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Abstract. Five large rivers that discharge on the western North Atlantic continental shelf cany 
about 45% of the nitrogen (N) and 70% of the phosphorus (P) that others estimate to be the 
total flux of these elements from the entire North Atlantic watershed, including North, Central 
and South America, Europe, and Northwest Africa. We estimate that 61 . lo9 moles y" of N 
and 20. lo9 moles y-' of P from the large rivers are buried with sediments in their deltas, and 
that an equal amount of N andP from the large rivers is lost to the shelf through burial of river 
sediments that are deposited directly on the continental slope. The effective transport of active 
N and P from land to the shelf through the very large rivers is thus reduced to 292 - 10' moles 
y-' of N and 13 . lo9 moles y-' of P. 

The remaining riverine fluxes from land must pass through estuaries. An analysis of annual 
total N and total P budgets for various estuaries around the North Atlantic revealed that the 
net fractional transport of these nutrients through estuaries to the continental shelf is inversely 
correlated with the log mean residence time of water in the system. This is consistent with 
numerous observations of nutrient retention and loss in temperate lakes. Denitrification is the 
major process responsible for removing N in most estuaries, and the fraction of total N input 
that is denibified appears to be directly proportional to the log mean water residence time. In 
general, we estimate that estuarine processes retain and remove 3665% of the t o t a l u n d  
10-55% of the total P that would otherwise pass into the coastal ocean. The resulting transport 
through estuaries to the shelf amounts to 172-335 . lo9 moles y-' of N and 11-19 . lo9 
moles y-' of P. These values are similar to the effective contribution from the large rivers that 
discharge directly on the shelf. 

For the North Atlantic shelf as a whole, N fluxes from major rivers and estuaries exceed 
atmospheric deposition by a factor of 3.5-4.7, but this varies widely among regions of the 
shelf. For example, on the U.S. Atlantic shelf and on the northwest European shelf, atmospheric 
deposition of N may exceed estuarine exports. De~trification in shelf sediments exceeds the 
combined N input from land and atmosphere by a factor of 1.4-2.2. This deficit must be met 
by a flux of N from the deeper ocean. Burial of organic matter fixed on the shelf removes only 
a small fraction of the total N and P input (2-1 2% of N from land and atmosphere; 1-17% of 
P), but it may be a significant loss for P in the North Sea and some other regions. The removal 
of N and P in fisheries landings is very small. The gross exchangeof N and P between the shelf 



and the open ocean is much larger than inputs from land and, for the North Atlantic shelf as 
a whole, it may be much larger than the N and P removed through denitrification, burial, and 
fisheries. Overall, the North Atlantic continental shelf appears to remove some 700-950. 10' 
moles of N each year from the deep oceanand to transport somewhere between 18 and 30.10' 
moles of P to the open sea. If the N and P associated with rivedne sediments deposited on 
the continental slope are included in the total balance, the net flux of N to the shelf is reduced 
by 60 . 10' moles y-' and the P flux to the ocean is increased by 20 . 10' moles y-'. These 
conclusions are quite tentative, however, because of large uncertainties in our estimates of 
some important terms in the shelf mass balance. 

The word "margin'? appears commonly in papess d d h g  with exchanges 
between land and sat, It is a conveniently ambiguous tern fur an interface 
rbat is &%cult to define. We use it here to refer to the whole complex 
border of environments between free-flowing fresh water .and the edge of 
@ee continental shelf, irrc1udhg intddal  wetlands, estuaries, and the shelf. - - - -  
W e  it would be best to &&be the- outer boundary ofthe: shelfby a marked 
change in warn depth, a practical matter we define the shelf as extending 
sawanl to a depth of 100 or 209 m. Axeas withiin each of thme depths have 
been d-culated Cpjlson & S~itzinger~ this velum@), and one or the other is 
l3equently used'to fix the shelf-slope boundary pisma 1988). 

If we define the oceans as begginning where fresh and salt water first meet 
-- [an admittedly elusive pint), then Cha nitrogen and pbphorus (P) fluxes 

reported by Hawarth et al, (this volume) may be taken as the inputs to the 
North Atlantic from lanil, In what may have been the first attempt to develop 
nutrient budgets for the world ocean, Emery et al. (1955) worked from such 
a perspective and atablished a convention for later efforts (for example, the 
Paris fimi.ssion as discussed by Balls 1994). During the last 15-20 years, 
howevere there has b a n  a growing appreciation that intenso biogeochemical 
exchanes in estuaries [inchding their wetlands) and on the continental shelf 
may influence marlcedly the net flux of N and P from land to the open ocem 
W o n d e t  al. 1981; GESAMP 1987; Balls 1994; Howarth et al. 1985; Nixon 
et al. 1995). In this report we attempt to assess the magnitude of this influence 
around &I& land-sea m a .  of the North Atlantic so that we can estimate 
the net transport of N and P from land onto the continental shelf and the net 
exchange between the shaff md the open sea, 

