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1) Figure 12:
Y-axis of left-hand panel should be labelled “calc. pCO, at 25°C (nMol/kg)”.
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2) Figure 13:
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Preface

The Land-Ocean Interactions in the Coastal Zone (LOICZ) is one of eight Core Projects that comprise the
International Geosphere-Biosphere Programme: A study of Global Change. As its name implies LOICZ is
that component of the IGBP which focuses on the area of the earth’s surface where land, ocean and
atmosphere meet and interact. The overall goal of the project is to determine at regional and global scales:
the nature of that dynamic interaction; how changes in various compartments of the Earth system are
affecting coastal zones and altering their role in global cycles; to assess how future changes in these areas
will affect their use by people; and to provide a sound scientific basis for future integrated management of
coastal areas on a sustainable basis.

Land-derived carbon, nutrients, freshwater and sediments all enter the coastal zone at point inputs, the
river mouths. Changes in these inputs have major consequences for the entire sediment, nutrient and
carbon balance of the coastal sea. Annually around 0.4 gigatons of organic carbon in dissolved and
particulate form reach the ocean via river discharge and may be partially or totally respired thus forming a
potential natural source of atmospheric carbon dioxide. How much is actually respired is unknown, since
apparently much of this carbon is highly inert and mixes with seawater conservatively. Anthropogenic
inputs of nutrients, particularly nitrate and phosphate, to the coastal seas may result in increased biomass
production and therefore constitute a new additional sink for atmospheric carbon. Many of the uncertainties
in global carbon flow models may represent unquantified processes occurring in the coastal zone and the
present document provides a review of some of these uncertainties.

The need to understand the role of the coastal ocean in the global carbon cycle is of more than just
academic interest since, under the United Nations Framework Convention on Climate Change signatory
states are obligated to assess the sources and sinks of greenhouse gases in territories and areas (including
the Exclusive Economic Zones) under their jurisdiction. This obligation extends to both natural and
anthropogenic sources and sinks of greenhouse gases including carbon dioxide. Our present inability to
state definitively whether coastal seas are sources or sinks of carbon dioxide and the conditions under
which their status might change, represents a serious impediment not only to states wishing to meet their
obligations under the Convention but also, and perhaps more importantly, to our ability to predict the way in
which the Earth system is responding to global changes.

The present document represents a revised and expanded version of a presentation originally made by Dr
Kempe at the First LOICZ Open Science Meeting held in Raleigh, USA in June 1993. It provides a broad
and general overview of the issues and uncertainties surrounding carbon cycling in coastal seas, and
serves as a useful introduction to the literature. It has been produced by the LOICZ Core Project Office as
a stimulus to the network of coastal scientists participating in the LOICZ project and those interested in
global change and the coastal zone.

J.C. Pemetta,

December, 1995,

LOICZ Core Project Office,
Texel, The Netherlands.
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COASTAL SEAS:
A NET SOURCE OR SINK OF ATMOSPHERIC CARBON DIOXIDE ?

Introduction

Despite many years of research, it is still not possible to satisfactorily balance the disturbed global carbon
cycle. The global ocean is recognised as one of the major sinks for fossil and biogenic carbon released to
the atmosphere by human action. Several mechanisms (or pumps) are involved in the uptake of CO, by
the ocean (Figure 1). One is the net CO, uptake in the mixed surface layer by thermodynamic equilibration
in response to the rising CO, partial pressure (pCO,) in the atmosphere (the chemical pump). A second
mechanism involves the organic fixation .of inorganic dissolved carbon by phytoplankton through the
process of photosynthesis and the export of new primary production to sediments or abyssal water (the
biological pump). This pump may be enhanced by anthropogenic eutrophication of coastal seas. The third
mechanism involves the sinking of cold surface waters equilibrated to the recent high pCO, in polar
regions (the physical pump). Both the chemical and the biological pumps can operate in coastal seas as
well as in the open ocean. An important question to address is whether coastal seas, which constitute about
7.6% of the surface area of the world ocean, are a net source or sink of atmospheric CO..

pumps:

chemical biological physical

Figure 1. Schematic representation of the ‘pumps” involved in CO, uptake by the coastal sea.

At present, the question of whether coastal seas are net sinks or sources of atmospheric CO, cannot be
answered. Like all other natural systems, coastal seas are governed by numerous physical, chemical,
biological and geological processes which respond to external change on various spatial and temporal
scales. Therefore, a certain region of the coastal sea may be a sink for CO, under some conditions (for
example during the daytime, summer months, anthropogenic era, etc.) but not under others (for example
during the night-time, winter months, undisturbed conditions, etc.). Similarly a particular coastal sea may
be subjected to anthropogenic impacts such as enhanced inputs of nutrients, altering its capacity as a
source of sink of carbon.



Smith and Mackenzie (1987) and Smith and Hollibaugh (1993) have suggested that the ocean as a whole
is net heterotrophic, that is it releases or "exhales" more carbon dioxide to the atmosphere than it takes up
or "inhales". If it "inhales" more carbon dioxide from the atmosphere than it "exhales" it would be net
autotrophic. The difference between uptake and release, which is thought to be of the order of 0.25 GtC/a,
is actually quite small when compared to the total exchange of CO, across the sea/air interface of roughly
90-100 GtC/a (gigatons = 10°t carbon per year) or to the total global primary production of the oceans of 45
GtC/a (Bolin et al., 1979).

