the partial
pressure of CO, (pCO,) in terms of cross-system variability,
spatial gradients, and seasonal variability much higher than
other coastal environments such as nearshore environments,
coastal upwelling systems, and marginal seas (Figure 1). The
high variability of pCO, in estuaries reflects the similarly high

variability of organic carbon standing stocks and organic car-
bon production and degradation compared to other coastal
environment exemplified by chlorophylla (Chl a), dissolved
organic carbon (DOC), and oxygen saturation level (%0,) in
Figure 2. Figure 3 shows the seasonality and spatial variability
in 2008 of pCO, in the Scheldt estuary, as an example of an
eutrophic macrotidal estuary. Whatever the season, pCO,
values are higher upstream and decrease downstream as sali-
nity increases. Upstream, two seasonal maxima of pCO,
coinciding with %O, minima occur in May and October.
This corresponds to the periods of high O, consumption
and CO, production due to bacterial respiration and to nitri-
fication (stimulated by high temperatures compared to
winter), and low primary production due to relatively lower
light availability. In midsummer (July-August), light avail-
ability is maximum upstream, leading to a phytoplankton
bloom in the freshwater reaches (as indicated by the increase
of Chl a). Hence, in midsummer, phytoplanktonic gross pri-
mary production (GPP) compensates, to some extent, the O,
consumption and CO, production by bacterial respiration
and nitrification (that releases protons and generates CO,),
leading to the decrease of pCO, and an increase of O, com-
pared to April-May. Downstream, the major seasonal feature
is the marked spring phytoplanktonic bloom (late April),
leading to an increase of Chl a and %O, and a decrease of
pCO, (below atmospheric equilibrium, ~380 ppm). This fea-
ture extends from the mouth of the estuary to about salinity 5
where the downstream limit of the estuarine maximum tur-
bidity (EMT) zone is located. In fall, there is a slight decrease
of %0, and an increase of pCO, downstream related to the
collapse of primary production due to light limitation, and
degradation of organic matter. Similar spatial gradients and
seasonal variations, as described above for the Scheldt, have
been also reported in other tidal estuaries in Europe (e.g.,
Frankignoulle et al., 1998), in the US (e.g., Raymond et al.,
2000) and in China (e.g., Guo et al,, 2009).

The seasonality of pCO, and %O, described earlier in the
Scheldt estuary in 2008 is in general agreement with the GPP,
community respiration (CR), and net community production
(NCP) seasonal variations measured in 2003 (Figure 4). In
the lower estuary (salinity 18), GPP peaks in May earlier than
in the upper estuary (salinity 0), where GPP peaks in August
when light availability is the highest annually. In the lower
estuary, CR generally tracks GPP, while in the upper estuary,

Table 1 Major features relevant for CO, and CH,4 cycling in estuarine environments

Length Depth Residence Total suspended Sensivity to
Type (km) (m) time (yr) solids (TSS) Stratification 0, river flow
Delta 1-100 <10 1073-1072 Medium Limited high 0, High
Lagoon 1-100 <10 107210 Low/medium Limited variable O, Medium
Macrotidal/ria 10-100 <10 107210 ETM None low 0, at ETM” Medium
Fjord 10>100 >100 10'-10? Very low High high 0, in surface,anoxic ~ Very low

botom layer””

Fjard 1-10 >10 102 Low Medium Medium 0, Low

" Estuarine turbidity maximum: TSS> 0.1 to 10.0 g I"" depending on depth
“In fjords with sills

Adapted from Meybeck, M., Abril, G., Roussennac, S., Behrendt, H., Billett, M.F., Billen, G., Borges, A.V., Casper, P., Garnier, J., Hinderer, M., Huttunen, J., Johansson, T., Kastowski, M.F.,
Mang, S., 2006. Specific study on freshwater greenhouse gas budget. CarboEurope — GHG — Concerted Action: Synthesis of the European Greenhouse Gas Budget. Report 1.1.5.
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Figure 1 Dynamic range of the partial pressure of CO, (pCO, in ppm)

variations across coastal ecosystems, of pCO, spatial gradients, and of
pCO, seasonal changes in estuaries (based on Frankignoulle et al., 1998;
Bouillon et al., 2003), in nearshore ecosystems (based on Borges and
Frankignoulle 2002a; Cai et al., 2003), and in coastal uwpelling systems
(based on Friederich et al., 2002, 2008; Goyet et al., 1998; Borges and
Frankignoulle 2002b).

CR seems uncoupled from GPP and remains at levels
>60 mmol-Cm™2d™" throughout the year. This would suggest
that, in the upper estuary, CR is sustained by allochtonous
organic carbon inputs, while, in the lower estuary, CR is
coupled to GPP.

In 2008, salinity at the mouth of the Scheldt estuary showed
relatively modest seasonal variations ranging between 25.0 and
30.0, with maximal salinity intrusion into the estuary in sum-
mer when freshwater discharge is lowest (Figure 3). In the
Mekong Delta, the seasonal variability of salinity at the
mouth of the estuary is much larger with freshwater extending
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Figure 2 Range of spatiotemporal variability, across different coastal
environments, of oxygen saturation level (%0, in %), chlorophyll a (Chla
in pg "), and dissolved organic carbon (DOC in mg "), based on Borges
and Frankignoulle (2002a, 2002b, 2002c) , Bouillon et al. (2003), Cai et al.
(2003), Chavez and Messié (2009), Cloern and Jassby (2008),
Frankignoulle et al. (1998, 1996), Frankignoulle and Borges (2001), Abril
et al. (2002), Friederich et al. (2002, 2008), Garcia-Mufoza et al. (2005),
Goyet et al. (1998), Kulifski and Pempkowiak (2008), Okkonen et al.
(2004), Raimbault et al. (2007), Shin and Tanaka (2004).

beyond the mouth of delta during the high-water period
(October 2004) and salinity ranging between ~24 and ~28 at
the mouth of the estuary during the low-water period (April
2004) (Figure 5). The different behavior of salinity distribution
in these two estuaries results from the lower freshwater dis-
charge of the Scheldt (~100 m®s™', ranging seasonally between
~15 and ~715m>s™") compared to the Mekong (<7700 m>s™",
ranging seasonally between 420 and 17100 m>s™*). The strong
changes in the spatial distribution of salinity in the Mekong
Delta have a strong impact on pCO,, with values at the mouth
of the delta ranging between ~500 and ~600 ppm during the

0010
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f0015 Figure 3 Seasonal and spatial variations of salinity, partial pressure of CO, (pCO, in ppm), chlorophyll a (Chla in pg1™") in the surface waters of the
Scheldt estuary, based on monthly sampling in 2008 by Centre for Estuarine and Marine Ecology (Yerseke, the Netherlands) and University of Liége
(Belgium) (A.V. Borges and J.J. Middelburg, unpublished). Dots on y- and x-axis indicate the spatial and temporal sampling coverage, respectively.

low-water period (April 2004) and between ~1900 and Similar pCO, spatial patterns in large river plumes have been
~2850 ppm during the high-water period (October 2004). In also reported elsewhere as in the Amazon River plume
October 2004, pCO, values were generally below atmospheric (Kortzinger, 2003) and the Changjiang River plume (Zhai
equilibrium  (with values down to 280ppm) for salinities and Dai, 2009).

above 10 in conjunction with oxygen levels above saturation
(with %O, values up to 114%). In April 2004, for salinities
above 10, pCO, ranged between 420 and 1400 ppm, and O,
was below atmospheric equilibrium. The occurrence of a phy-

5.04.2.2 Drivers of the Emission of CO, to the Atmosphere 50020
from Estuaries

toplankton bloom at salinities above 10 in October 2004, as The values of pCO, are usually above atmospheric equilibrium p0045
indicated by lower pCO, and higher %0, values than in April,  in the large majority of estuaries, and, consequently, these

could be related to the more extended river plume offshore. systems are sources of CO, to the atmosphere (Table 2;
Indeed, the offshore extension of the river plume in October Figure 6). Of the 62 estuaries where, to our best knowledge,

2004 allowed the settling on suspended matter, enhancing air-water CO, fluxes have been reported, only one system (the
light availability in the water column, as indicated by the Aby Lagoon) behaved as a sink for atmospheric CO,. The Aby
lower average total suspended solid (TSS) concentration Lagoon is a strongly and permanently stratified chocked
(8.6 + 4.8mgl™") than in April 2004 (54.4 + 47.9mgl™"). lagoon. This particular physical feature strongly enhances the
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(GPP in mmol Cm=2d~"), community respiration (CR in mmol Cm~2d™")
and net community production (NEP in mmol Cm2d"") at salinity 0 and
18 in the Scheldt estuary based on a monthly sampling in 2003. Adapted
from Gazeau, F., Gattuso, J.-P., Middelburg, J.J., Brion, N.,
Schiettecatte, L.-S., Frankignoulle, M.,Borges, A.V., 2005b. Planktonic
and whole system metabolism in-a nutrient-rich estuary (the Scheldt
estuary). Estuaries 28 (6), 863-883.

transfer of organic matter from surface waters across the pycno-
cline, hence sequestering CO, from surface waters (Koné et al.,
2009).

There are two main drivers of the emission of CO, to the
atmosphere from estuaries: the net heterotrophy at ecosystem
level, and the inputs from rivers of freshwater rich in CO,.

5.04.2.2.1 Net ecosystem production in estuaries

Net ecosystem production (NEP) is the difference between GPP
and CR, the latter including autotrophic and heterotrophic
respiration (see also 00706). The evaluation of NEP requires
the determination of GPP and CR in both planktonic and
benthic communities. NCP refers to the difference between
GPP and CR in one of these communities (e.g., planktonic).
A net autotrophic ecosystem or community is characterized by

a positive NEP or NCP (GPP > CR), and exports or stores the
excess of organic carbon. A net heterotrophic ecosystem or
community is characterized by a negative NEP or NCP
(GPP < CR), and the ecosystem metabolism is supported by
external inputs of organic matter.

In the 79 estuaries where, to our best knowledge, GPP, p0060
CR, NEP, and NCP estimates have been reported, about 66

are net heterotrophic, 12 net autotrophic, and one balanced
(Table 3; Figure 7). The estuarine system where the most
marked net autotrophy has been reported (Bojorquez
Lagoon) corresponds to a very shallow lagoon with extensive
and dense macrophyte cover (Reyes and Merino, 1991). The
general pattern of net heterotrophy in estuaries is to a large
extent related to large inputs of labile organic matter from
rivers that fuel CR, while in most systems GPP is limited by
light availability due to high suspended matter content
despite a large availability of nutrients (Smith and
Hollibaugh, 1993; Heip et al.,, 1995; Gattuso et al., 1998;
Gazeau et al., 2004). Despite diverse shortcomings associated
to the different methods to evaluate NEP or NCP (e.g.,
Gazeau et al., 2005a) and in particular GPP (e.g., Gazeau
et al., 2007), a general pattern emerges of increasing net
heterotrophy with increasing GPP (Figure 8) in agreement
with previous analysis (Smith and Hollibaugh, 1993; Heip
et al., 1995; Caffrey, 2004). This general pattern is due to the
fact that allochtonous inputs of nutrients and allochtonous
inputs of organic carbon (riverine and lateral) to estuaries
are more or less coupled, enhancing simultaneously GPP and
CR, respectively (Smith and Hollibaugh, 1993). The reminer-
alization of allochtonous organic matter (fueling part of the
CR) can provide inorganic nutrients to sustain GPP. Indeed,
the delivery of N and P by rivers to estuaries is largely (62%
and 90%, respectively) in the organic (dissolved and parti-
culate) form rather than in the inorganic dissolved form
(Seitzinger et al., 2005). Finally, the C:N and C:P ratios of
terrestrial organic matter (the bulk of allochtonous organic
matter inputs) is higher than the respective ratios of phyto-
plankton (Hopkinson and Vallino, 1995; Kemp et al., 1997).
Hence, the remineralization of allochtonous organic matter
in estuaries can sustain a larger carbon demand (enhancing
CR) while releasing relatively lower quantities of N and P to
sustain GPP.

The general pattern of increasing heterotrophy with increas- p0065

ing GPP in estuaries is opposed to the one reported for the open
ocean by. for example, Duarte and Agusti (1998), whereby net
heterotrophy increases with decreasing GPP from eutrophic to
oligotrophic systems. This difference could be due to the marked
decoupling of allochtonous inputs of inorganic nutrients and
allochtonous inputs of organic carbon in the open ocean. This
could also be due to the fact that, in the open ocean, allochto-
nous organic matter inputs have C:N and C:P ratios closer to
those of phytoplankton. Yet, the relation between NEP or NCP
and GPP in estuaries shows a considerable scatter that could be
explained by either the variable degree of light limitation in
different estuaries (Heip et al., 1995), or the ratio of inorganic
nutrient to organic carbon allochtonous inputs (Kemp et al.,
1997) as depicted in Figure 8. The scatter could also be due
to differences in the size of estuarine systems, with smaller
systems showing more marked heterotrophy than larger ones
(Hopkinson, 1988; Caffrey, 2004).