Very large rivers 

Five major rivers with an average water flow exceeding 3000 m3 s- discharge 
directly onto the continental shelf on the western side of the North Atlantic 



Table I. Estimated flux of total nitrogen and hosphoms in major rivers that discharge 
directly on the North Atlantic continental shelf. P 

Water ~ i schar~e '  ,, 10' moles y -' 
m3 s-' N P 

~ississippi-&chafalaya3 17,545 130 3.5 
Grijalva-usumacinta4 (Western Gulf of Mexico) 3,265 13 0.05 
h4agdelena4 (Central America) 8,000 9.5 0.6 
0rinoco5 (Central America) 28,000 39 2.3 
h a z o n 6  180,000 - 223 - 47 

Total direct discharge on shelf7 414 53 

' The St. Lawrence is also a very large river (10,400 m3 s-I), but it does not form a delta 
and contains an estuarine mixing zone at its mouth (Czaya 198 1; Bugden 198 1). 

Czaya(l981). 
Recent values calculated by Howarth et al. (this volume) from data summarized by Turner 

and Rabalais (1991). 
Calculated assuming that the ratio of river nutrient discharge to regionalnutrient discharge 

is equal to the ratio of river water discharge to regional water discharge as reported by 
Nowarth et al. (this volume). 

Lewis & Saunders (1989). 
N from Solati et al. (1982); P from Devol et al. (1991). 
As discussed in text, we estimate that 29% of this N and 75% of this P is buried in deltas 

and on the continental slope. 

(Czaya 1981). Because the flows from these rivers are sufficiently great that 
fresh and salt water mixing takes place largely on the shelf, rather than in 
an estuarine embayment, we can consider the N and P they carry as direct 
additions to the shelf. Unfortunately, the fluxes of total N and total P in two of 
these rivers (the Grijalva-Usumacinta and the Magdelena) appear not to have 
been measured, and we have assumed that the discharge of N and P from 
the regions they drain is partitioned according to regional water discharge as 
described by Howarth et al. (this volume). The contributions of N and P from 
the Mississippi, the Amazon, and the Orinoco have been measured directly 
(Table 1). Together these five river systems appear to carry about 45% of the 
N and 70% of the P that Howarth et al. (this volume) calculate for the total 
riverine flux to the North Atlantic. 

These fluxes are so large that it is useful to consider them in more detail 
rather than simply entering them in future tables as inputs to the shelf. This 
is particularly important for P, because a very large portion of the total P 
carried by the rivers is associated with suspended sediments. Most of this P 
will ultimately be buried with the sediments and thus not play an active role 
in what are geologically speaking short,term biogeochemical processes on 
the shelf and in the ocean (Froelich 1988). 



The fate of the sediment discharged by the very large rivers (Table 2) is 
not known with a great deal of certainty - some accumulates in the delta 
formed at the mouth of each of the rivers (Table 2), same may be deposited 
elsewhere on the shelf away from the delta, and some is carried over the shelf 
break and buried on the continental slope. For the purpose of this accounting, 
we assume that 50% of the sediment discharged from each river is buried in 

- 

its delta as found for the Amazon (Kuehl et al. 1986). We further assume that 
the remaining sediment is deposited and buried on the slope, thus bypassing . 

the shelf entirely. 
Because there have been few reports of the N content of delta sediments, 

we based our estimate of N burial on the more numerous measurements of 
organic carbon and an assumed C/N ratio of 10 (molar). Meybeck (1982) 
reported a C/N (molar) ratio of 9.3-14 for marine sediment and DeMaster et 
al. (1994) found a range from 7.5 to 10 in rapidly accreting slope sediments 
off North Carolina. Trefry et al. (1994) reported a C/N (molar) ratio of 9.9 
for particulate organic matter in the Mississippi River and Richey & Victoria 
(1993) found a mean ratio of 10.8 for fine particulates in the Amazon. Our 
use of a ratio of 10 may underestimate the N burial, however, since Aller & 
Aller (1986) reported a mean value of 7.4 in 22 samples of sediment (0-45 
cm depth) from the Amazon continental shelf. 