How is it possible to measure such a small difference in view of the large fluxes and their equally large
uncertainties? Smith and Mackenzie (1987) and Smith and Hollibaugh (1993) have argued that the net flux
should be represented by the apparent imbalance between total river input of organic carbon and total
organic carbon sedimentation in the ocean. They quote a total river transport of about 0.4 GtC/a (Meybeck,
1981; 1982) and a marine organic carbon burial rate of 0.15 GtC/a (Lerman et al., 1988) or 0.13 GtC/a
{Berner, 1982). Over the long-term the difference should be returned to the atmosphere and cannot reside
in the ocean. However, long-term in this case means in the order of several ocean tumovers with one
turnover taking on the order of 1500 years.

Therefore, if we were merely interested in the geological time scale of the carbon cycle, we would conclude
that coastal seas are a net source of carbon dioxide to the atmosphere (Figure 2). However, the figures
quoted for river delivery and marine burial can be debated. For example, Smith and Hollibaugh (1993) list
carbon burial rates ranging from 0.030 to 1.680 GtC/a. It is also possible that on shorter or regional scales,
coastal seas may act as significant net sinks for anthropogenic carbon in the atmosphere. Even if coastal
seas are a net overall source of CO, to the atmosphere, a reduction in this source would constitute a net
sink for anthropogenic carbon in the atmosphere. This seemingly paradoxical statement becomes
understandable if we consider that any naturally released CO, has also been consumed somewhere in a
steady-state world. Once a particular source is anthropogenically reduced, the original sink is free to
consume additional anthropogenic CO..

It is therefore necessary to investigate the role of the coastal seas in the global carbon cycle more
thoroughly if we want to know what happens regionally and on anthropogenically relevant time scales. This
is reflected in the research recommended in the LOICZ Implementation Plan (Pernetta and Milliman,
1995).

Are Coastal Seas a Sink or Source of CO, ?
Globally ? Most probably yes
Regionally ? Varies from region to region
Long-term ? Depends on maintenance of a steady state

Short-term ? Anthropogenic impacts are changing the state

Figure 2. A question of scales is involved in deciding whether coastal seas are a net source or sink of
atmospheric CO,. Note that the anthropogenic reduction of a natural source of CO, represents a
net sink for the disturbed global carbon cycle



Magnitude and Variability of River Input
Organic Carbon

Coastal seas receive a total of 35,000 km%a of fresh river water plus 15 x 10° t/a of total suspended solids.
Breakdown by continent is shown in Figure 3. Additional detail for individual rivers can be found in Milliman
et al., 1995. As a result of these inputs the coastal seas can have salinity and turbidity gradients that are
much stronger than those occurring in the open ocean. Only certain phytoplankton species can thrive
under such conditions and many highly turbid river plumes cannot sustain substantial photosynthesis until
their sediment load settles or becomes dispersed enough to allow minimal penetration of light.

The global organic matter transport by rivers has been quantified with a reasonable degree of certainty
(probably within + 30%). The results of the SCOPE/UNEP project (Degens et al., 1991) suggest a global
continental discharge of total organic carbon on the order of 0.33 GtC/a. This estimate is less than those of
Meybeck (1981;: 1982) and may therefore diminish the necessity to postulate a net coastal sea source of
carbon dioxide. However, the SCOPE/UNEP estimate is based primarily on data from large rivers and on
longer sample records, some of them multi-annual. The contribution of organic carbon to the total
particulate matter in large rivers and its per area removal rate is known to be less than in smaller rivers.
Therefore, the SCOPE/UNEP estimate may be biased somewhat to the low side.

Thousands

14

124

10

S. America N. America Africa Asia Europe

Freshwater Discharge Total Suspended Solids

Figure 3. Annual river discharge of freshwater (km*/a) and total suspended solids (10° ta) by
continental land mass (after, Degens et al., 1991).

Asian rivers furnish much higher quantities of organic carbon to the ocean than do the rivers of any other
region of the world (Figure 4) (Milliman and Syvitski, 1992). In Asia, organic carbon is largely transported in
particulate form (POC) whereas in South America organic carbon is mostly transported in dissolved form
(DOC). The total dissolved inorganic carbon flux, of 0.4 GtC/a, is somewhat larger than the total organic
carbon flux and it is removed preferentially from the northern temperate humid regions (i.e. Europe and
North America) (Figure 4) which have vast areas of carbonate source rocks. In contrast, much less
inorganic carbon is mobilised on the deeply weathered continents of Africa and South America.
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Figure 4. Annual river discharge of total organic carbon (TOC) and dissolved inorganic carbon (DIC) in
10%/a (after, Degens et al,, 1991).

We will never know the values for total organic carbon or dissolved inorganic carbon flux more precisely
than at present, simply because all "measurements" of transport are actually interpolations toward the
annual total based on a few samples widely dispersed in space and time. Methods of estimation, sampling
frequencies, sampling devices and analytical procedures all differ from river to river and from investigator
to investigator. Furthermore, rivers experience large intra- and inter-annual changes in their transport

capability.

This is illustrated using the example of the Parana River in Argentina which was sampled throughout a
century-flood triggered by the extraordinary strong ENSO (El Nifio/Southern Oscillation) event of 1982-
1983 (Figure 5). Water discharge increased by roughly 75% but total dissolved and total suspended solids
stayed nearly constant. At first thought, this may seem surprising. However, more water discharge does not
necessarily mobilise more sediment and, in case of the Parana River, increased amounts of the total
suspended solids are trapped in the inundated vegetation on the flood plain causing a de facto decrease of
their transport beyond a certain rise of the water level. As a consequence of this trapping effect, and the
increased proportion of inorganic material in the total suspended solids, the POC actually decreased by
43% despite the strong increase in water discharge. In contrast, excess removal of leached organics from
the soil and from the flood plain increased the DOC transport by 168%. Therefore, the DOC/POC ratio
changed from 1.7 to 8.1 and the total organic carbon transport increased from 4.4 to 8.4 x 10° t/a.