6 Carbon Dioxide and Methane Dynamics in Estuaries

ESCO 00504

April 2004

Salinity

10.3

10.2

10.1

10.0

Latitude (°N)

9.9

9.8

103 pCO, (ppm)

10.2
10.1

10.0

Latitude (°N)

9.9

9.8

10.3 %0(%)

10.2
10.1

10.0

Latitude (°N)

9.9

9.8

106.0 106.1 106.2 106.3 106.4 106.5 106.6 106.7 106.8 106.9 107.0
Longitude (°E)

October 2004

32

Salinity

PCO; (ppm)

%05(%)

N A DO == 2 2 DNNNN®
OO0 Q0QONAEDODONEDRD
S O0O00Qo Q090902998893

[SIR-IR-IR-N-JR-IR-IN-IR IR -TE=1

T T T T T - 60
106.0 106.1 106.2 106.3 106.4 106.5 106.6 106.7 106.8 106.9 107.0

Longitude (°E)

0025 Figure5 Spatial variations of salinity, partial pressure of CO, (p GO, in ppm), and oxygen saturation level (%0, in %) in the Mekong delta during the low-
water period (April 2004) and the flooding period (October 2004) (A.V. Borges, unpublished).

p0070

p0075

Net heterotrophy leads to a buildup of CO, in surface
waters, while net autotrophy leads to a removal of CO, from
surface waters, and in principle, this should lead to a source of
CO, to the atmosphere and a sink of atmospheric CO,, respec-
tively. Yet, the link between the exchange of CO, with the
atmosphere and the metabolic status of surface waters is not
direct. Besides NEP, the net CO, flux between the water column
and the atmosphere will be further modulated by other factors
such as additional biogeochemical processes (e.g., CaCOs
precipitation/dissolution); exchange of water with adjacent
aquatic systems and the CO, content of the exchanged water
mass; residence time of the water mass within the system;
decoupling of organic carbon production; and degradation
across the water column related to the physical settings of the
system, in particular, the presence or absence of stratification
(e.g., Borges et al., 2006).

Nevertheless, data sets that report both air-water CO, fluxes
and NEP in estuaries show a consistent pattern of a CO, emis-
sion to the atmosphere coupled to net heterotrophy (Raymond
et al., 2000; Gazeau et al., 20053, 2005b; Borges et al., 2006;
Gupta et al., 2008, 2009). This is confirmed by the cross-system
analysis of pCO, and O, in estuarine systems (Figure 9).
However, caution is needed when analyzing O, dynamics
in estuaries because nitrification can be a significant

oxygen-consuming process (Vanderborght et al, 2002;
Hofmann et al., 2008, 2009). Further, nitrification is a che-
moautotrophic process contributing to GPP, and leading to the
uptake of dissolved inorganic carbon (DIC); yet, the H" pro-
duction leads to a decrease in pH and total alkalinity (TA), and
an increase of pCO, (Frankignoulle et al., 1996). Nitrification
in the Scheldt estuary can account for ~50% of O, consump-
tion in the whole estuary (Soetaert and Herman, 1995;
Vanderborght et al., 2002; Gazeau et al., 2005b). In the upper
estuary (salinity ~2), high nitrification and CR rates (leading to
marked net heterotrophy, NCP < 1) lead to an oxygen mini-
mum that coincides with a distinct deviation of TA from
conservative mixing and with a pH minimum (Figure 10).

In estuaries, the general patterns (Figure 9) of a positive
relationships between apparent oxygen utilization (AOU) and
pCO, normalized to a temperature of 20 °C (pCO,@20 °C)
and excess DIC (EDIC), and the negative relationship
between AOU and pH normalized to a constant temperature
(pH@20 °C) are indicative of O, consumption linked to CO,
production, and hence, of a CO, production partly related to
net heterotrophy and partly related to the acidification due to
nitrification. Yet, most of EDIC and pCO,@20 °C data points
are above the theoretical lines, while most of the pH@20 °C
data points are below the theoretical lines due to aerobic

p0080
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f0030 Figure 6 Air-water CO, fluxes (molCm=2yr") in estuarine environ-

ments (Table 2).

respiration and nitrification computed from simplified overall
equations of these processes:

CHQO + Oz —>COZ + HzO
NH," +20, »NO; +2H" +H,0

One explanation of these discrepancies could be due to alloch-
tonous inputs of CO, either from freshwaters or from lateral
inputs that can be significant in estuarine environments
(e.g., Cai and Wang, 1998; Cai et al., 1999, 2000; Abril et al.,
2002; Neubauer and Anderson, 2003; Gazeau et al., 2005b).
Indeed, the theoretical lines were computed assuming atmo-
spheric CO, equilibrium (pCO, =380 ppm) at AOU =0, while
the y-intercept of the linear regression between pCO,@20 °C
and AOU (not shown) indicates a higher pCO, wvalue
(~740 ppm). Further, O, has a faster equilibration time than
CO, (due to the buffering capacity of the carbonate system). The
contribution of anoxic organic carbon degradation in sub-
merged and intertidal estuarine sediments could also partly
explain these discrepancies. Finally, some of the scatter in the
pH@20 °C, pCO,@20 °C, and EDIC versus AOU plots could be
due to the dissolution of allochtonous CaCOj3, although in the
water column this process is independent of O, consumption
processes. However, in sediments, metabolic-driven CaCOj5 dis-
solution is due to acidification of pore waters linked to oxygen
consumption (e.g., Emerson and Bender, 1981). Nevertheless,
the effect of dissolution of CaCO5; on carbonate chemistry in
estuarine environments has been seldom documented, with the
exception of the Loire (Abril et al., 2003, 2004).

There has been some concern on the impacts of acidifica-
tion of surface waters due to the uptake of anthropogenic CO,
from the atmosphere in estuarine environments (Salisbury
et al., 2008). Changes of allochtonous organic carbon and
nutrients inputs due to human activities can change hetero-
trophic or nitrification activities and oxygen levels in estuarine
environments. Besides potentially leading to suboxic or even
anoxic conditions with dramatic consequences on biota
(e.g., Diaz and Rosenberg, 2008), the relationship between
pH@20 °C and AOU in Figure 9 would indicate that changes
in oxygen levels are also coupled to changes in carbonate
chemistry that are probably stronger than the acidification of
surface waters due to the uptake of anthropogenic CO, from
the atmosphere. The relationship between pCO,@20 °C and
AOU also indicates that changes in the air-water pCO, gradient
due to the rise in atmospheric CO, would be negligible in
comparison to changes in water pCO, in response to estuarine
biogeochemical processes.

The modulation of air-water CO, fluxes by NEP is also, to a
large extent, a function of the physical settings of estuaries, in
particular with respect to the occurrence of vertical stratifica-
tion, and residence time of the water mass. These two physical
characteristics are, to a large extent, functions of the tidal
amplitude. Figure 11 compares NEP and DIC fluxes in two
contrasted European estuaries, the microtidal and permanently
stratified Randers Fjord, and the macrotidal well-mixed Scheldt
estuary. Although, on the whole, the Randers Fjord is a net
heterotrophic system; the mixed layer shows a net heterotrophy
less marked than in the Scheldt estuary. The air-sea CO, fluxes
computed to close the budget (Figure 11) and those estimated
from field pCO, measurements (Table 2) show that the emis-
sion of CO, is more intense in the Scheldt estuary than in
Randers Fjord. This can be attributed, at least partly, to the
decoupling in the Randers Fjord of the production of organic
matter in the surface layer and its degradation in the bottom
layer. In this way, the CO, produced by organic matter degra-
dation processes will not be immediately available for
exchange with the atmosphere in the Randers Fjord, unlike in
the Scheldt estuary. Further, the residence time of freshwater is
much longer in the Scheldt (30-90 d) than in the Randers Fjord
(5-10d). Thus, even for a similar NEP, the enrichment in DIC
of estuarine waters and corresponding ventilation of CO, to the
atmosphere will be more intense in long residence-time sys-
tems such as the Scheldt than short residence-time systems such
as the Randers Fjord. Indeed, NEP in the Scheldt estuary is of
the same order of magnitude as the emission of CO, to the
atmosphere, while the advection of DIC to the North Sea is
close to the sum of riverine and lateral DIC inputs. In the
Randers Fjord, the emission of CO, to the atmosphere is
lower than mixed layer NCP, while the export of DIC to the
Baltic Sea is higher than the river inputs of DIC. This would
suggest that DIC produced by NCP in the Randers Fjord is, to a
large extent, exported rather than emitted to the atmosphere
due to the shorter residence time than in the Scheldt where DIC
produced by NEP is, to a larger extent, emitted to the atmo-
sphere rather than exported.

The cross-system comparison of pCO, and CH, in estuaries
also provides information regarding the role of physical set-
tings in the control of organic carbon cycling and production of
CO; and CH, (Figure 12). In well-mixed large estuarine sys-
tems, there is a positive relationship between CH, and pCO,,
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f0035 Figure 7 Net ecosystem production (NEP in mol C m~2yr™") or net

community production (NCP in mol C m-2 yr‘1) in estuarine environments
(Table 3).
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f0040 Figure 8 Net ecosystem production (NEP in mol Cm’zyr’1) or net

community production (NCP in mol C m=2yr™") vs. gross primary pro-
duction (GPP in mol C m~2yr") in estuarine environments (Table 3). The
curve of NCP vs. GPP for the open ocean was derived from the relation-
ship of GPP vs. community respiration given by Duarte and Agusti (1998),
and the volumetric data were roughly integrated assuming a photic depth
of 100 m. The dotted line indicates the lower boundary of the data. Arrows
indicate biogeochemical processes that can conceptually explain the
variability in the data based on Heip et al. (1995) and Kemp et al. (1997).

while in stratified estuarine systems, there is a more or less
marked negative relationship between CH, and pCO,. This
could indicate that in well-mixed systems the increase of
allochtonous carbon inputs sustaining increased CO, produc-
tion also sustains increased CH, production. In stratified
systems, the transfer of organic matter across the pycnocline
leads to a decrease of CO, in surface waters while promoting
suboxic or anoxic conditions in bottom layers favorable for
methanogenesis in the sediments (Fenchel et al., 1995; Koné
et al., 2010). In stratified systems, the large quantities of CH,
produced in bottom waters will diffuse to the surface waters,
and, despite bacterial oxidation, will lead to high CH, concen-
trations in surface waters. Hence, the more efficient transfer of
organic matter from surface waters to bottom waters in strati-
fied estuarine ecosystems than in well-mixed systems can
explain the different patterns of the relationships between
CH, and pCO, shown in Figure 12.

Among the large stratified estuarine systems, the Rhine
stands above the linear regression between CH, and pCO,
(Figure 12). The very short residence time of freshwater in the
Rhine (~2d) due to high freshwater discharge (~2200m>s™),
and a moderate tidal range (2-3 m), as well as the low turbid-
ity, reduces the loss of riverine CH4 by evasion to the
atmosphere and by bacterial oxidation, and leads to a lesser
CO, production due to net heterotrophy compared to the other
large stratified estuaries compiled in Figure 12 with higher
freshwater residence time. Among the large mixed estuarine
systems, the Sado stands above the linear regression between
CH, and pCO,. This could be due to the very large extent of
intertidal areas and marshes in the Sado compared to other
estuaries probably leading to higher lateral inputs of CH, by
tidal pumping (cf. Section 5.04.3.2). Two of the three small
mixed estuarine systems stand well above the positive linear
regression between CH, and pCO, of the large mixed estuarine
systems. In small estuarine systems, the lateral inputs from
intertidal sediments due to tidal pumping (cf. Section
5.04.3.2), and the inputs from submerged sediments of both
CH, and CO, into small water volumes can lead to a large
accumulation of CH, and CO, in surface waters. Further, the
large inputs of allochtonous organic carbon in vegetated sys-
tems (marshes or mangroves) and shading by vegetation that
limits GPP (mangroves) will promote more intense net hetero-
trophy (Hopkinson, 1988). In the mangrove creeks of Ca Mau,
there is a marked increase of pCO, and CH,, and a marked
decrease of %0, and 3'>C DIC with the decrease of width of
creeks (Figure 13). Further, pCO, is well correlated with both
CH, (positively) and %O, (negatively). These patterns are
consistent with larger impact in smaller systems of inputs of
pore waters rich in CO,, CHy, and reduced solutes (that will
lead to a decrease of O, in the water column) and poor in O,,
and possibly of higher production of CO, and CH, in the water
column and sediments sustained by allochtonous organic car-
bon inputs.