The organic carbon content of delta sediments has been measured for the 
Mississippi (1.4%, Trefry et al. 1994), the Orinoco (0.91%, van Andel & 
Postma 1954), and the -Amazon (0;66%, Showers & Angle 1986). Following 
Berner (1982) we assumed a C value of 0.75% for delta sediments from the 
remaining two rivers. Based on these assumptions, we estimate that about 
61 . lo9 moles N y-' are buried in the deltas of the five very large rivers 
(Table 2), and that an equal amount of N from the rivers is buried on the 
adjacent continental slopes. This represents 29% of the total N discharged by 
the rivers (Table 1) and leaves 292 . 10' moles N y-' as a potentially active 
contribution to the continental shelf. 

There have also been few measurements of total P in deltaic sediments. 
Unfortunately, while there is arelationship between organic P and organic C in 
sediments that appears to vary in a regular way with sedimentation rate (Ingall 
& Van Cappellen 1990), a large fraction of the river borne P is in inorganic 
particulate form (Jahnke 1992). For example, Richey & Victoria (1 993) found 
no correlation between organic C and total P in particulate matter carried by 
the Amazon. As a result, we estimated P burial in a different way than we 
did N burial. Following Froelich (1988), who concluded that ". . . about 25% 
of the total phosphorus eroded from the continents is activated and enters 
the ocean in a biologically available form," we assume that 75% of the total 
P discharge (Table 1) will be bunied in the large river deltas and on the 



Table 2. Estimated burial of nitrogen and phosphorus in major river deltas on the North 

I Atlantic continental shelf. We assume that an equal amount of N and P is buried on the 
continental slope. 

sediment discharge1 Delta area2 I b9 moles y-i 
1o12 g y-l 103 kmz N P 

Mississippi-Atchafalaya 21'0 
' Grijalva-Usumacinta 96 

Magdelena 220 
Orinoco 150 
Amazon - 1200 

Total 1876 170 61 20 

' From various sources summarized by Milliian & Syvitski (1992). The Grijalva- 
Usurnacinta sediment discharge was calculated from MiIliman and Syvitski's regression 
relating sediment discharge to runoff for high rivers using mean water discharge (1980- 
1983) and watershed data for the Usumacinta at Boca del Cem, Mexico (UNESCO 
1992). The resulting flux of 69 - 10" g y-' was increased by a factor of 1.39 to account 
for the higher water flow at the mouth of the combined Grijalva-Usurnacinta river system 
(Czaya 198 1). No estimate of combined watershed area was available. 

Amazon and Mississippi deltas from Cza a (1981), others from Mulholland (1981). 1 The latter reports delta areas of 29 - lo3 km and 467 - lo3 for the Mississippi and the 
Amazon, respectively. 

continental slope. If this is correct, about 20 - lo9 moles P y-' from the very 
large rivers will be buried in the deltas, 20 - lo9 motesp3'-will be buried on 
the continental slope, and 13 - lo9 moles y-' will be an active input to the 
sheIf. 

It follows from these assumptions that the average P concentration on 
the buried sediments from the very large rivers should be 40 - lo9 moles P 
y-I divided by 1876 1012 g y-' of sediment or 0.02 mmol P g-l. This is 
equivalent to 0.66 mg P g-', a value consistent with recent measurements of 
total P in marine sediments summarized by Howarth et al. (1995). 

Aside from the five very large rivers, all of the remaining riverine fluxes 
of N and P from land must pass through estuaries before they reach the shelf. 
During the passage through these intensely metabolic systems, there is great 
potential for modification. 

Estuaries 

Considering that the first attempt to develop a quantitative mass balance or 
budget for nitrogen in a marine system was carried out almost 90 years ago 
in the North Sea (Johnstone 19081, there have been surprisingly few efforts 
to describe the overall balance of total N and P in estuarine embayments 



around the North Atlantic. Fortunately, for this exercise we were able to find 
or assemble relatively complete mass balances for nine impressively diverse 
systems. They vary widely in size (24 km2 to 3 7 5 . 1 0 b 2 ) ,  mean depth (1 
m to 55 m), water residence time (3 days to 20 years), and nutrient load- 
ing rate (230 mmol N m-2 y-l to 13,400 mmol N m-2 y-'). The systems 
represented include a coastal lagoon (the Guadalupe Estuary), drowned river 
estuaries (e.g., Delaware Bay), coastal embayments (Boston Harbor), and an 
inland sea (the Baltic). The sample also includes relatively pristine systems 
where non-point sources of N and P dominate (e.g., Ochlockonee Bay) 
as well as intensively developed estuaries where point source sewage dis- 
charges provide large amounts of nutrients (e.g., the Scheldt Estuary). Some 
of the systems experience hypoxic or anoxic conditions (e.g., Chesapeake 
Bay, Potomac Estuary, Scheldt, the Baltic), while others are relatively well 
mixed and characterized by oxygenated bottom water (e.g., Delaware Bay, 
Narragansett Bay). Some have extensive areas of intertidal salt marsh (e.g., 
Delaware Bay), while others do not (e.g., Narragansett Bay, Boston Harbor). 