In addressing the question of whether coastal seas are a net source or sink of atmospheric CO,, however,
it is not the total organic carbon load that is of primary interest, but that fraction of it, which is easily
accessible to heterotrophic degradation (i.e. labile carbon). The majority of eroded terrestrial organic
carbon is derived from soil and consists of material which is rather inert or refractory. As a proxy measure
of labile organic carbon, we can use the fractions of sugars and amino acids found in the total organic
carbon. In the particulate organic carbon component, this fraction is between 10-30 % with an average
probably close to 15% (Figure 6). Together with the St. Lawrence and the Orinoco Rivers, the Parana
belongs to the group of rivers having relatively highly labile POC fractions (over 20%). in contrast, the
labile fraction in the DOC component appears to be lower in the Parana. For example, it was found to be
less than 6% for samples collected in 1981 and about 20% for samples collected in 1985 (Kempe and
Depetris, 1990).
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Figure 5. Effect of the 1982-83 ENSO event on total discharge, and selected dissolved and suspended
materials from the Parana (after, Depetris and Kempe, 1990).
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Figure 6. Estimates of labile organic carbon in major world rivers as a percentage of their total organic
carbon content (data from: Degens and litekkot, 1985)
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Figure 7. Conservative mixing of dissolved organic carbon discharged from the Ems, Elbe and Weser
Rivers into the German Bight (data from: Ittekkot et al., 1982).
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Figure 8. Diagrammatic representation of shelf transport processes.



Thus, it is safe to conclude that roughly 15% of the exported organic carbon in rivers could be readily
respired by micro-organisms in coastal seas to yield a potential source to the atmosphere on the order of
0.05 GtC/a. For comparison, Etcheber et al. (1993) reported that Wadden Sea sediments contain about
15% degradable organic matter, suggesting that this amount is characteristic of the labile organic carbon in
riverine POC.

The remaining refractory organic carbon delivered by the rivers probably reaches the open sea eventually
and contributes to the large pool of oceanic DOC (about 1000 GtC) which has a long and unknown
residence time and for which the removal mechanisms are unresolved. Conservative behaviour of
refractory organic carbon is also suggested by DOC data measured across river plumes which almost all
show linear change with salinity (Figure 7). Although flocculation of up to 10% is observed, substantial
active consumption by micro-organisms has never been reported (Burton, 1983).

The various processes which can affect the transport of carbon across the continental shelf are illustrated
in Figure 8. Conservative tracers are simply dispersed in relation to the increasing salinity. Suspended
matter is settled rather quickly by flocculation triggered by organic substances (not by salt as often
assumed). Storms can resuspend benthic sedimentary material, release nutrients from sediments and
move material both onshore or offshore, until it finally reaches a depositional environment, usually in
deeper water, where it will stay on the seafloor. Other processes, specifically the uptake of nutrients and
inorganic carbon by phytoplankton, occur seasonally. Most of the organic matter produced by the
phytoplankton is consumed in the water column, however, some fraction is deposited on the seafloor and
subsequently remineralised by benthos. It can also be recharged to the water column during storms or by
bioturbation. The refractory POC delivered by rivers must be quickly deposited near-shore and
subsequently be diluted with marine POC. Over several cycles of re-suspension and re-sedimentation, it
may eventually be transported to the edge of the continental shelf where it can be carried to deeper marine
basins by turbidity currents (Walsh et al., 1985).

Nutrients

The transport and partial consumption of terrestrial organic carbon in river discharge is accompanied by
phytoplankton productivity. Smith and Mackenzie (1987) correctly point out that coastal seas can only be
net heterotrophic systems if the liberated CO, is not subsequently consumed by photosynthesis.
Photosynthesis is fuelled by nutrients and therefore the nutrient load of a river is a decisive factor in
determining whether its plume will be net heterotrophic or autotrophic. Redfield (1958) has established that
marine phytoplankton utilise carbon, nitrogen and phosphorous at an average molar ratio of 106/16/1. This
is commonly known as the Redfield ratio and can be used to estimate the amount of potentially
sequestered carbon using nutrient transport data for rivers.

This is illustrated using data from four rivers: the Parana, Amazon, Rhine and Mississippi (Table 1). The
Parana and Amazon serve as examples of pristine rivers with very low nutrient loads while the Rhine and
Mississippi serve as examples of rivers which drain industrialised regions and have high nutrient loads.

As may be seen from Table 1, the Parana and Amazon carry roughly the same amount or more, of
inorganic as organic carbon. At first sight, the potentially sequestered carbon in the Parana appears to be
much less than the total organic carbon load. However, if we calculate the potentially labile organic carbon
load, then the potentially sequestered carbon is of the same order of magnitude. This makes it doubtful if
the Rio de la Plata, the estuary of the Paran4, is a net source of CO, to the atmosphere. In the case of the
Amazon, clearly not enough phosphate and nitrate are delivered to compensate for the total organic
carbon load. If one assumes that 20% of the total organic carbon load is labile, then the potentially
sequestered carbon is roughly equivalent, as it also appears to be in the Parana. Richey et al. (1991)
measured particulate phosphorus in the Amazon. Surprisingly, they found that ten times more particulate
phosphorus is transported than dissolved inorganic phosphorus. If all or part of this particulate phosphorus
could be used by phytoplankton, then all of the labile organic carbon plus most of the inorganic carbon
delivered could potentially be sequestered by phytoplankton. Under these circumstances, the Amazon
plume should be a net sink for CO».
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In the case of the two rivers high in nutrients, the potentially sequestered carbon in the Rhine is large
enough to compensate for more than all of the transported total organic carbon, or nearly all in the
Mississippi (Table 1). If we also consider total organic carbon lability and particulate nutrient loads (for
which no data are available), then clearly the plumes of both these nutrient-rich rivers should be net
autotrophic. :