5.04.2.2.2 Riverine inputs of C0O, and CH, to estuaries

Freshwater ecosystems are generally characterized by high
pCO, values (Cole et al, 1994; Cole and Caraco, 2001).
Hence, the input of freshwater with high CO, content could,
to some extent, also contributes to the CO, emission from
estuaries. Figure 14 compares pCO, and DOC in tidal rivers
and rivers, an approach that has been frequently used in

p0100
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f0045 Figure 9 pH in the US National Bureau of Standards scale normalised to 20 °C (pH@ 20 °C), partial pressure of CO, normalized to 20 °C (pC0,@20 °C in
ppm), and excess dissolved inorganic carbon (EDIC in pmol kg™, computed according to Abril etal. (2000)) vs. apparent oxygen utilization (AOU in pmol kg™")
compiling 1641 measurements in 24 estuarine environments : Aveiro lagoon (M. Frankignoulle, unpublished), Betsiboka (Ralison et al., 2008), Chilka Lake
(Gupta et al., 2008), Cochin (Gupta et al., 2009), Douro (Frankignoulle et al., 1998), Elbe (Frankignoulle et al., 1998), Ems (Frankignoulle et al., 1998),
Gironde (Frankignoulle et al., 1998), Godavari (Bouillon et al., 2003; Borges et al., 2003), Huangmaohai (Guo et al., 2009), Kidogoweni (Bouillon et al.,
2007b), Kinondo (Bouillon et al., 2007b), Loire (Abril et al., 2003), Mekong (A.V. Borges, unpublished), Mkurumuji (Bouillon et al., 2007b), Mtoni
(Kristensen et al., 2008), Pearl River (Zhujiang) (Guo et al., 2009), Ras Dege (Bouillon et al., 2007c), Rhine (Frankignoulle et al., 1998), Sado (Frankignoulle
etal., 1998), Scheldt (Frankignoulle et al., 1998), Tamar (Frankignoulle et al., 1998), Tana (Bouillon et al., 2007a), and Thames (Frankignoulle et al., 1998).
The solid line and dotted line correspond to the theoretical evolution of pH@20 °C, pC0,@20 °C, and EDIC due aerobic respiration (CH,0 + 0, — GO, + H,0)

and nitrification (NH* + 2 0, — NO3™ + 2 H* + H,0), respectively (for initial conditions of salinity = 0, temperature =20 °C, TA=2500 pmol kg™,
DIC=2303umolkg", pH=8.188, pCO, =380 ppm, and using the carbonic acid dissociation constants of Millero et al. (2006)).

limnology for cross-system analysis of pCO, data (del Giorgio
et al,, 1999; Riera et al., 1999; Kelly et al., 2001; Sobek et al.,
2003, 2005; Roehm et al., 2009; Teodoru et al., 2009). The
positive relationship between pCO, and DOC in rivers and
tidal rivers is remarkably consistent considering that data com-
piled in Figure 14 are from different climatic regions (from
temperate to tropical), and from rivers with different catchment
characteristics. The positive relationship between pCO, and
DOC can be indicative of terrestrial organic matter inputs (as
traced by DOC) sustaining net heterotrophy in the rivers (as

indicated by pCO,). Alternatively, and not incompatibly, the
positive relationship can also be indicative of lateral inputs of
both DOC and CO, from soils by groundwaters and surface
runoff. Data from peatland streams stand out, suggesting
highly refractory DOC, and lower in-stream production of
CO, in these systems. Further, peatland streams are very acid
(due to the high content of humic substances), leading to a low
buffering capacity due to low HCO3~ content, with TA values
ranging between 0 and 775 pmol kg™ (Dawson et al., 2001,
2002, 2004; Hope et al.,, 2001; Billett et al., 2004), while, in
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f0050 Figure 10 Annual averages of nitrification (NIT in mol Cm2yr~"), community respiration (CR in mol Cm~2yr™"), net community production (NCP in

mol Cm~2yr~"), oxygen saturation level (%0, in %), pH, and total alkalinity (TA in pmolkg™") versus salinity in the Scheldt estuary in 2003, based on a
monthly monitoring covering the full annual cycle, adapted from Gazeau et al. (2005b). The dotted line indicates the dilution line of TA using the two
extreme end members in the data set. The error bars are the standard deviations on the means, and indicate the range of seasonal variability at each
salinity. Note that nitrification is expressed in carbon units (organic matter production), and the corresponding O, consumption is 14 times higher; hence,
0, consumption due to nitrification is equivalent to CR throughout the estuary.

rivers, TA values range between 220 and 3115pmolkg™
(e.g., Cai et al., 2008), with values > 4000 pmol kg™' in some
tidal rivers (e.g., Frankignoulle et al., 1996). Note that the
regression line of pCO, versus DOC from Quebec rivers
reported by Teodoru et al. (2009) converges toward the data
from peatland streams, and has a lower slope than the one
based on temperate and tropical data. This can also be indica-
tive of the more refractory nature of DOC in the catchment of
the Quebec rivers and streams investigated by Teodoru et al.
(2009), dominated by boreal forests and extensive bogs and
peatlands. Further, the slope of the relationship between pCO,
and DOC reported by Sobek et al. (2003) for Swedish (boreal)
lakes is very consistent with the relationship of Teodoru et al.
(2009) for Quebec rivers, confirming the refractory nature of
DOC in rivers and lakes investigated in both studies. Finally,

the relationship between pCO, and DOC reported by Sobek
et al. (2005) for global lakes has an even lower slope. While
beyond the scope of the present chapter, this different relation-
ship between pCO, and DOC is related to marked and multiple
differences in overall organic and inorganic carbon cycling
between rivers/streams and lakes, related, for instance, to resi-
dence time, surface area, ratio of allochtonous inputs to volume
of water, photooxidation of DOC, gas transfer velocity, etc.

Cross-system analysis of CH, and pCO, in tidal rivers, p0110

rivers, and streams can also provide information on their origin
and in-stream cycling. Despite large scatter, data could aggre-
gate into two clusters, on the one hand small streams and
headwaters, on the other hand lowland rivers and tidal rivers
(Figure 15). For similar pCO, values, the CH, content is higher
in streams and headwaters than in lowland rivers and tidal
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0055 Figure 11  Dissolved inorganic carbon (DIC) mass balance in the Randers Fjord (April 2001 and August 2001) and the Scheldt estuary (annual coverage
based on monthly sampling in 2003), based on Gazeau et al. (20052, 2005b). Net ecosystem production (NEP) and net community production (NCP) are
based on O, discrete incubations scaled at the level of whole estuary, except for the NCP value in the mixed layer for August 2001 in the Randers Fjord that
was derived from the response-surface-difference method (Gazeau et al., 2005a). The flux of CO, across the air-water interface was computed as the
closing term of the mass balance, and compares well in direction and magnitude with values derived from field measurements of the partial pressure of
C0, (Gazeau et al., 20052, 2005b; Table 2).
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f0060 Figure 12 Average methane concentration (CH4 in nmol I") vs. average partial pressure of CO, (pCO5 in ppm) in 14 estuarine systems : Aby lagoon (Al;
Koné et al., 2009, 2010), Ca Mau mangrove creeks (CM; A.V. Borges and G. Abril, unpublished), Ebrié lagoon (Ebl; Koné et al., 2009, 2010), Ems (Em;
Frankignoulle et al., 1998; Middelburg et al., 2002), Gironde (Gi; Frankignoulle et al., 1998; Middelburg et al., 2002), Grand-Lahou lagoon (GLI; Koné et al.,
2009, 2010), Mekong (Mk; A.V. Borges and G. Abril, unpublished), Mtoni creek (Mt; Kristensen et al., 2008), Potou lagoon (PI; Koné et al., 2009, 2010),
Ras Dege creek (RD; Bouillon et al., 2007c), Rhine (Rh; Frankignoulle et al., 1998; Middelburg et al., 2002), Sado (Sad; Frankignoulle et al., 1998;
Middelburg et al., 2002), Scheldt (Sch; Frankignoulle et al., 1998; Middelburg et al., 2002), and Tendo lagoon (Tel; Koné et al., 2009, 2010). The solid line
corresponds to the regression line for large and stratified estuaries (CH, =317 — 0.11*pC0,, #=0.39, p=0.2604, n=5), and the dotted line corresponds
to the regression line for large and vertically mixed estuaries (CH; =26 + 0.005*pCO», £=051, p=0.1124, n= 6).

rivers. This could be indicative of CH, degassing and bacterial headwaters to tidal rivers). Note also that the overall positive
oxidation of CH, in parallel to enrichment in CO, due to relationship between CH, and pCO, could be indicative of a
in-streamproduction as water moves downstream (from common origin: from soils drained by groundwaters and
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f0065 Figure 13 Partial pressure of CO, (pCO, in ppm), 8'3C of dissolved inorganic carbon (5'3C DIC in %), methane concentration (CH, in nmol ") and
oxygen saturation level (%02 in %) vs. creek width (m), and CH4 vs. pC0O, and %0, vs. pCO, in the mangrove creeks of Ca Mau in October 2004 (Koné and
Borges, 2008; A.V. Borges, G. Abril, and S. Bouillon, unpublished).

surface runoff in headwaters and small rivers, possibly from net
heterotrophy in lowland rivers and tidal rivers. Along the river
system, allochtonous and autochtonous organic carbon is

transported and transformed, with different fates along the
stream-size continuum (Vannote et al., 1980; Battin et al,,
2009). According to the river continuum concept, midreaches
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0070 Figure 14 Partial pressure of CO, (pCO, in ppm) versus dissolved organic carbon (DOC in mg1™") in several tidal rivers, and nontidal rivers and streams:
Auchencorth peatland stream (Billett et al., 2007), Aveiro (Frakignoulle, unpublished), Betsiboka (Ralison et al., 2008), Brocky Burn peatland stream
(Dawson et al., 2004), Brocky Burn peatland stream (Hope et al., 2001), Chilka Lake (Gupta et al., 2008), Cochin (Gupta et al., 2009), Douro (Frankignoulle
etal. 1998; Abril et al. 2002), Elbe (Frankignoulle et al., 1998; Abril et al., 2002), Ems (Frankignoulle et al., 1998; Abril et al., 2002), Gironde (Frankignoulle

et al., 1998; Abril et al., 2002), Godavari (Bouillon et al., 2003), Kidogoweni (Bouillon et al., 2007b), Lake Kivu streams (Kakumbu, Kiraro, Koko,
Magarama, Mpungwe, Mugada-Bwindi, Muregeya, Murhundu, Mushava, Nyabahanga; A.V. Borges and S. Bouillon, unpublished), Loch More peatland
stream (Billett et al., 2007), Loire (Frankignoulle et al., 1998; Abril et al., 2002), Mekong (A.V. Borges and S. Bouillon, unpublished), Mer Bleue peatland
streams (Billett and Moore, 2008), Migneint peatland stream (Billett et al., 2007), Mkurumuji (Bouillon et al., 2007b), Moor House peatland stream (Billett
etal., 2007), Niger (Martins, 1982), Nyong (Brunet et al., 2009), Parana River (Depetris and Kempe, 1993), Randers (Gazeau et al., 2005a; Rochelle-Newall
etal., 2007), Rhine (Frankignoulle et al., 1998; Abril et al., 2002), Scheldt (Frankignoulle et al., 1998; Abril et al., 2002), Tamar (Frankigoulle, unpublished),
Tana (Bouillon et al., 2009), Thames (Frankignoulle et al., 1998; Abril et al., 2002), UK rivers (Neal et al., 1998), and Water of Dye peatland stream (Dawson
et al., 2004). The solid black line represents the relationship for Quebec rivers and streams (Teodoru et al., 2009), the dash—dotted line represents the
relationship from a compilation of Swedish boreal lakes (Sobek et al., 2003), the dotted black line represents the relationship from a global compilation in
lakes (Sobek et al., 2005), and the solid red line is the linear regression for all data in the figure excluding peatland rivers (pC0O, =407 + 523.1*DOC,

#=0.64, p<0.0001, n=45).

are net autotrophic, while headwaters and lower reaches are net
heterotrophic fueled by allochtonous and autochtonous car-
bon, respectively (Vannote et al., 1980). The connectivity along
the river system is more complex for CO, and CH, than for
organic carbon due to lateral inputs from soils by groundwaters
and surface runoff, variable in situ production and exchange
with the atmosphere for both gases, and bacterial oxidation for
CH,. Yet, the increase of CO, from headwaters/streams to low-
land and tidal rivers (Figure 15) agrees with pattern of
increasing net heterotrophy with size given by the river con-
tinuum concept. Note that data in the Rhine tidal river stand
out for the same reasons as for the overall estuarine analysis
discussed above: the large discharge that leads to rapid flushing
of freshwater minimizing CH, loss terms (evasion to the atmo-
sphere and bacterial oxidation), and reduces the accumulation
of CO, due to net heterotrophy.

Based on the approach given by Abril et al. (2000), the
relative contribution of the ventilation of riverine CO, to the
overall CO, emission was computed in several estuaries
(Figure 16). This contribution decreases with the increase of
the freshwater residence time. In estuaries with a long fresh-
water residence time, the riverine CO, will be fully ventilated to
the atmosphere within the estuary, and the overall CO, emis-
sion from the estuary will be mostly related to net
heterotrophy. In contrast, in estuaries with very short fresh-
water residence time, the enrichment of DIC from net
heterotrophy will be less pronounced, and the contribution of
the ventilation of riverine CO, will be larger. In the case of the
Rhine estuary, the freshwater residence time is so short that all
the riverine CO, is not ventilated to the atmosphere in the
estuarine zone, and part of it is, instead, exported to the adja-
cent coastal ocean. Hence, the potential contribution of the

po115
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0075 Figure 15 Methane (CH, in nmol ') versus partial pressure of CO, (pCO, in ppm) in several tidal rivers, nontidal rivers and streams : E.U. tidal rivers
(Ems, Gironde, Rhine (Rh), Scheldt; Frankignoulle et al., 1998; Middelburg et al. 2002), Great Smoky Mountains National park (headwater, Jones and
Mulholland, 1998), Ivory coast lowland rivers (Bia, Comoé, Tanoé; Koné et al., 2009, 2010), Lake Kivu streams (Kakumbu, Kiraro, Koko, Magarama,
Mpungwe, Mugada-Bwindi, Muregeya, Murhundu, Mushava, Nyabahanga; A.V. Borges and G. Abril, unpublished), Little Pigeon River (headwater; Jones
and Mulholland, 1998), Little River (headwater; Jones and Mulholland, 1998), Mekong (A.V. Borges and G. Abril, unpublished), Pearl river (Chen et al.,
2008), Tana streams (Chania, Maguru, Mara, Muringato, Mutundu, Nithi, Rojewero, Ruguti, Sagana, Tana, Thingithu, Thuchi; Bouillon et al., 2009), and

Temmesjoki (Silvennoinen et al., 2008).

ventilation of riverine CO, is higher than the actual observed
emission from the estuary. For the 11 estuaries in Figure 16, the
median of the potential emission from riverine CO, amounts
to about 10% of the total emission of CO, from the estuary.
Hence, about 90% of the emission of CO, from these inner
estuaries could be attributed to net heterotrophy. It remains to
be established whether this is a general pattern, or if this con-
clusion is biased by the limited data set analyzed in Figure 16.

5.04.3 Dynamics of CH, and Atmospheric CH, Fluxes
in Estuarine Environments

Fluxes of CH, from aquatic systems to the atmosphere result
from the balance between the microbial processes of CH, pro-
duction and CH, oxidation, and are also driven by the physical
processes of gas transport. In estuaries, these microbial and phy-
sical processes are highly variable depending on the supply of
labile organic matter to sediments, the availability of oxygen and
other electron acceptors, the hydrodynamics, and the hydrostatic

pressure. The presence or absence of vegetation, the depth and
vertical mixing of the water column, temperature, salinity, and
turbidity are environmental variables that create spatial and tem-
poral heterogeneity in CH, fluxes in estuaries. All studies
converge to a seaward decrease in CH, fluxes, but these can differ
by one order of magnitude from one site to another, depending
on the combination of several biogeochemical processes. These
processes differ from freshwater to saline waters, from the inter-
tidal areas to the subtidal areas, and from well-mixed to stratified
water columns (Figure 17).

5.04.3.1 Occurrence of High CH,4 Concentrations in Estuarine
Sediments: Combined Controls of Methanogenesis by Organic
Matter Supply and Salinity

50040

Production of CH, in aquatic systems occurs during the p0125

degradation of organic matter in anoxic sediments.
Production of CH, in the water column of estuarine systems,
even anoxic, is minor in comparison with production in
sediments (Lindstrom, 1983; Fenchel et al, 1995).
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f0080 Figure 16 Contribution of the ventilation of river CO, to the overall
emission of CO, from different estuaries to the atmosphere versus aver-
age residence time of freshwater, based on nine European and two US
estuaries : Elbe (El; Frankignoulle et al., 1998; Frankignoulle and
Middelburg, 2002), Ems (Em; Frankignoulle et al., 1998; Frankignoulle
and Middelburg, 2002), Gironde (Gi; Frankignoulle et al., 1998;
Frankignoulle and Middelburg, 2002) Loire (Lo; Abril et al., 2003;
Frankignoulle and Middelburg, 2002), Randers Fjord (Ra; Frankignoulle
et al., 1998; Frankignoulle and Middelburg, 2002), Rhine (Rh;
Frankignoulle et al., 1998; Frankignoulle and Middelburg, 2002), Sado
(Sad; Frankignoulle et al., 1998; Frankignoulle and Middelburg, 2002),
Satilla (Sat; Cai and Wang, 1998), Scheldt (Sch; Frankignoulle et al., 1998;
Frankignoulle and Middelburg, 2002), Thames (Th; Frankignoulle et al.,
1998; Frankignoulle and Middelburg, 2002), and York River (YR;
Raymond et al., 2000). Adapted from Borges, A.V., Schiettecatte, L.-S.,
Abril, G., Delille, B., Gazeau, F., 2006. Carbon dioxide in European coastal
waters. Estuarine, Coastal and Shelf Science 70 (3), 375-387.

Environmental conditions favorable to methanogenesis in
sediments are anoxia and depletion of alternative electron
acceptors, nitrate, iron oxides, manganese oxides, and sulfate

(a) Freshwaters and low-salinity regions

(Conrad, 1989; Le Mer and Roger, 2001). In anoxic marine
sediments, sulfate availability allows sulfate-reducing bacteria
to outcompete methanogenic bacteria (Capone and Kiene,
1988). As a result, CH, concentrations are generally low in
the top layers of the sediments where sulfate reduction
occurs, and suddenly increase downward at the depth
where sulfate concentration reaches zero (Reeburgh, 1969;
Martens and Benner, 1977; Kelley et al., 1990; Blair and
Aller, 1995). In addition, anaerobic CH, oxidation that
occurs at the sulfate-CH, transition prevents CH, to diffuse
upward, and generates a concave-up CH, profile (Martens
and Benner, 1977; Blair and Aller, 1995). In estuaries, sulfate
concentrations in the water column vary from a few pmol 1™
in the freshwater end member to ~28 mmoll™" in the marine
end member. Consequently, the depth of sulfate depletion
and of concomitant CHy rise in sediment generally increases
seaward (Kelley et al., 1990). However, salinity and the
associated sulfate availability, is not the only factor that
controls the sulfate-CH, transition depth in the estuarine
sediments. The rate of organic matter sedimentation and
the availability of electron acceptors other than sulfate also
play a major role. As shown in Table 4, high CH, concen-
trations can occur at depths from 10cm to 7m below the
sediment-water interface. When the anaerobic degradation of
organic matter raises the sum of the partial pressure of all
dissolved gases above the hydrostatic pressure in the sedi-
ment, gas bubbles are formed (Chanton and Dacey, 1991).
These bubbles start to form at CH, concentrations well
below the gas solubility (roughly 1 mmoll™) and can con-
tain between 40% and 100% of CH, the second gas
contained in these bubbles being molecular nitrogen
(Chanton et al., 1989). In estuarine freshwater reaches like
in the White Oak River estuary, which is organic-rich due to
a supply from adjacent tidal marshes, CH, gas bubbles often
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(b) High-salinity regions

Sediment-air
Diffusion (5)

Transport

through plants (6) Water-air diffusion

Stratified lagoons
and fjords (9)

Creeks at low tide (7)

Open waters and plumes (8)

Sulfate depletion depth —7‘ E

Anaerobic oxidation

Figure 17 Summary of major processes controlling the CH, cycle in estuaries and associated concentrations and atmospheric fluxes. Order of
magnitude of dissolved CH, concentrations in each compartment are shown in black boxes and expressed in molI"*: CH, fluxes are shown in gray boxes
and expressed in mmolCm™2d™". (a) case of freshwaters; (1) average flux (+SD, N=6) from unvegetated sediments of tidal flats and marshes with
salinities <5 from Table 5 (Lipschultz, 1981; Chanton et al., 1989; Kelley et al., 1995; Van der Nat and Middelburg, 2000); outlying data influenced by
sewage inputs (Middelburg et al., 1996) were excluded; (2) average flux (+SD, N'=12) from vegetated sediments of tidal marshes with salinities <5 from
Table 5, transport through plants contribution or total fluxes measured over dense vegetation (Delaune et al., 1983; Bartlett et al., 1985, 1987; Alford et al.,
1997; Van der Nat and Middelburg, 1998, 2000); (3) average (+SD, N'=4) from unvegetated sediments of tidal marshes with salinities <5 from Table 5
(Chanton et al., 1989; Van der Nat and Middelburg, 2000); and (4) average flux (+SD, N'=9) from inner estuarine channels from Table 7 (De Angelis and
Lilley, 1987; De Angelis and Scranton, 1993; Bange et al., 1998; Sansone et al., 1998; Middelburg et al., 2002; Abril and Iversen, 2002; Shalini et al., 2006;
Ferrdn et al., 2007; Zhang et al., 2008); (b) case of saline waters. (5) average flux (+SD, N=5) from unvegetated sediments of salt marshes and
mangroves with salinities >25 from Table 5 (Magenheimer et al., 1996; Sotomayor et al., 1994; Kristensen et al., 2008); (6) average flux (+SD, N=4) from
tidal marshes with dense vegetation and pneumatophore contribution in mangrove sediments in systems with salinities > 20 from Table 5 (Bartlett et al.,
1985; Kristensen, 2008; Chen et al., 2009); (7) average flux (+SD, N'=5) from marsh and mangrove creeks at low tide in Table 7 (Bartlett et al., 1985;
Kristensen, 2008; Chen et al., 2009; Bouillon et al., 2007); (8) average flux (SD, N'=4) in estuarine plumes (Scranton and McShane, 1991; Bange et al.,
1996; Amouroux et al., 2002; Zhang et al., 2008); and (9) average flux (+SD, N'=2) from a stratified tropical lagoon and a small fjord (Fenchel et al., 1995;
Koné et al., 2010); note that two arctic stratified fjords without anoxic bottom waters had much lower surface CH4 concentrations (Damm et al., 2005).

occur in unvegetated sediments at depths of no more than
10-20cm (Chanton et al., 1989; Kelley et al., 1995). In
contrast, in marine regions of estuaries such as the Amazon
shelf, where organic matter sedimentation is much lower,
and where most of the organic decomposition occurs by
reduction of iron oxides and of sulfate, CH, concentrations
reach few hundred pmoll™" only at depths of more than 5m
in the sediment (Blair and Aller, 1995). Between these two
extremes (cases A and D in Figure 18), all possible inter-
mediate situations can occur.

The general spatial pattern is a seaward decrease in near-
surface CH, pore-water concentrations, as the sulfate concentra-
tion and depletion depth increase, and as the organic matter
supply to the sediment decreases (Bartlett et al., 1985, 1987;
Kelley et al., 1990; Middelburg et al., 1996). There are, however,
several exceptions both in the high- and low salinity regions of
estuarine environments. First, in the low salinity region of
macrotidal estuaries, the strong hydrodynamics generates repe-
titive sediment resuspension, and makes oxic and suboxic
conditions to prevail in fluid mud and sediments. Nitrate, Mn

oxides, and, eventually, Fe oxides become the predominant
electron acceptors and a very minor fraction of the organic
matter is decomposed by sulfate reduction and methanogenesis
(Abril etal., 1999, 2010; Robert et al., 2004; Audry et al., 2006).
Hence, no high CH, concentrations have been observed in these
freshwater sediments, even deep below the water-sediment
interface. Second, at high salinity in shallow eutrophic and
quiescent coastal bays, extremely high organic sedimentation
can lead to a sulfate depletion in the top layers of the sediment,
and CH, rises to several mmoll™" at depths of less than 1 m
below the sediment-water interface (case B in Figure 18). This
has been reported, for instance, in the Cape Lookout Bight
(Martens and Klump, 1980) and the Eckernférde Bay sediments
(Albert etal., 1998; Martens et al., 1998), where CH, gas bubbles
at a few decimeters below the sediment-water interface are a
common feature. Third, groundwater flows of sulfate-depleted
freshwater also favor methanogenesis and the occurrence of CH,
bubbles in coastal marine sediments (Albert et al., 1998).
Measurements of CH, production performed so far in estuar-
ine sediment revealed maximum values at distinct depths,
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(dotted lines) in estuarine sediments, along gradients of salinity
(increasing from left to right) and of organic matter supply (decreasing
from top to bottom). The horizontal scale is roughly 0-20 mmol I" for
sulfate and about 0—1 mmol I" for CH,. The vertical scale is 0—1 m to
0-5m. Examples of the four situations are: (a) unvegetated sediments in
freshwater tidal marshes and quiescent adjacent channels (Chanton et al.,
1988; Kelley et al., 1995), freshwater tidal flats affected by sewage loads
(Middelburg et al., 1996); (b) freshwater channel of highly energetic
macrotidal estuaries; (c) quiescent organic-rich coastal bays (Martens and
Klump, 1980; Albert et al., 1998; Martens et al.,1998); and (d) highly
dynamic estuarine plumes (Blair and Aller, 2005).

depending on the organic matter availability and the presence of
alternative oxidants: in the top 10-20 cm of sediment cores from
a freshwater tidal flat (Kelley et al., 1995), in the top 2 cm and
also at 40 cm depth in freshwater and Fe-rich vegetated tidal
marsh sediments (van der Nat and Middelburg, 2000), at
10-20cm, close to and below the sulfate-depletion depth in
organicrich coastal marine sediments (Crill and Martens,
1983). Cases of CH, production (though at low rates) in the
presence of other electron acceptors also occur and could
account for most of the CH, produced at some sites. In an
in vitro experiment with fluid mud from the Gironde estuary
turbidity maximum (ETM), a slow but constant CH, production
was measured in the presence of nitrate and sulfate (Abril et al.,
2010). Peaks of CHy in the first centimeters below the sediment
surface have also been observed at high salinity associated with
diatom mats (Abril and Iversen, 2002; Deborde et al., 2010).
Such CH, production suggests a supply of specific substrates for
methanogen bacteria. Noncompetitive substrates for methano-
gens in marine sediments include methylamines (Oremland and
Polcin, 1982) and dimethyl sulfide (Van der Maarel and
Hansen, 1997). In coastal sediments, these compounds are pre-
sent in algae, benthic animals, and bacteria, and are also
produced during decomposition of organic
(Oremland and Polcin, 1982; Wang and Lee, 1994).

material

5.04.3.2 Pathways and Fluxes of CH, from Sediment to Water
and to the Atmosphere

There are four distinct pathways in estuaries for CH, to reach
the atmosphere (Figure 17): (1) diffusion at the sediment-air,
sediment-water, and water-air interfaces; (2) ebullition from

O Tidal flats (unvegetated)
o Tidal marshes (vegetated)
v Mangrove sediments
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Figure 19 - Sediment-air CH,4 fluxes measured around low tide in inter-
tidal areas versus salinity in surrounding water or pore waters based on
data from Table 5. Two outlying high values from the Scheldt estuary tidal
flats at very low salinity, which corresponded to sites affected by sewage
loads (Middelburg et al., 1996) are not shown.