Obtaining accurate estimates of nutrient discharge in rivers is complicated by the fact that anthropogenic
eutrophication has been increasing dramatically over the past few decades. The Danube provides a rather
extreme example of this. Between 1948-1959 and 1989, the total transport of dissolved nitrate + nitrite-
nitrogen rose from 12,500 to 273,000 ¥/a, a 22-fold increase. More recent measurements indicate an even
larger transport, greater than 300,000 t/a (C. Humborg, personal communication). Over the same time
interval, the phosphate-phosphorus increased five times from 5,500 to 29,300 t/a. As a result, the N/P ratio
increased from 5 to 21 which shifted the Danube from conditions of nitrogen limitation to phosphorus
limitation with respect to the Redfield ratio (N/P = 16). The dynamic situation in riverine nutrient loads
makes it difficult to establish reliable estimates of global transport loads. Current estimates are presented in
Table 2 along with respective C/N/P ratios.

The overview of current estimates of global riverine transport for numerous important biogeochemical
variables in given in Table 2. Potentially sequestered carbon induced by natural nitrate and phosphate
fluxes is obviously much lower than total organic carbon loads. However, if anthropogenically increased
fluxes, plus particulate phosphorus and the lability of total organic carbon are taken into account, then
potentially sequestered carbon surpasses by far the point at which coastal seas would become net sinks of
CO.,. Therefore, anthropogenic eutrophication in recent years must be causing a shift from heterotrophy to
near equilibrium conditions or even to autotrophy in coastal waters. This trend is especially prominent in
Europe where 70% of the total organic carbon transport is already balanced by inorganic N and P inputs,
the ratio of total organic carbon to nitrate nitrogen to phosphate phosphorus being 157:21:1 (Table 3).

Table 3. Dissolved inorganic carbon, total organic carbon and nutrient transport from Europe for two
different total discharge scenarios; Q, is derived from the SCOPE river data set (Kempe et
al., 1991); Q; is the discharge assumed by Baumgartner and Reichel (1975).

Discharge

Q; = 2344 km°/a Q. = 2800 km*/a Ratio

va10® | Wai0™ vai0® [ wa10” C:N:P
Dissolved Inorganic Carbon - - 60.4 5.03 423
Total Organic Carbon 18.87 1.57 22.54 1.88 157
Dissolved Nitrate Nitrogen 2.89 0.21 3.45 0.25 21
Dissolved Ammonium Nitrogen 1.0 0.07 1.19 0.085 7
Dissolved Phosphate Phosphorus 0.31 0.01 0.37 0.0119 1
Total Phosphorus 0.38 0.123 0.46 0.0148 1.24

What can we expect to happen with river loads in the immediate future due to human activities that might
have an impact on the coastal seas? Rivers suffer increasingly not only from pollution and nutrient input
but also reservoir building. Reservoirs are very effective traps for particulate matter. For example, the
entire Nile sediment load of 125 x 10° t/a is trapped today in Lake Nasser instead of moving downstream to
rejuvenate Egyptian flood plain soils and stabilise the Nile delta. Therefore, most of the particulate organic
carbon previously delivered to the coastal zone is now trapped and buried in the reservoir. Labile organic
carbon is also consumed and released as CO, which either enters the atmosphere, or is consumed in the
dissolution of suspended calcium carbonates. Therefore, the dissolved organic carbon finally discharged
from the reservoir is much more stable and has lost most of its seasonal variability in concentration. With
regard to nutrients, reservoirs behave in a similar manner to sewage plants in that they extract dissolved
inorganic N and P and form particulate organic carbon which settles to the sediments. As a result, the Nile
is virtually devoid of nutrients below the Aswan Dam until it becomes gradually polluted by anthropogenic
input further downstream.
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In summary, we should expect a general decrease in the particulate organic carbon discharge of rivers to
the coastal zone as a result of reservoir construction. This in turn will diminish the potential of coastal seas
for respiration and shift them more toward net autotrophic conditions. Reservoirs also cut down the nutrient
loads of rivers. However, since most nutrients enter the rivers in the heavily populated coastal zones
situated mostly below the reservoirs, the nutrient input, specifically of nitrate, will probably continue to
increase in the immediate future.

Even though nutrient concentrations in major world rivers can differ by more than two orders of magnitude,
the ratio between nitrate and phosphate concentrations lies in a rather narrow field (Figure 9). The ratio is
in fact quite close to the Redfield ratio of N/P = 15. Rivers above the regression line have a nitrate surplus
and phosphate limitations while those below the line have a phosphate surplus and nitrate is the limiting
nutrient. Note that all Chinese rivers lie above the line, reflecting the predominant use in China of manure
as a fertiliser which is poor in phosphorus.
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Figure 9. Relationship between nitrogen and phosphorus content of freshwater discharge for a selection of
world rivers (data from Degens, 1982; Bennekom and Salomons, 1981; Meybeck, 1982).

The available data indicate that the global average nitrate to phosphate ratio in the coastal zone is most
likely greater than 15. Therefore, coastal seas should become increasingly phosphate limited. This has in
fact been observed at the long-term monitoring station situated off the island of Helgoland in the German
Bight of the North Sea. Over a period of 23 years, the phosphate concentration increased from 0.55 to 0.97
uM/l while NO; increased from 5.56 to 16.45 pM/l which has resulted in an increase in the N/P ratio from
10 to 17 (Berg and Radach, 1985).