sediment to water and air; (3) transport through plants in
vegetated tidal marshes; and (4) lateral tidal pumping followed
by water-air diffusion. Figure 19 shows reported CH, fluxes
from intertidal areas to the atmosphere versus salinity. These
fluxes have been measured with static chambers close to low
tide in a wide spectrum of intertidal systems, with or without
vegetation. Therefore, they include the three types of CH,
transport in the absence of water, sediment-air diffusion, ebul-
lition, and transport through plants. A general decrease with
salinity is observed (Bartlett et al., 1987), but CH, fluxes can
vary by two orders of magnitude at a given salinity. Median
fluxes reported in Table 5 decrease from vegetated tidal
marshes (with highest values in freshwater, and where most
of the CH, flux occurs through plants), to unvegetated tidal
flats (where diffusion and ebullition dominate), and to man-
grove sediments (where salinity is generally high).
The presence of macrophytes rooted in sediments strongly
affects the CH, cycle and fluxes in tidal marshes by three
processes: (1) plants release labile organic compounds through
plant litter production and root exudation, and may so stimu-
late methanogenesis; (2) plants transport atmospheric oxygen
to the rhizosphere and favor CH, oxidation; and (3) plants act
as gas conduits and transport CH, from the sediments to the
atmosphere (Chanton and Dacey, 1991; van der Nat and
Middelburg, 1998a, 2000). This CH, transport through plants
is passive (due to molecular diffusion) and active (due to
convective flow generated by pressure differences) (for an over-
view of the literature on gas transport through plants, refer to
van der Nat et al. (1998)). Fluxes of CH, are maximal during
the growing season of plants and, depending on the capacity of
plants for active gas transport, daytime fluxes are greater than
nighttime fluxes (van der Nat et al.,, 1998; van der Nat and
Middelburg, 2000). As shown in Figure 20, the presence of
marsh vegetation strongly affects the shape of CH, profiles in
sediments, decreasing the concentration at depths of the rhizo-
sphere, by stripping out CH, by transport, and by favoring CH,
oxidation. In the presence of plants, CH, oxidation can occur

0095
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f0100 Figure 20 Effect of vegetation on depth distributions of dissolved CH,4 in freshwater marsh sediments. The profiles were obtained in constructed wetland
mesocosms, which consisted of Phragmites autralis, Scirpus lacustris, and an unvegetated control. Blue, red, and black symbols correspond to the
growing, maximal biomass, and plant decay periods, respectively. Adapted from van der Nat, F.J.W.A., Middelburg, J.J., 1998a. Effect of two common
macrophytes on methane dynamics in freshwater sediments. Biogeochemistry 43, 79-104.
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deeper in the sediments, where methanotrophs live near or
even within the roots of macrophytes (Gerard and Chanton,
1993; King, 1994). As a major consequence, CH, is almost
exclusively emitted by plant-mediated transport in vegetated
sediment, and by ebullition in unvegetated, otherwise identical
sediment. As in the case of rice paddies, it has been suggested
that, in tidal marshes, plant-mediated CH, transport and CH,
ebullition may be mutually exclusive processes (van der Nat
and Middelburg, 1998a, 2000). Similarly, in mangrove sedi-
ments, the presence of aerial roots (pneumatophores) is
believed to act as gas conduits for CH, to the atmosphere and
as a source of oxygen to the sediment, and contribute to low
CH, concentrations in the top layers of the sediments (Biswas
etal., 2006). In two Tanzanian mangrove sites, Kristensen et al.
(2008) observed a three- to fivefold enhancement of CH,
sediment-atmosphere fluxes in the presence of pneumato-
phores, and estimated that transport through this pathway
contributed between 38% and 64% of the total sediment-
atmosphere CH, flux during low tide:

Ebullition of CH, occurs at sites where gas bubbles are
present in the first 10-20 cm of the sediment. Ebullition of
CH, has been reported and quantified in shallow estuarine
systems such as the freshwater tidal flats and marshes, and in
a saline coastal embayment (Martens and Klump, 1980;
Chanton et al., 1986; Middelburg et al., 1996). Ebullition of
CH, did not occur, for instance, in Tomales Bay where gas
bubbles are found 1m below the sediment-water interface
(Sansone et al., 1998). Observed CH,4 ebullition is tightly
coupled to the variation of the tidal height and occurs almost
exclusively around low tide (Figure 21). This illustrates how
hydrostatic pressure at high tide stabilizes gas bubbles in sedi-
ments. In deeper systems as, for instance, the Mariager fjord,
occurrence of CH, ebullition has also been mentioned or
observed visually, but has not been measured with bubble
capture followed by gas analysis. During the travel in the
water column, gas bubbles are affected by pressure changes
and partly dissolve. In Cape Lookout Bight, where the water
depth is about 8 m, Martens and Klump (1980) evaluated that
15% of the CH, contained in the rising bubbles dissolved in
the water, the remaining part reaching the atmosphere. In
summer, bubble dissolution was similar to sediment-water
diffusion as source of CH, in the water column. In addition,
as bubbles strongly disrupt the physical structure of sediments

when they are released, the surface area for diffusive exchange
increases, and sediment-water CH, fluxes during high tide in
the absence of ebullition were also enhanced. In nontidal
systems, changes in atmospheric pressure may influence CH,
ebullition as observed in freshwaters (Tokida et al., 2007).

The relative importance of diffusion, ebullition, and trans- p0155

port through plants has a major impact on the magnitude of
the sediment-water or sediment-atmosphere CH, fluxes,
because it strongly affects the efficiency of aerobic CH, oxida-
tion. Indeed, a large fraction (often >90%) of the diffusive CH,
fluxes from the sediments is oxidized at the sediment surface,
where CH, meets oxygen (van der Nat and Middelburg, 1998b;
Abril and Iversen, 2002). By contrast, almost all the bubbling
CH, flux escapes oxidation (Martens and Klump, 1980). When
CH, is preferentially transported through plants, oxidation is
also favored in the plant rhizosphere, and reduces the flux by
5-60%, with a maximum efficiency during the plant-growing
period (van der Nat and Middelburg, 1998b). However, in
general, rhizospheric CH, oxidation is a stronger CH, sink
than surface CH, oxidation, because transport through plants
is more important than diffusion. Transport through plants
greatly favors CH, fluxes in intertidal areas, where the vegeta-
tion is aerial. In the sub-tidal area of Tomales Bay, Sansone
etal. (1998) reported benthic CH, fluxes to the water column 3
times greater inside an eelgrass bed than outside. It was not
possible, however, to attribute this difference to CH, transport
through the plants or to an enhanced methanogenesis and CH,
diffusion due to the higher levels of organic matter content in
the sediments. In general, in sub-tidal areas, sediment-water
CH, fluxes show an extreme heterogeneity from one system to
another, and within a given system (Table 6). Negative down-
ward CH, fluxes have also been reported, and are due to
intense CH, oxidation at the sediment surface (Sansone et al.,
1998; Abril and Iversen, 2002).

The last important process for the transport of CH, from p0160

sediment to the water column and further to the atmosphere is
tidal pumping, which consists in a lateral flux of CH, from the
CH,-rich pore waters of intertidal sediments, to the water of
creeks and channels, with the water movements due to the tide.
This process that has been first described for reduced species
other than CHy, is due to the loss and replacement of pore
waters in intertidal sediments that are drained during ebb

(Agosta, 1983). The tidal flushing of CH, and DIC from tidal
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Figure 21 The effect of tidal height on CH, ebullition in estuarine shallow waters. (a) freshwater marsh in the White Oak River estuary; (b) coastal marine

bay of Cape Lookout Bight; the rise in near-bottom methane concentration due to bubble dissolution is also reported. Redrawn from Chanton, J.P.,
Martens, C.S., Kelley, C.A., 1989. Gas transport from methane-saturated, tidal freshwater and wetland sediments. Limnology and Oceanography 34,
807-819; Martens, C.S., Klump, J.V., 1980. Biogeochemical cycling in an organic-rich coastal marine basin — I. Methane sediment-water exchange

processes. Geochimica et Cosmochimica Acta 44, 471-490.

Table 6

Sediment-water CH, fluxes (mmol m~2d~") and corresponding salinity in estuarine environments

Sediment-water CH, flux

(mmolm2d™") Salinity ~ Comment References
Cape Lookout 141 30-35 Total Martens and
Bight Klump (1980)
2.3 Diffusive flux, yearly average. Benthic chambers
nonbubbling periods (high tide)
11.8 Ebullition (funnels)
Tomales Bay -0.0001 to +0.016 10-36 Seasonal range at three stations, benthic chambers Sansone et al.
(1998)
0021-0.050 Seasonal range at one stations, benthic chambers
White Oak River 17.1 0.2 Sub-tidal station, yearly average, diffusive+ebullitive Kelley et al (1990)
estuary
<0.24 18.9 Sub-tidal station, yearly average
Randers Fjord -0.019 to -0.253* — Seasonal range at one station, intact core incubation Abril and Iversen
(Denmark) (2002)
0.003-0.4 17-23 Seasonal range at one station, intact core incubation
Yantze Estuary 0.0017-0.0022 3-6 Two stations at one season, intact core incubation Zhang et al. (2008)

" Negative flux due to intense CH, oxidation at the sediment surface

marshes to adjacent waters has been evidenced by the temporal
change of concentrations during tidal cycles at single-channel
stations, a very clear maximum occurring at low tide, even in
systems devoid of freshwater inputs (Bartlett et al., 1985;
Borges et al., 2003; Neubauer and Anderson, 2003; Barnes
et al., 2006; Bouillon et al., 2008; Grunwald et al., 2009;
Figure 22). Kelley et al. (1995) evaluated that, in a freshwater
tidal flat, the loss of CH, by horizontal transport by tidal
pumping was 2-4 times higher than to the one by diffusion

from sediments to the atmosphere at low tide. In most envir-
onments where the intertidal/sub-tidal area is high, CH,
temporal and spatial distribution in waters is almost exclu-
sively driven by tidal pumping, which may constitute a major
evasion pathway at the ecosystem scale (Bartlett et al., 1985;
Middelburg et al., 2002; Grunwald et al., 2009).

Finally, geological CH,4 can be released to the water column p0165

and/or to the atmosphere through mud volcanoes, via ground-
water input, or seeping at pockmarked structures. This has been
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Dege, Tanzania). Biogeosciences 4, 311-322.

reported in estuarine environments such as the Scheldt plume
(Missiaen et al., 2002), the Ria of Vigo (Garcia-Gil et al., 2002),
the Firth of Forth (Judd et al., 2002), and the Saint Laurent
(Dionne, 1973). However, these features are not specific to
estuaries and are not directly related to estuarine biogeochem-
ical C transformations and cycling. As these features are poorly
documented, we will not discuss them further, and the related
CH, fluxes will not be included in the overall evaluation of
CH, fluxes from estuaries (Section 5.04.5).

5.04.3.3 Distribution and Fate of CH, in Estuarine Waters:
Oxidation versus Degassing

Concentrations of CH, in estuarine waters vary over a wide
range and are usually higher than the atmospheric equili-
brium (Table 7). ~In mixed water columns, CH,
concentrations range from few nmoll™' to a maximum of
1pmol 1™ and generally decrease seaward (De Angelis and
Lilley, 1987; Scranton and McShane, 1991; De Angelis and
Scranton, 1993; Jones and Amador, 1995; Bange et al., 1998;
Sansone et al., 1998, 1999; Upstill-Goddard et al., 2000;
Jayakumar et al., 2001; Abril and Iversen, 2002; Amouroux
etal.,, 2002; Middelburg et al., 2002; Abril et al., 2007; Ferrén
et al., 2007; Zhang et al.,, 2008; Grunwald et al., 2009).
Concentrations of CH, in surface waters of estuaries result
from the combination of lateral transport with water masses,
inputs from sediments, oxidation in the water column, and
evasion to the atmosphere, all these processes varying spa-
tially and temporally. Consequently, the plots of CH, versus
salinity are often nonlinear, but the processes responsible for
changes in concentrations are not easy to indentify. The stu-
dies by Middelburg et al. (2002), and by Upstill-Goddard
et al. (2000), which covered a large variety of European tidal
estuaries revealed three major patterns of CH, concentrations
along salinity gradients (Figure 23): (1) an increase in the very
low salinity regions, which reveals the dominance of CH,

production over CH, oxidation and degassing; in these
regions, at the limit of the tidal influence, retention and
processing of riverine labile material is probably favored
(Abril et al., 2007); (2) more downstream in highly dynamic
regions with salinities from 1 to 10, which generally coincide
with the ETM, CH, can decrease very suddenly to values close
to the atmospheric equilibrium, and remain very low, as the
result of intense evasion and oxidation, and also probably
lower accumulation of organic matter and methanogenesis
in sediments, due to the strong hydrodynamics; and (3) at
salinities around 25, CH, peaks were often observed, and
were attributed to lateral inputs of CH, from tidal flats and
marshes (Middelburg et al., 2002). This latter pattern, with
highest concentrations at the mouth, was also very marked in
the Hudson estuary (De Angelis and Scranton, 1993). It is also
possible that lower oxidation and higher sedimentation of
phytoplanktonic labile material occur in these areas immedi-
ately downstream of the ETM (De Angelis and Scranton, 1993;
Abril et al., 2007). Stable isotopic ratios of CH, measured
along estuarine gradients of six US-Pacific estuaries were
consistent with the biogeochemical drivers of these three typi-
cal patterns (Sansone et al., 1999).

Together with gas evasion, aerobic oxidation is also a sig-
nificant sink for CH, in estuarine waters. Aerobic CH,
oxidation rates measured so far in estuarine and coastal waters
vary between a maximum of 167 nmol 1™ d™" in the freshwater
region of the Hudson estuary during summer (De Angelis and
Scranton, 1993), to a minimum of 2.3 x 10" nmol17td™! in
the Rhine Plume in the North Sea (Scranton and McShane,
1991), with intermediate values of 6nmoll™"d™ in the
Mariager Fjord (Fenchel et al., 1995). This corresponds to
specific oxidation rates between 8.107> and 0.7 d™*. Using the
more sensitive '*C method, De Angelis and Scranton (1993)
found that CH, oxidation in waters of the Hudson estuary
could turnover the CH, pool in 1.4-9 days, but only at sali-
nities below 6; CH, oxidation rates at higher salinities being
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fo115 Figure 23 Distribution of CH4 versus salinity observed in some European tidal estuaries (Middelburg et al., 2002), with three typical patterns:
(1) increase at low salinity where CH4 production fueled by sedimentation of riverine labile material is higher than CH, oxidation and degassing;
(2) decrease at salinities 1-10 generally associated with the turbidity maximum, due to intense evasion and oxidation, and lower accumulation of organic
matter and methanogenesis in sediments, due to strong currents; and (3) increase due to lateral inputs from tidal flats and marshes.



ESCO 00504

Carbon Dioxide and Methane Dynamics in Estuaries 31

one to two orders of magnitude lower. Adding salt and filtered
seawater to the freshwater samples resulted in a strong inhibi-
tion of CH,4 oxidation. In the Columbia River estuary, similar
oxidation rates were measured by Lilley et al. (1996), consis-
tent with a net shift in 8'3C-CH, at low to intermediate
salinities (Sansone et al., 1999). In the Orinoco River plume,
CH, oxidation was also very variable and the turnover time of
CH, in the water column relative to oxidation ranged from
2 days to 3.8 years, for CH, concentrations of 168 and
68 nmol 17}, respectively (Jones and Amador, 1995). In the
low salinity (3-7) region of the Randers Fjord, a microtidal
and shallow estuary in Denmark, Abril and Iversen (2002)
observed intense CH, oxidation at the sediment surface,
which resulted in a net uptake of CH, from the water by the
estuarine sediment (downward CH,4 flux through the sedi-
ment-water interface). These authors could not detect any
methanotrophic activity at ambient CH, concentrations in
sediments at salinities 17-23. The sensitivity of methanotrophs
to salinity was also observed in hypersaline microbial mats
(salinity 90-130), where no CH, oxidation activity could be
detected even in the presence of oxygen and CH, at high con-
centrations (Conrad et al., 1995). In addition to salinity,
suspended matter is another important environmental factor
that controls CH, oxidation in estuarine waters. Abril et al.
(2007) have documented a strong enhancement of CH, oxida-
tion in an ETM, leading occasionally to CH, concentrations
below the atmospheric equilibrium. As the ETM and low salinity
coincide geographically, CH, oxidation is particularly significant
in these regions, and probably accounts for most of the decline
(i.e., second pattern in Figure 23). However, more investigations
are necessary regarding the microbial ecology in estuaries of
methanotrophic bacterial communities, where diversity appears
particularly significant (McDonald et al., 2005).

In contrast to tidal and well-mixed estuaries in stratified
systems with anoxic deep waters, such as fjords and some
lagoons, CH, builds up in bottom waters where it can reach
concentrations of 30pmoll™" (Table 7). The thermohaline
stratification favors CH, oxidation in the water column, and
is believed to limit efficiently the CHy diffusion to the surface
waters and the atmosphere (Lindstrom, 1983; Fenchel et al.,
1995). Oxidation of CH,4 occurs in these stratified waters in
both oxic and anoxic conditions. In Mariager Fjord, 66% of the
CH, oxidation was aerobic and occurred just above the oxy-
cline (Fenchel et al., 1995). In Framvaren Fjord, high anaerobic
CH, oxidation rates were observed in deepest waters, 20 m
above the sediment surface, and were 5 times higher than
aerobic CH, oxidation rates observed above the oxycline at a
depth of 20 m. The CH, vertical profiles in the water column of
two permanently stratified lagoons in Ivory Coast also suggest
an efficient CH, oxidation above the oxycline (Koné et al.,
2010). Despite intense CH, oxidation, surface concentrations
and diffusive fluxes to the atmosphere are relatively high in
these stratified systems (Table 7). In deep systems, dissolution
of CH, bubbles is generally much stronger that in shallow
systems, and up to 100% of the CH,4 bubbles released from
the sediment can be dissolved when the water depth exceeds
80m (McGinnis et al., 2006). This could be an important
mechanism for CH, to reach the surface waters, and then the
atmosphere by diffusion, thus escaping oxidation at the oxy-
cline. It is important to note that Arctic stratified fjords do have
anoxic bottom waters, and have lower CH, concentrations in

both bottom and surface waters than fjords with anoxic bottom
waters (Damm et al., 2005; Table 7).

The contribution of microbial oxidation and atmospheric
emission as sinks for dissolved CHj is thus extremely variable
in estuaries. The percentage of CH, oxidized (relative to the sum
of evasion and oxidation) was 20% in the Columbia River
estuary (Lilley et al, 1996), 10% in the stratified Mariager
Fjord (Fenchel et al.,, 1995), 27% in the Cape Lookout Bight
(Sansone and Martens, 1978; Martens and Klump, 1980), from
3% to 70% in the Hudson estuary (De Angelis and Scranton,
1993), and from 24% to 55% in the low salinity regions of the
Randers Fjord estuary (Abril and Iversen, 2002). Wind speed has
a multiplicative effect on this ratio: at low wind speeds, CH,
builds up in the water, enhancing microbial oxidation (typically,
a first-order process), whereas at high wind speeds, CH, is
stripped out from the water to the atmosphere, decreasing
water concentrations, and inhibiting CH, oxidation.

5.04.4 Gas Transfer Velocities of GO, and CH, in
Estuarine Environments: Multiple Drivers and A Large
Source of Uncertainty in Flux Evaluations

The gas transfer velocity of CO, and CH, at the water-air inter-
face (k) depends on turbulence at the aqueous boundary layer.
In lakes and in the ocean, wind is the major forcing factor
generating turbulence, and k is often parametrized as a function
of wind speed at 10m height (e.g, Wanninkhof, 1992). In
streams, turbulence in the aqueous boundary layer is mostly
generated by the friction of water flow at the bottom, and
I depends on water current velocity, water depth, and bed rough-
ness (O’Connor and Dobbins, 1958; Wanninkhof et al., 1990).
Estuaries, and particularly macrotidal estuaries, are unique envir-
onments where turbulence is simultaneously generated by wind
forcing and boundary friction due to tidal currents at the surface
and at the bottom (Zappa et al., 2003, 2007; Borges et al., 2004a,
2004b; Upstill-Goddard, 2006; Abril et al., 2009).

Figure 24 shows how k varies with wind speed across var-
ious aquatic environments. In small rivers and streams, the
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Figure 24 Distribution of the gas transfer velocity (ksoo) in freshwater,
estuarine, and oceanic environments as a function of wind speed. The
polygons enclose the maximum and minimal values of kgqq in streams and
rivers (based on Wanninkhof et al. (1990)), lakes (based on Frost and
Upstill-Goddard (2002)), oceans (based on Liss and Merlivat (1986) and
Wanninkhof and McGillis (1999)), and estuaries (based on Kremer et al.
(2003a) and Borges et al. (2004a)).
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effect of wind speed is limited and the large variability in
k values is related to variable depth and water currents
(Wanninkhof et al., 1990). Lakes and open ocean show lower
scatter in k values as a function of wind speed compared to the
other aquatic systems, with k values at high wind speeds higher
in the open ocean than in lakes due to fetch limitation in lakes.
Estuaries show the largest range of variability in k values as a
function of wind speed. As discussed hereafter, this is related to
strong fetch limitation in small estuaries (lower boundary),
and enhancement of k by tidal currents in macrotidal estuaries
(higher boundary). In estuaries, k is further modulated by the
interactions between wind and currents (enhancement of tur-
bulence when wind and currents are in opposed directions),
and by the dampening of water turbulence by suspended solids
at high concentrations.

To date, there is no method totally satisfactory to quantify k
in estuaries, and this question is still a matter of debate
between biogeochemists, ecologists and physicists. Although
nonintrusive methods such as tracer or micrometeorological
techniques should in theory be preferred, their applications in
estuarine systems are difficult and scarce (Clark et al., 1994;
Carini et al., 1996; Zappa et al., 2003, 2007; Zemmelink et al.,
2009), and most of the k parametrizations published so far
were derived from floating chamber measurements (Marino
and Howarth, 1993; Kremer et al., 2003a, 2003b; Borges
et al., 2004a, 2004b; Guérin et al., 2007; Abril et al., 2009).
Floating chamber experiments indeed offer the advantage of
being easy and cheap, and, most importantly, to be short
enough (5-20 min when using infrared gas analyzers) to ade-
quately describe the temporal variability of k driven by wind
and current in estuaries. By contrast, tracer methods only pro-
vide k-integrated values generally averaged over several tidal
cycles. Micrometeorological methods might be affected by sur-
rounding land, and data must be carefully analyzed in terms of
wind direction and footprint of measurements. The use of the
floating chamber method in estuaries has been criticized by
several authors (e.g., Raymond and Cole, 2001), one major
critique being that the chamber eliminates wind stress.

(a) Parker River estuary
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However, the fact that turbulence in the aqueous boundary
layer, rather than that in the atmospheric boundary layer, is
predominant in determining k, and that several experiments
with chambers (Kremer et al., 2003b) still support the use of
chambers in certain conditions: a chamber that moves rela-
tively to the surface water would disrupt the aqueous
boundary layer and artificially enhance gas exchange.
Although in environments with low water current but high
wind, it is preferable to anchor the chamber to avoid its move-
ment due to the wind, in macrotidal estuaries where water
currents can reach values of 2ms™!, measurements must be
made while drifting with the water mass (Frankignoulle et al.,
1996; Borges et al., 2004a, 2004b). In the case of tidal estuaries,
the use of floating chambers takes advantage of the large pCO,
gradient between water and air, and of high turbulence in the
water generated by both wind and current (Borges et al., 20043,
2004b; Abril et al., 2009).

Results from floating chamber measurements published so
far reveal that k increases significantly with wind speed in estu-
aries, but the k values versus wind speed show significant scatter
(Borges et al., 2004a; Abril et al., 2009); also, with the exception
of quiescent embayments (Kremer et al., 2003a), k in estuaries at
a given wind speed is generally higher than in oceans or lakes
because water current also contributes to k and to its variability
(Marino and Howarth, 1993; Zappa et al., 2003; Borges et al.,
2004a, 2004b; Abril et al., 2009; Figure 24). When the water
current is directed against wind speed, k can be enhanced by a
factor of 2, in comparison with situations when wind and cur-
rent flow in the same direction (Zappa et al., 2007; Abril et al.,
2009; Figure 25). When currents are moving against the wind,
short waves and microbreaking can emerge, resulting tempora-
rily in much greater k values. Experiments performed with
micrometeorological techniques have confirmed these findings
based on floating chambers (Zappa et al., 2003, 2007).

When averaged over the tidal cycle and integrating all wind
directions, the effect of water currents modulates the value of
the y-intercept of the k versus wind speed linear relationship
rather than its slope (Borges et al., 2004a; Abril et al., 2009).

(b)

Gironde estuary
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(a) Ksoo versus wind speed in the Parker River estuary and (b) ksoo vS. wind speed in the Gironde estuary. At both sites and with both

techniques, an enhancement is observed when wind and current flow in the opposite direction. (a) Micro-meteorological data, redrawn from Zappa, C.J.,
McGillis, W.R., Raymond, P.A., Edson, E.J.B., Hinsta, E.J., Zemmelink, H.J., Dacey, J.W.H., Ho, D.T., 2007. Environmental turbulent mixing controls on
air-water gas exchange in marine and aquatic systems. Geophysical Research Letters 34, GLXXX. doi1029/2006GL028790. (b) Chamber data, redrawn
from Abril, G., Commarieu, M.V., Sottolichio, A., Bretel, P., Guérin, F., 2009. Turbidity limits gas exchange in a large macrotidal estuary. Estuarine, Coastal

and Shelf Science 83, 342-348.
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(a) Relationship between the slope of the ko versus wind speed linear regression and the estuarine surface area in seven estuaries:

SLP =Sage Lot Pond (Massachusetts, USA) and CR = Childs River (Massachusetts, USA), data from Kremer et al. (2003a); RF = Randers Fjord (Denmark),
T=Thames (U.K.) and Sch = Scheldt (Belgium/the Netherlands), data from Borges et al. (2004a); S = Sinnamary (French Guiana), data from Guérin et al.
(2007); G-low TSS = Gironde at TSS <0.2 g I"!, data from Abril et al. (2009). The equation of the regression line in panel () is slope =1.00 (+0.08).L0G
(surface area) + 1.23 (£0.14) (P=0.971, p < 0.0001); (b) Relationship between the slope of the kgg, versus wind speed linear regression and TSS
concentration in the Gironde estuary. The colored symbols correspond to three selected TSS ranges (TSS < 0.2g1™"; 0.2 < TSS < 0.8¢1™" and
TSS>0.8¢g I’1). The open symbol corresponds to the entire data set. Error bars on the TSS values are the standard deviation of the data; error bars
on the slope are the 95% confidence intervals around the slope of the linear regression. The equation of the regression line in panel (b) is slope =4.25
(£0.19) - 1.76(£0.12)TSS (=0.99, p < 0.01, n=4). Redrawn from Abril et al. (2009).