Another example is the Black Sea where the total amount of nitrate has apparently increased considerably
in the past 20 years (Codispoti et al., 1991; Tugrul et al, 1992). The measurements taken during the 1969
Atlantis Il cruise (Brewer, 1971) showed that the maximum nitrate concentration was about 2 uM at a
density level of about 15.7 sigma theta (Figure 10). During the 1988 Knorr cruise (Friederich et al., 1990),
the maximum increased to about 8 uM and had risen to 15.4 sigma theta. In the surface layer (above 14.0
sigma theta), all the nitrate is consumed by phytoplankton. Below 16.2 sigma theta, the nitrate is reduced
due to the presence of anaerobic conditions. These limits have not changed in the last 20 years. The
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quadrupling of the maximal NO3 concentration is equivalent to an increase of the NO3; content on the order
of 100-300 mM/m?. This increase has most probably been caused by the eutrophication of the Black Sea
through riverine nutrient inputs. As noted above, the nitrate transport of the Danube River has increased
twenty-fold since the 1950's (see inset in Figure 10) and this is equivalent to a cumulative input of roughly
700 mM/m?. Thus, the Danube alone could be responsible for the observed nitrate increase in the Black
Sea. In fact it appears that large quantities of nitrate must have been lost from the system (20-30
mM/m?a). This could be happening by sedimentation of organic matter or, more probably, by
denitrification at the O/H,S interface in the water column.

sigma theta
14

100-300
mM/m?2

Danube
Nutrient Discharge

PO,-P |  Mean 1948-59 |

. Mean 1989 |

250 300 350.

0 2 4 6 8 10
Nitrate {(uM}

Figure 10. Increase in nitrate in the Black Sea between 1969 and 1988. The inset illustrates the increase
in nutrient discharge from the Danube between the ninteen fifties and 1989 (Codispoti et al.
1991, Tugrul et al. 1992, Brewer 1971).
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Denitrification at the interface between the oxygenated surface layer and the anaerobic waters of stagnant
basins is also the cause of intensive nitrate loss in the Baltic Sea. As a consequence, this coastal sea has
become nitrogen limited giving rise to extensive cyanobacteria blooms in summer which have the ability to
conduct nitrification enzymatically. In the Baltic Sea nitrification by cyanobacteria (130,000 t/a) is
comparable to the entire discharge of nitrogen from Poland (110,000 t/a) (Rosenberg et al., 1990).

Tugrul et al. (1992) also compared the measurements of phosphate and silica made during the 1969
Atlantis I, the 1988 Knorr and the 1991 Bilim cruises. They found only a slight increase in phosphate from
about 6 to 8 mMW/. Silica, on the other hand, decreased in concentration in surface waters (above about
15.7 sigma theta) but increased below this density level. As a consequence, less silica is available for
spring diatom blooms (diatoms consume silica to build their frustules) today than in the past, and other
phytoplankton groups, such as dinoflagellates, are likely to proliferate.

These examples illustrate that the increasing concentrations of nutrients in riverine input can have a
pronounced effect on the carbon balance of coastal seas. Changes in the intensity and composition of
phytoplankton blooms, and hence in coastal carbon balance, must therefore have occurred in the recent
past and are most likely continuing to occur today.

The pCO, of Coastal Seas

The above discussion has only dealt with carbon balances and not the actual CO, pressure of coastal seas
(PCOy). This has been done deliberately because to date only a few studies have actually measured or
calculated pCO, in near-shore waters (for example, Kempe and Pegler, 1991).

For surface water to become a source or sink for atmospheric CO,, its internal CO. pressure must be
larger or smaller respectively, than the atmospheric pCO; (currently 350 ppmv). The internal pressure is
determined by the thermodynamics of the carbonate system (Broecker and Peng, 1982) and can be
altered by a variety of processes. The most important include the removal of CO, by photosynthesis and
the release of CO, by respiration. Therefore, surface waters will have fluctuating pCO, levels related to
daily, weekly and seasonally induced changes in the rates of photosynthesis and respiration as well as
temperature changes.

There are several ways to obtain accurate figures of pCO. in coastal waters. One is to directly measure the
CO, concentration in a small volume of carrier gas which has been equilibrated with a large volume of
seawater. Another method is to measure potentiometrically the alkalinity (sum of the charges of weak ions,
mainly carbonate and bicarbonate) and the total dissolved CO. (the molar sum of CO,;, HCO,;, CO, and
H,CO3) and to calculate the pCO, using standard thermodynamic equations (Pytkowicz, 1983). A third
method is to measure the pH, alkalinity and salinity and compute pCO, by applying a numeric ionic model
of aqueous solutions such as WATMIX or PHREEQE (Wigley and Plummer, 1976; Parkhurst et al., 1980).
In seawater, the pH is governed by the acid-base reactions of the carbonate system and is therefore a

proxy for the pCO..

The relationship between pH and pCO. (calculated from pH, alkalinity and salinity) in over 500 surface
water samples collected from the North Sea is plotted in Figure 11. In spite of the large range of
temperatures, salinities and alkalinities used in the calculations, the pH is apparently, a rather accurate
proxy of pCO, and therefore should respond to the rather large changes in pCO, expected in coastal seas.