The analysis of k and wind speed data sets from different
estuaries revealed that k increases faster with wind speed in
large estuaries than in small estuaries due to the fetch limita-
tion effect in smaller estuaries (Borges et al., 2004a; Guérin
et al., 2007; Abril et al., 2009; Figure 26(a)). The k-wind
speed relationships are thus site specific and a simple linear
model appears most appropriate, in which the y-intercept is
influenced by the water current and the slope is influenced by
the surface area of the estuary (Borges et al., 2004a; Abril et al.,
2009). In addition, it has been recently demonstrated that the
presence of suspended material in large concentrations
(TSS > 0.2 g1™") had a significant role in attenuating turbulence
and, therefore, k. Indeed, in the large and highly turbid Gironde
estuary, k was on average significantly lower than in other large
estuaries, and decreased linearly with TSS concentrations (Abril
et al., 2009; Figure 26(b)). Turbidity can limit k through two
processes: first, the formation of vertical density gradients due
to TSS stratification in the water column, leading to a limitation
of turbulence in the surface layer in the same way as stratifica-
tion is related to salinity or temperature (Geyer, 1993; Dyer
et al.,, 2004); second, the presence of suspended particles
enhances the viscous dissipation of turbulent kinetic energy
as flocs are disrupted, or when they collide, interact, and
exchange momentum (Dyer et al., 2004). Abril et al. (2009)
proposed a generic, empirical equation for all estuaries that
parametrizes k as a function of water current velocity, wind
speed, estuarine surface area, and the TSS concentration:

keoo = 1.80e” 2185 4 [1.23 + 1.00LOG(S)] . [1-0.44TSS] U1

where kg is the gas transfer velocity normalized to a Schmidt
number of 600 incmh™!, v is the water current velocity
in ms™, S is the surface area of the estuary in km?, TSS is the
concentration of total suspended solids in g1™', and Uy, is the
wind speed at 10 m height in m s™".

This equation needs, however, to be verified and improved in

the near future for several reasons: (1) it is based exclusively on

floating chamber measurements; micrometeorological measure-
ments are promising in estuaries and capture the short-term
variations in k (Zappa et al, 2003, 2007); they should be
repeated in different types of estuaries and compared with float-
ing chambers; and (2) there might be differences between sites
for the turbidity effect, due to the nature of the suspended
particles, their grain size, and their organic content. It is also
important to note that this empirical equation has been validated
for estuaries with surface areas less than 500km?”. It is very
unlikely that the slope of the equation (Figure 26(a)) will con-
tinue to increase in estuaries with much larger surface areas and
different morphologies, especially in microtidal areas where the
combined effects of wind and water current are not as effective.

5.04.5 Significance of CO, and CH, Emission from
Estuaries in the Global Carbon Cycle

We used the estuarine typology given by Diirr et al. (2010) and
Laruelle et al. (2010) to scale air-water CO, fluxes in estuarine
environments. Fjords and fjards (type IV) are the most exten-
sive estuarine types (~43% of the total surface area and 26% of
the worldwide exorheic coast line). They are dominant at lati-
tudes north of 45°N (Scandinavia, Canada, and Alaska) and
south of 45°S (southern Chile) (Figure 27). Tidal systems
(type II) and lagoons (type III) are the second and third most
abundant estuarine types (~26% and 24% of the total surface
area, respectively). While no clear spatial pattern is apparent for
tidal systems (type II), lagoons (type III) are dominant in
the tropics and subtropics of the Northern Hemisphere
(0°-45°N). Small deltas (type I) that represent ~8% of the
total surface area do not show a clear latitudinal pattern. Based
on this typology, the total surface area of estuaries is 1.1 x 10°
km? and ~81% is located in the Northern Hemisphere, with
~58% north of 45°N.
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f0135 Figure 27 Latitudinal distribution of surface area of estuaries (total and by types; Diirr et al., 2010) and of the scaled emissions to the atmosphere by
estuaries of CO, (TgCyr™") and CH, (TgCH4yr™") (total and by types, Table 8). Adapted from Laruelle et al. (2010).
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Average surface areas of estuarine types based on the typology of Diirr et al. (2010), average (+ standard deviation) of air—water CO, fluxes

(inmol C m=2yr~") based on the data compilation given in Table 2, and integrated air—water CO, fluxes (in PgC yr~"; adapted from Laruelle et al. 2010), and
average CH, fluxes (in mmol C m2 yr‘1) based on the data compilation given in Tables 5 and 7, and integrated atmospheric CHy fluxes (TgCH4 yr‘1) using
the relative surface areas of subsystems given in Table 10

Air-water CO, flux

Air-water CH, flux

Surface area

(10°km?) (molCm2yr’) (PgCyr’) (mmol Cm 2 yr?) (TgCH,yr™")
Small deltas and estuaries (type I) 0.084 25.7+15.8 0.026 £0.016 317 0.42
Tidal systems and embayments (type II) 0.276 28.5+249 0.094 +0.082 243 1.07
Lagoons (type III) 0.252 17.3+16.6 0.052 4+ 0.050 278 1.14
Fjords and fjards (type IV) 0.456 17.5+14.0° 0.096 +0.077 544 3.96
Total 1.067 21.0+17.6 0.268 +0.225 385 6.60

" The standard deviation was estimated as +80% based on the values of the other three types.
As it not possible to evaluate the uncertainty of the individual air—water CO, fluxes given by the different studies, the standard deviations of the means for each estuarine type were

propagated to provide an estimate of the uncertainty on the scaled fluxes that mainly reflects the site-to-site variability rather than absolute uncertainty.

Air-water CO, fluxes were averaged for each estuarine
type, and scaled globally using the respective surface area
(Table 8). The emission of CO, to the atmosphere from
estuarine environments shows two maxima, one at the equa-
tor and another at ~65°N (Figure 27). The maximum of CO,
emission at the equator corresponds to a small peak in surface
area (associated to types II and III with high air-water CO,
fluxes). The maximum of CO, emission at ~65°N corre-
sponds to a large peak in surface area (associated to type IV
with lower air-water CO, flux). The overall emission of CO,
to the atmosphere from estuaries is estimated at 0.27 PgCyr™".
Tidal systems (type II) and fjords and fjirds (type IV) contri-
bute equally (~35%) to the global estuarine CO, emission,
while lagoons (type III) and small deltas (type I) contribute
20% and 10% to the global estuarine CO, emission, respec-
tively. About 79% of the total CO, emission to the

atmosphere from estuaries occurs in the Northern

Hemisphere. The contribution to the total CO, emission by
estuaries by climatic zone is similar: 32% for tropical systems
(between 25°N and 25°8S), 31% for temperate systems
(35°N-55°N; 35°S-55°8), and 37% for high latitude sys-
tems (>65° N).

The emission of CO, from estuarine environments of
0.27 + 0.23 PgCyr~! based on the typology of estuarine envir-
onments of Durr et al. (2010) and Laruelle et al. (2010) is
lower than previous estimates ranging between 0.36 and 0.60
PgCyr ' (Abril and Borges, 2004; Borges, 2005; Borges et al.,
2005; Chen and Borges, 2009) (Table 9). This is due to the fact
that previous global scaling attempts of the CO, emission from
estuaries used the average of air-water CO, fluxes across estuar-
ine types, and due to smaller (older) data sets possibly biased
towards tidal European (often polluted) systems. Hence, the
average air-water CO, fluxes used for scaling ranged between
32.1 and 38.2mol Cm™yr™' (Table 9) higher than the global
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Table 9 Comparison of published global CO, fluxes and emissions to the atmosphere from estuaries

€O, flux (mol Cm 2 yr?) Emission of CO, (PgCyr) Surface area (10° km?) References

36.5 0.60 1.407 Abril and Borges (2004)
38.2 0.43 0.94° Borges (2005)

28.6 0.32 0.94° Borges et al. (2005)
321 0.36 0.94° Chen and Borges (2009)
21.0 0.27 1.10° This study

Based on Woodwell, G.M., Rich, P.H., Hall, C.A.S., 1973. Carbon in estuaries. In: Woodwell, G.M., Pecan, E.V. (Eds.), Carbon and the Biosphere. Technical Information Center, U.S.
Atomic Energy Commission; National Tecnical Information Service, Springfield, VA, pp. 221-240. including intertidal areas.
b Based on Woodwell, G.M., Rich, P.H., Hall, C.A.S., 1973. Carbon in estuaries. In: Woodwell, G.M., Pecan, E.V. (Eds.), Carbon and the Biosphere. Technical Information Center, U.S.
Atomic Energy Commission; National Tecnical Information Service, Springfield, VA, pp. 221-240. excluding intertidal areas.
¢ Based on Diirr HH., G.G. Laruelle, C.M. van Kempen, C.P. Slomp, M. Meybeck and H. Middelkoop (2010) World-wide typology of near-shore coastal systems: defining the estuarine

filter of river inputs to the oceans, Estuaries and Coasts, submitted.

average value of 21.0 + 17.6 C mol m ?yr ™' given in Table 8
that takes into account the relative surface area of different
estuarine types. Further, the global surface area of estuarine
environments based on the typology of Diur et al. (2010)
and Laruelle et al. (2010) of ~1.1 10°km? is lower than the
value of 1.4 x 10° km? given by Woodwell et al. (1973) used by
Abril and Borges (2004). The scaling of estuarine CO, emis-
sions of Borges (2005), Borges et al. (2005), and Chen and
Borges (2009) was based on a global estuarine surface area of
0.94 x 10°km?, also based on the values given by Woodwell
et al. (1973) but excluding intertidal areas associated to
marshes and mangroves (Table 9).

The emission of CO, from estuaries is a nonnegligible
component of the global C cycle (Figure 28). The emission of
CO, from estuaries is equivalent to the emission of CO, from
lakes and rivers, respectively, 0.11 and 0.23 PgCyr™". The emis-
sion of CO, from estuaries corresponds to ~100% and 19% of
the sink of CO, related to the shelf seas and the open ocean,
respectively, for a surface area one order of magnitude lower
(0.3%, 7.0%, and 63.0% of the Earth’s surface for estuaries,
shelf seas, and open ocean, respectively). Finally, the emission
of CO, from estuaries compares to the flux of total organic
cartbon (TOC) from rivers to estuaries of 0.38 PgCyr .
Assuming the degradation of 50% of particulate organic carbon
(POC ) (Abril et al., 2002) and 25% of DOC (Moran et al.,
1999; Raymond and Bauer, 2000; Wiegner and Seitzinger,
2001; del Giorgio and Davis, 2003; 00503) during estuarine
transit, the potential emission of CO, from the degradation of
riverine TOC would be ~0.14 PgC yr! based on the DOC and
POC fluxes reported by Ludwig et al. (1996). This rough esti-
mate compares well with the emission of CO, estimated by
scaling air-water CO, flux values, considering uncertainties on
estimates of air—-water CO, fluxes and estuarine surface area
and on organic matter fluxes from rivers and organic matter
removal during estuarine transit (e.g., 00502 and 00503).
Based on the POC flux from rivers to estuaries of
0.50PgCyr~" suggested by Richey (2004) and a removal of
70% of POC during estuarine transit (Keil et al., 1997), it
would set the potential emission of CO, from the degradation
of riverine TOC to 0.40 PgCyr~'. This confirms that the net
heterotrophy of estuarine ecosystems strongly contributes to
their emission of CO, to the atmosphere. However, consider-
ing the diversity of C cycling across systems and uncertainties in

Global CO, fluxes (PgC yr™")
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Figure 28 Global CO, exchanges with the atmosphere (PgCyr™) in the fo140

open ocean (Takahashi et al., 2009a, 2009b), continental shelf seas (Chen
and Borges, 2009), estuaries (Table 8), rivers, and lakes (Cole et al.,
2007), and land biosphere (vegetation and soils (Cole et al., 2007), rock
weathering (Ludwig et al., 1996), the export of DOC and POC by rivers
from land to ocean (Ludwig et al., 1996)), and the relative surface area of
continental-shelf seas (Walsh, 1988), estuaries (Woodwell et al., 1973),
and rivers, and lakes (Lehner and Doll, 2004). Note that the export of DOC
and POC by rivers from land to ocean is a sink of atmospheric CO, for the
land biosphere and a source of CO, from the coastal and open oceans
(assuming remineralization to maintain steady state). Note that rock
weathering is a sink of atmospheric CO, for the land biosphere and a
source of CO, from the coastal and open oceans (assuming marine
calcification to maintain steady state).
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the different estimates, this does not necessarily minimize the
role of lateral allochtonous DIC and organic carbon inputs, and
the role of input of CO, from rivers in sustaining the emission
of CO, from estuaries to the atmosphere.