No diurnal pCO, record is currently available for any coastal site. However, an example from the Sargasso
Sea is shown in Figure 12. During the daytime, the pCO, and the free CO, concentrations decrease slowly
due to photosynthesis. During the night, respiration dominates and most of the CO, sequestered during the
day is slowly returned to the water column until the pCO, reaches its diumal maximum shortly before
sunrise. The total diumal amplitude is 1 pMC/ (or 12 mgC/m®) and is a measure of the daytime net primary
production minus autorespiration and gas invasion from air. The pCO, stays below the atmospheric pCO.
indicating that this region of the ocean is, as is most of the North Atlantic, a net sink for atmospheric CO..
This particular diumal cycle was recorded in December illustrating that photosynthesis is important in this
subtropical region even under the reduced light conditions of winter.
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Figure 12. Diurnal changes in partial pressure of CO; in the Sargasso Sea (unpublished data Pegler et al))
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Figure 13. Long term records of pH (above) and calculated values of pCO, (below) at a station off
Helgoland in the German Bight, North Sea. (data provide by W. Hidal, Hamburg, Germany).



Figure 14. Surface pCO, in the North Sea in May/June 1986 (Kempe and Pegler, 1991).
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Between 1962 and 1978 the pH was monitored at a station in the German Bight off Helgoland where the
plumes of the Weser and Elbe Rivers mix with central North Sea water. This pH record reproduced in the
upper half of Figure 13 was converted to pCO. using the relationship in Figure 11 and the results are
plotted in the lower portion of Figure 13. The data show several distinctive periods with different scattering
characteristics. Apparently, the techniques used to measure pH changed several times during the time
series and the electrodes used drifted during the first three and the last two years of the record. Despite
these problems, a systematic seasonal change in pCO; is readily identified. During winter, values are high
but they decrease sharply in spring and recover slowly during autumn and winter. This cycle is contrary to
what would be expected in an abiotic ocean where the seasonal heating of the water should increase the
pCO. in summer and lower it in winter. Thus, biological activity not only counterbalances seasonal heating
but extracts additional CO, from the atmosphere throughout the summer.

The overall average of the record (about 480 ppmv) is much higher than current atmospheric pCO, (about
350 ppmv) and suggests that the North Sea is a net CO, source to the atmosphere. However, such a
conclusion is probably premature because of a poor standardisation of the pH measurement. Furthermore,
the large scatter toward positive values suggests that measurements have not been made in situ but in
samples stored for some time so that respiration could have increased pCO,. The same conclusion can be
drawn from the fact that even in summer the water pCO; is only marginally lower than atmospheric pCO,
in spite of very high nutrient loads and high productivity (Berg and Radach, 1985).

In May-June 1986, a biogeochemical survey of the entire North Sea was conducted as part of the ZISCH
program. Alkalinity, total dissolved CO,, salinity, temperature, pH and nutrients were determined in over
1,000 samples collected from 5m and deeper. Surface pCO, for the North Sea was calculated from this
data set using the procedures outlined in Pegler and Kempe (1988) and the results are plotted in Figure 14.
The central gyre of the North Sea, the inflowing North Atlantic water north of Scotland and a small strip
along the British coast showed a pCQO, value higher than that of the atmospheric (i.e. greater than 350
ppmv) while the rest of the region showed a pCO, below that of the atmosphere. Along the Dutch-German-
Danish coast a belt of very low pCO, was recorded which coincides with the low salinity plumes of the
Rhine, Weser and Elbe Rivers. At some places, the pCO, dropped below 100 ppmv due to the intense
spring plankton bloom.

In order to estimate the net flux of CO, from the North Sea, the areas (km? of the different pCO,
concentrations were first determined (Figure 15a). At the time of sampling in 1986, the pCO. of the
atmosphere was 346 ppmv or 19.9 mM/m”. Clearly, a greater area of the North Sea has a pCO, less than
atmospheric pCO; than larger. Next,.the following CO.-flux model was applied to the data (Broecker and
Peng, 1982; Liss and Merlivat, 1986):

COflux = D x ([COar - [COJweter) / Z)
where:

o D is the diffusion coefficient (1.32 x 10° cm%/sec or 1.14 x 10* m?d at the average temperature of
8.6°C during May-June 1986); A

¢ [CO.l.r and [CO.)water are the respective CO, concentrations (not pressures) in air and water; and,

e Zis the thickness of the boundary layer [estimated by Broecker and Peng (1982) to be 40 mm for the
ocean).

Decreasing Z by 25% to 30 mm, which happens naturally during storms, increases the flux by 25%. The
calculated fluxes for all concentration ranges are plotted in Figure 15b. The largest flux occurs in the 250-
300 ppmv range. In total, these data indicate that in 1986 the North Sea released 1.14 x 10° M/d from the
areas supersaturated with GO, and gained 3.14 x 10° M/d in the areas that were undersaturated. The net
gain amounted to 2 x 10° M/d (24 x 10° tC/d). If one assumes that the conditions encountered during this
cruise are representative for the warm season of the year, then uptake over a half year is on the order of
4.3 x 10° t C. This figure compares favourably with a potentially sequestered carbon value of 56 x 10°t C
estimated from the average annual anthropogenic nutrient input to the North Sea (120 x 10°t P and 970 x
10°t N) (ICES 1978).
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The net uptake of CO; calculated for the North Sea by the above model is very small compared to the
estimates of the actual gross pnmary production. Aletsee and Rick (1988) suggest that gross primary
productnon amounts to 170 x 10° t C in summer. Subtractmg the autorespiration, which is estimated to be
20 x 10° t G, yields a net primary productlon of 150 x 10° t C. This is produced by a standing stock of
phytoplankton amounting to only 1.4 x 10° t C which means that the carbon must be turned over every 1.3
days on average. If this did not happen, the entire North Sea, which has 270 x 10°t C of i inorganic carbon
in the upper 20 m, would be completely depleted of carbon within 1.6 years. The measurements of the total
dissolved CO, show only small depletions of inorganic carbon locally (not much more than 100 mM/).
Therefore, remineralisation must quickly return organically fixed carbon to the inorganic carbon pool.
Apparently, only small fractions escape heterotrophic consumption. Sediment trap experiments (Kempe
and Jennerjahn, 1988) yielded vertical organic carbon fluxes of 8.7-27 mgC/m /d and a CaCO; fluxes of
2.4-8.0 mg C/m?/d. The average fluxes may therefore reach 1.5 x 10° t organic carbon and 0.3 x 10° t
inorganic carbon over a half year period. This is comparable to only 1% of the net primary production.
Sediments in shallower parts of the North Sea may receive larger amounts of net primary production but
on the other hand this material could be readily resuspended by storms.