Figure 17 that summarizes all the processes that drive CH,4
fluxes in estuarine systems shows a high spatial heterogeneity,
from 14.5+17.5mmolm™d™" in vegetated freshwater tidal
marshes, to 0.04 +0.17 mmol m2d™! in estuarine plumes off-
shore. Such spatial heterogeneity makes it difficult to estimate
precisely global CH, emissions from estuaries. We estimated
representative CH, fluxes, based on median values of five sub-
ecosystem types: (1) well-mixed estuarine water column, which
corresponds to estuarine channels and shallow coastal embay-
ments; (2) unvegetated tidal flats, where sediment-air CH,
fluxes at low tide are on average ~8 times higher than water-
air fluxes in adjacent channels (Tables 5 and 6); we divided by
2 the median flux to account for the inundation time due to
tidal cycles; (3) vegetated tidal marshes show the largest spatial
variation of CH, fluxes, mainly controlled by salinity
(Figure 20); hence, we had to assume that the data compiled
in Table 5 are representative of an average situation; because
most of the flux occurs through plants, the CH, flux from
marshes is assumed to be constant throughout the tidal cycle;
(4) mangroves, where sediment-air CH,4 fluxes are much less
variable than in marshes, the median was divided by 2 to
account for inundation time during the tidal cycle; and (5)
for stratified systems with anoxic bottom waters, the flux is
the average of two systems (Table 7). We adapted the estuarine

typology of Diurr et al. (2010) with a percentage of surface area
occupied by each estuarine subsystem in each estuarine type
(Table 10). Mangroves were restricted between 25° N and
25°S, and tidal marshes to other latitudes. The CH, fluxes
were then scaled by latitudinal bands as for CO, fluxes. The
resulting total CH, flux is 6.6 TgCH4yr, type IV contributing
60% of the total, types II and III contributing equally 17%, and
type I contributing 6% (Table 8). About 4% of the total CH,
flux occurs from well-mixed waters, 3% from tidal flats, 36%
from tidal marshes, less than 1% from mangrove sediments,
and 56% from stratified systems. The estimated CH, flux for
type IV is probably overestimated. The CH, flux of 1.85
mmol Cm™"d™" assumed representative of stratified systems
is based only on two systems: a relatively shallow fjord and a
tropical lagoon, both characterized by anoxic bottom waters
(Table 7). Not all stratified fjords have anoxic bottom waters
and high CH, concentrations (Damm et al., 2005). Because the
surface area of type IV estuaries is very large (Table 8), this has a
strong impact on the calculation of the total CH, flux, espe-
cially at high latitudes (Figure 27). The sum of CH, emissions
of <3 TgCH, yr™' from the other three types is consistent with
previous estimates: 0.8-1.3 TgCH,yr™"' (Bange et al., 1994),
0.9-1.7 TgCH,yr' (Upstill-Goddard et al., 2000), and
1.8-3.0 TgCH4yr' (Middelburg et al., 2002) (Table 10).
These estimates were based on the total surface area of estuaries
given by Woodwell et al. (1973) of 1.4 x 10° km?, an area ~2.3
higher than the one from the typology of Diirr et al. (2010) for
the sum of types I, 11, and III (Table 10). In previous studies,

Table 10 Ratios used to convert CH, fluxes from estuarine subsystems to CH, fluxes from estuarine types
Small deltas and Tidal systems and Lagoons Fjords and CH, flux per subecosystem
estuaries (type 1) embayments (type Il) (type 11l) fidrds(type 1V) (mmol m2yr ’)
Well-mixed estuarine channels 35% 60% 40% 25% 37
and bays
Tidal flats 15% 10% 20% 0% 146
Tidal marshes 50% 30% 30% 5% 1241
Mangrove sediments and 50% 30% 30% 0% 29
waters
Stratified systems 0% 0% 10% 70% 675
Resulting CH, flux per estuarine 318 245 277 544

type (mmolm~2yr ™)

The fact that the sum of percentages is >100% is due to the distribution of mangroves limited between 25°N to 25°S latitudes and of tidal marshes at other latitudes.
Calculated CHy fluxes per estuarine types account for this latitudinal distribution of marshes and mangroves and are weighted by the surface areas of each type given by Diirr

et al. (2010).

Table 11

Comparison of published global CH, fluxes and emissions to the atmosphere from estuaries

CH, flux (mmolCm~2yr~7) Emission of CHy (TgCH4yr™")

Surface area (10° km?)

References

36-59 0.8-1.3 1.4
41-47 0.9-1.7 1.4
79-132 1.8-3.0 1.47
385 6.6 110
266 2.6 0.6°

Bange et al. (2004)

Upstill-Goddard et al. (2000)

Middelburg et al. (2002)

This study (all estuarine types)

This study (excluding fjords and fjards (Type 1V))

 Based on Woodwell, G.M., Rich, P.H., Hall, C.A.S., 1973. Carbon in estuaries. In: Woodwell, G.M., Pecan, E.V. (Eds.), Carbon and the biosphere. Technical Information Center, U.S.
Atomic Energy Commission; National Tecnical Information Service, Springfield, VA, pp. 221-240. including intertidal areas.
b Based on Dirr H.H., G.G. Laruelle, C.M. van Kempen, C.P. Slomp, M. Meybeck and H. Middelkoop (2010) World-wide typology of near-shore coastal systems: defining the estuarine

filter of river inputs to the oceans, Estuaries and Coasts, submitted.
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CH, fluxes were not discriminated either between estuarine
types, which have a relatively homogeneous air-water diffusive
CH, flux (0.67-1.49 mmolCm™'d™'; Table 9), or between
subsystems, which show, on the contrary, a very large hetero-
geneity (0.1-3.4 mmolCm™" d™'; Table 9). As a consequence,
our estimate is very sensitive to the percentage of intertidal
areas, in particular by the part occupied by tidal marshes.
Tidal marshes alone emit ~2.3 TgCH,yr ™', for a surface area
of 0.12 x 10° km?, a value much higher than the one of 0.34
TgCH,4yr!' proposed by Bartlett et al. (1985) for a higher sur-
face area of 0.38 x 10°km?. This difference is because we
included data from freshwater tidal marshes in the estimate.
The inclusion of sediment-air CH, flux emissions in our global
estimates also explains why the CH, flux per surface area
(266-385mmolCm™yr ', excluding and including fjords
and fjards (type IV), respectively) is higher than previous
estimates (36-132 mmolCm™yr™') that only accounted for
the diffusive emissions of CH, to the atmosphere from the
water column (Table 10). Our estimate of CH, flux from
mangrove sediments is only 0.05 TgCH,yr ', for a surface
area of 0.10 x 10°km?, a surface only 30% lower than the
one given by the Food and Agricultural Organization (FAO,
2003). This CH, flux would be 0.11 TgCH,yr™" if we assume
similar fluxes at high tide and low tide (Kristensen et al., 2008),
but is much lower than the flux of 2.2 TgCH4yr! proposed by
Barnes et al. (2006), who used an overestimated surface area
for world mangroves forests and creeks (0.56 x 10° km?). There
is a convergence for the magnitude of the total CH, flux from
estuaries (<3 TgCH,yr '), which is a minor contributor to
global atmospheric CH, content (~0.5% of global anthropo-
genic and natural CH, emissions, 582 TgCH, yr~" according to
the Fourth Assessment Report of the Intergovernmental Panel
on Climate Change (Denman et al., 2007)). Note, however,
that the flux of CH, from estuaries is not taken into account in
global budgets, and that the imbalance of total sources and
total sinks of CH, accounted so far is small (~ 1.0 TgCH, yr™;
Denman et al., 2007), and is of the same order of magnitude as
estuarine CH, emissions. Yet, there are still very large uncer-
tainties concerning the partitioning of CH, fluxes between
estuarine types and sub-types.

5.04.6 Summary and Perspectives

Estuarine systems are highly dynamic in terms of C cycling and
emit CO, to the atmosphere at rates that are quantitatively
significant for the global C cycle. This emission of CO, to the
atmosphere is strongly supported by the net heterotrophic
nature of these ecosystems. The robustness of the evaluation
of the emission of CO, from estuarine ecosystems has
increased during the past years due to increasing data availabil-
ity and improvements in the surface area estimated by estuarine
types. The latter can still be improved, for instance, by distin-
guishing between microtidal and macrotidal systems, as the
former are usually highly stratified and are lower sources of
CO, to the atmosphere than the latter that are usually perma-
nently or partly well mixed. However, the degree of detail in a
typology depends on the availability of data to populate the
typology. At present, the sparseness of data is the major limita-
tion in the quantification of the spatial and temporal variability
of CO, fluxes in estuarine environments. There is a fair amount

of data to characterize tidal systems (type II) and small deltas
(type I). However, for fjords and fjards (type IV) that represent
43% of the total estuarine surface area there are data from only
one location. For lagoons (type III), most of the available data
were obtained from five contiguous systems located in Ivory
Coast (~5° N) although these nearshore ecosystems are ubiqui-
tous at all latitudes. Finally, there is a lack of data in estuarine
environments at high latitudes, while 52% of the surface area of
estuarine ecosystems is located at latitudes >65° N.

Regarding future observational efforts, there is also a need
for sustained measurements to unravel interannual variability
and long-term trends of CO, and CH, in estuarine environ-
ments. Due to the strong linkage with river catchments, the
interannual variability of CO, and CH, in estuarine environ-
ments is expected to be strong in relation to variability of
precipitation and freshwater discharge. Due to changes in
land-use on the river catchments that change inputs of C, N,
and P (e.g., Smith et al., 2003; Galloway et al. 2005; 00509 and
00506), in addition to water-diversion activities (Humborg
et al., 1997; Vorosmarty and Sahagian, 2000), decadal changes
in CO, and CH, dynamics, and fluxes with the atmosphere in
estuarine environments are expected to be significant. For
instance, long-term changes in TA from the Mississippi River
have been documented possibly due to changes in land use
(Raymond and Cole, 2003; Cai et al.,, 2008; Raymond et al.,
2008). In the US, a long-term decrease of pCO, in rivers and
streams (1973-94) has been reported and attributed to a
decline in terrestrial primary production (Jones et al., 2003).
In the outer Scheldt estuary (river plume), strong changes in
CO, fluxes and carbonate chemistry during the last five
decades have been modeled in response to changes in
nutrient delivery from rivers (Gypens et al., 2009; Borges and
Gypens, 2010).

Future increases in organic matter inputs and expanding
hypoxic and anoxic zones could lead to an increase of the
CH, emissions from estuaries. In continental shelves and
upwelling systems, increasing stratification and slowing down
of convection are also expected to lead to an increase of CH,
production, although Naqyvi et al. (2009) predict that this will
not lead to a major increase in the CH, emission from these
systems to the atmosphere due to CH, oxidation in the water
column. Oxidation of CH, might not be as effective in decreas-
ing the CH, emission from estuaries than in the open ocean,
due to shallower water columns (~10 m compared ~100 m for
shelves and upwelling systems) and to direct emissions from
intertidal sediments to the atmosphere. Yet, the potential feed-
back on atmospheric composition and climate change will
probably be minor, as estuarine CH, emissions only represent
<1% of the total CH, global emissions, although the imbalance
of total sources and total sinks of CH, accounted so far is small
(~ 1.0 TgCH,yr') and of the same order of magnitude as
estuarine CH, emissions.

Data used in the present chapter were either obtained by the
authors, data mined from publications, or communicated by col-
leagues. There is a need for publicly available and quality checked
databases for CO, and CH, in estuarine environments. Not only
cross-system meta-analysis of data can be enlightening as explored
in the present chapter, but also considering the uncertainties in
estimating k in estuarine environments (cf. Section 5.04.4), there
could be a need in future to re-evaluate air-water CO, and CH,
fluxes, requiring access to the raw pCO, and [CH,] data.
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Unlike CH,4, we did not account for sediment-atmosphere
CO, fluxes from intertidal areas when scaling CO, fluxes between
estuaries and the atmosphere. Although several studies report
sediment-atmosphere CO, fluxes in estuarine intertidal areas
measured with dark chambers providing only the benthic respira-
tion term (e.g., Middelburg et al., 1996), there are only a limited
number of studies reporting net annual sediment-atmosphere
CO, fluxes at the community level, that in tidal salt marshes
range between -11 and -25molCm™yr' (Houghton and
Woodwell, 1980; Kathilankal et al., 2008). The net annual CO,
sink over intertidal areas is sustained by the primary production
by macrophytes and microphytobenthos. Yet, the primary pro-
duction at the surface of the sediment that sustains this CO, sink
fuels organic carbon degradation within the sediment. The CO,
produced will be partly transferred by tidal pumping to the water
column and then emitted to the atmosphere.

Finally, we did not discuss CO, fluxes in river plumes (or
outer estuaries). Data with adequate spatial and temporal cov-
erage in these systems to robustly evaluate air-sea CO, fluxes
are scarce. Some outer estuaries act as sources of CO, to the
atmosphere such as the Scheldt (1.9 molm™yr™'; Borges and
Frankignoulle, 2002¢; Schiettecatte et al., 2006; Borges et al.,
2008), the Loire (10.5mol Cm2yr'; de la Paz et al., 2010),
and the Kennebec (0.9 mol Cm™2 yr’l; Salisbury et al., 2009;
Vandemark et al., 2009), while others act as sinks for atmo-
spheric CO, such as the Amazon (-0.5molm yr’;
Kortzinger, 2003) and the Changjiang (-1.9 molmyr™’;
Zhai and Dai, 2009). The direction of the annual net flux of
CO, in outer estuaries could be, to a large extent, related to the
presence or the absence of haline stratification that promotes
export of organic matter across the pycnocline and enhances
light availability for primary production (Borges, 2005). Haline
stratification generally occurs in high freshwater discharge sys-
tems; hence, large river plumes (Amazon and Changjiang) act
as sinks of CO,, while smaller systems (Scheldt, Loire, and
Kennebec) act as sources of CO, to the atmosphere. Hence, a
typological approach taking into account physical and biogeo-
chemical characteristics that drive a net annual sink or source of
CO, is required to estimate the global surface of outer estuaries
and scale globally the CO, fluxes from these environments, in
addition to more observations in different systems.
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