In summary, we are far from being able to construct a fully balanced carbon model for the North Sea
(Figure 16). However, one thing is certain. We must look for residual fluxes (net CO, uptake or loss
through the air-sea interface, net carbon accumulation in the sediments, etc.) which are very small in
comparison to the much larger gross fluxes.

North Sea Carbon Cycle

(Kempe and Pegler, Tellus 1991) / Invasion of CO,
Atmosphere ¢ 4.3 Mio tC/a/2
pCO, = 346 ppmv \ 0.2 pMkg/d
Z =40 pum
A North Sea Surface pCO, = 323 ppmv
Primary
Productivity Phytoplankton
170 Mio tC/a/2 1.4 miotC
7.4 uM/ka/d

Autotrophic Uptake of CO, Loss of CO,

Respiration 156 Mio tC/a/2 due to warming

20 Mio tC/a/2 6.8 pM/kg/d 9.7 Mio tC/AR2

0.8 uM/ka/d 0.4 uMka/d

! l——> f
Heterotrophic 27;%% ic
Respiration
150 Mio tC/a/2 >2130 pM/kg
6.6 uM/ka/d
uMia! 1 Euphotic Zone h=20m
Vertical Particle Flux Convection ? Aphotic Zone
T
CaCO; + CH.0 TCO, CO > 350 ppmv ( B30 M C
v, 1.8 Mio tC/a/2 2 Mio tC/a/2
<2130 uM/kg
0.1 pMkg/d 2 uM/kg/d k

Figure 16. A preliminary carbon cycle budget for the North Sea (Kempe and Pegler, 1991).
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Other Sinks for Respired Terrestrial Organic Carbon

The data reviewed above support the hypothesis that large areas of the world coastal zone may have lost
their natural heterotrophic status and become autotrophic because of anthropogenic eutrophication. They
have become sinks of atmospheric CO; instead of sources. However, there may be other processes at
work which could have diminished net heteroirophy of coastal seas prior to anthropogenic eutrophication.
The most important process is probably sulphate reduction.

Sulphate reduction

The chemistry of bacterial sulphate reduction, during which the charge of the consumed sulphate ion is
replaced by alkalinity, is illustrated in Figure 17. Basically, sulphate reduction causes organic carbon to be
transformed into alkalinity (HCO; ions) thereby preventing its loss to the atmosphere as CO» which would
occur-if the organic carbon was consumed by aerobic respiration. It has been shown that riverine POC
delivered to the coastal seas is more labile than riverine DOC. Terrestrial POG, plus a certain portion of
marine POC can be deposited at least temporarily near-shore where it can be remineralised in the
sediment under reducing conditions to produce alkalinity. This mechanism is at work in stagnant marine
basins, such as the Black Sea and the Baltic Sea (Kempe, 1990), and results in the export of excess
alkalinity to surface waters. For example, in the Black Sea surface and deep waters have acquired
alkalinity’s of 3.4 and 4.3 meq/l respectively (compared to the oceanic average of 2.2 meq/l) in spite of the
low salinity of this water body (alkalinity is normally a rather conservative property of seawater). Thus,
alkalinity increases observed in coastal waters could possibly reveal significant remineralisation of organic
carbon by bacterial sulphate reduction.

CO, 0. Fe

epicontinental reefs

stagnating basin

0106 H263 0110 N16 P1 + 5380§- + 14 H2O ::>
53H,S + 106HCO3 +HPO3 + 16 NH} + 140H"

Figure 17. Diagrammatic representation of the Alkalinity pump (Kempe, 1990).

Tentative support to this hypothesis is given by the distribution of alkalinity in the North Sea measured in
May/June 1986 (Figure 18). A zone of increased alkalinity values is found close to shore. The source of
this alkalinity could be sulphate reduction in tidal flat sediments. However, it could also be excess alkalinity
derived from freshwater import. The regression of total alkalinity versus salinity suggests a freshwater end-
member concentration of 2.61 meg/l (Figure 19). The Elbe had an average alkalinity of 2.2 meg/ in 1975-
1977 (Kempe, 1982a) and the Weser had an alkalinity of 2.86 meg/! in 1978 (dKempe, 1982b). Weighting
these end-member concentrations according to discharge (24 versus 8.6 km“/a), the combined riverine
end-member would amount to 2.32 mey/! which is still less than the observed end-member composition of
2.81 meg/l. This difference could either arise from the postulated sulphate reduction-generated alkalinity or
from interannual changes in the alkalinity of the river inputs. Both these processes will be studied in the
North Sea KUSTOS project being conducted by Germany.
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Figure 19.
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The export of excess alkalinity due to bacterial sulphate reduction has been recently reported by Smith et
al. (1991) in Tomales Bay, California. This result suggests that sulphate reduction may be a universally
more important biogeochemical reaction in coastal waters than previously recognised. However, in neither
Tomales Bay nor the North Sea was the increased alkalinity balanced by an equivalent increase in total
dissolved CO, which should have been the case at the original site of sulphate reduction. This equivalent
excess total dissolved CO, has probably been degassed from Tomales Bay as CO, (Smith et al., 1991) or
taken up by phytoplankton in the North Sea to form POC. During a vigorous bloom, the extraction of total
dissolved CO, to form organic matter must cause the formation of carbonate ions in order to keep the
charge balance of the increased alkalinity constant:

2HCO; = CO5> + CH.0 + O,

This in turn will lead to an unusually high pH value for sea water (>8.7 in case of the North Sea). Carbonate
ion concentration is, on the other hand, a measure of the buffering capacity of seawater. A high carbonate
ion content therefore provides a higher buffering capacity to additional atmospheric or respirational CO,
uptake that could take place later in the history of the water mass.

Calcium carbonate dissolution

Another possible mechanism that might buffer increased pCO, values caused by remineralisation of labile
organic carbon is carbonate mineral dissolution which can be represented by the following equation:

C02 + Hzo + CaCO:; C T+ 2HC03-

The surface waters of the ocean are normally supersaturated with regard to both calcite and aragonite, the
two most common phases of calcium carbonate. However, under increased pCO,, aragonite and even
calcite undersaturation may be reached. Such environments are found in estuaries where rivers high in
pCO: and low in suspended carbonate minerals mix with seawater of low pCO, but with carbonate particles
in suspension. In general, due to the respiration of labile carbon in transport, rivers have a much higher
pCO; than the atmosphere, often 20 times higher (Kempe, 1982a; 1984). The non-conservative increase
of alkalinity and pH in the Elbe Estuary caused by the dissolution of marine suspended carbonates and the
consumption of free CO, from the Elbe water is shown in Figure 20. Due to the non-inearity’s in the
redistribution of the relevant carbonate species (Wigley and Plummer, 1976), the mixing of two water
sources with different pCO, may cause temporary undersaturation even if both of the: end-member
solutions are saturated or slightly oversaturated. Therefore, we can suspect that alkalinity is generated from
free CO, or from in situ respired labile organic carbon in many estuaries, thereby diminishing the CO.
source function of coastal seas (Kempe, 1984, 1988).

It is conceivable that carbonate dissolution induced by increased pCO, occurs in porewaters of shallow
shelf sediments (prone to re-suspension during storms) and intertidal sediments (prone to discharge at low
tide) and can also add alkalinity to seawater. However, there is no quantitative information on the potential
significance of this process.

Summary

The question whether coastal seas are a net source or sink of CO, to the atmosphere is not easily
answered. As a first approach, the difference between riverine discharge of organic carbon and total
marine sedimentation, using subjectively "best" estimates, suggests that coastal seas should be net
heterotrophic, that is they release more CO, to the atmosphere than they take up. However, current "best"
estimates on river organic carbon discharge [0.33 GtC/a (Degens et al., 1991) and 0.4 GtC/a (Meybeck,
1981; 1982)] are not more accurate than + 0.1 GtC/a and estimates of carbon burial differ even more
widely. In a recent overview, Smith and Hollibaugh (1993) quote values of carbon burial between 0.030
and 1.680 GtC/a but argue that the "best" estimate is 0.13 GtC/a (Berner, 1982). This leaves a source term
between 0.2 and 0.27 GtC/a.

In addition to the question of exact numbers, the question of the lability of riverine total organic carbon is
important. Riverine DOC in general is mixed conservatively into ocean waters while POC is much more
labile. One measure of lability is to add the concentrations of amino acids and sugars contained in total
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organic carbon. Doing this suggests that the iability of riverine total organic carbon is on the order of 15%
which substantially reduces the potential for near-shore respiration to 0.05 - 0.06 GtC/a. This amount has to
be compared to the potentially sequestered carbon as estimated from the dissolved nutrient input using the
Redfield ratio. Again, the available numbers are at best, estimates. Specifically, particulate phosphorus
loads could play a much larger role than currently thought in sequestering inorganic carbon released by
aerobic respiration. Large differences exist between individual river plumes and those unaffected by
pollution are probably close to a balanced CO, budget while those from industrialised regions with high
nutrient loads probably sequester more inorganic carbon than is released by the remineralisation of their
labile carbon. In particular, the coastal seas around Europe have probably changed in recent years from
net sources to net sinks for atmospheric CO..

On average, the pre-industrial global coastal sea was probably slightly heterotrophic, but in recent decades
it has probably become autotrophic thereby causing either an increase in marine organic carbon burial or
an increase in the oceanic DOC and dissolved inorganic carbon pools.

Additionally, other natural sinks for CO, remineralised from terrestrial carbon must be considered. Sulphate
reduction in sediments or calcite dissolution in the estuaries of rivers with high pCO, could produce
additional alkalinity.

Much needs to be learned about the details of the carbon, nitrogen and phosphorus cycles in the diverse
coastal seas around the world before their role in global cycles can be fully understood. Such
biogeochemical studies are a major focus of the Land-Ocean Interactions in the Coastal Zone (LOICZ)
Core Project of the IGBP described in detail by Pernetta and Milliman (1995). Gordon et al. (in press) have
produced a guideline document that outlines biogeochemical modelling methodologies that will help
promote the collection and analysis of necessary data, and resolve these issues.
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