Despite the considerabl'e efforts expended by many investigators,%e can 
not claim to have a rigorously closed budget for N and P in any of these diverse 
systems. In no case have all of the inputs, outputs, and changes in internal 
storage of N or P been measured independently and contemporaneously (see 
discussion in Nixon et al. 1995). In most cases, the flux in which we are 
most interested, the net export of N and P to the shelf, has been calculated by 
difference. The Baltic Sea and the Scheldt are notable exceptions in which that 
flux has been measured or modeled and denitrification has been calculated 
by difference. The estuarine-shelf exchanges at the mouth of Chesapeake 
Bay have also been modeled (Cerco & Cole 1992) and agree well with the 
exchanges calculated by difference (Boynton et al. 1995). 

In order to facilitate comparison among the systems, we have expressed all 
of the terms in each budget as a flux per unit area (Tables 3-1 1). It is important 
to emphasize that our sample only includes studies in which all of the various 
forms of N and P have been measured. There are many more estuaries in 
which the behavior of dissolved inorganic N and P has been observed, but 
these can not be taken as revealing anything about the exchange of total N or P. 
For example, it has beehwell established that dissolved reactive phosphorus 
accounts for only a small fraction of the total P flux in unpolluted rivers 
(Jahnke 1992; Howarth et al. 1995). 

It is apparent from an inspection of the budgets that our sample of only 
nine coastal systems includes a wide range of biogeochemical behavior, from 
almost complete transfer of N and P between land and the shelf (e.g., Ochlock- 
onee Bay and Boston Harbor) to almost complete interception of the flux from 
land (e.g., the Baltic Sea). Chesapdake Bay and the estuary of its tributary, the 



Potomac River, appear to import P from the shelf (Boynton et al. 1995). In 
seeking to relate such behavior to various characteristics of the systems, we 
turned to lirnnology, where it has been shown that the retention of N and P in 
many lakes is largely a function of flushing rate, though the exact form of the 
relationship is described differently by various authors (Kirchner & Dillon 
1975; Kelly et al. 1987; see brief overviews by Rigler & Peters 1995; Howarth 
et al., this volume). It is more difficult to estimate the effective flushing rate in 
estuaries than in lakes, but we were able to obtain at least a rough estimate of 
the mean fresh water replacement time for each system in our sample. Linear 
regressions of the fractional net transport of nitrogen and phosphorus from 
land to the coastal ocean as a function the log mean residence time suggest 
that this feature is also very important in influencing the net balance of N and 
P in estuaries (Figures 1 and 2). 

This result was not necessarily expected because there are important differ- 
ences between the behavior of N and P in fresh and salt water and in lake and 
marine sediments (Froelich 1988; Seitzinger 198%; Nixon 1988; Caraco et 
al. 1990; Howarth et d. 1995). However, our conclusion is further supported 
(at least for N) by a recent independent study of the N balance in a Danish 
fjord by Nielsen et al. (1995), who found that 95% of the N entering that 
system from land was exported. Their published report described the fjord 
as having a water residence time ranging from 1.5 to 13 days, but they have 
provided us with a calculation of the time-averaged fresh water replacement 
rate of fivedaysduring the year of their study Their export is thus consistent 
with the other systems shown in Figure 1. The behavior of N in the northern 
Adriatic Sea also fits with the pattern shown by estuaries and lakes in our 
sample (Degobbis et al. 1986). 

Because the companion article by Howarth et al. (in this volume) discusses 
N retention in lakes as a function of the ratio of mean depth to water residence 
time according to the model of Kelly et al. (1987), we have also analyzed our 
data in that way. While the result (Figure 3) confirms that the N retention of 
estuaries is generally consistent with that of lakes and rivers (see Howarth et 
al., this volume), the inclusion of water depth did not result in a regression 
with a higher 3. 

- The relationship between flushing rate and export is less convincing&r 
P (Figure 2). We excluded Chesapeake Bay and its tributary estuary, the 
Potomac, from the P export regression because they both appear to have a net 
input of P from the coastal ocean (Tables 4 and 8). This exceptional behavior 
appears to be due, at least in part, to very rapid sedimentation rates in these 
systems that are supported equally by sediment inputs from shoreline erosion 
and from rivers (Boynton et al. 1995). High rates of sediment deposition also 
make Chesapeake Bay and the Potomac appear to bury a larger fraction of 



Tabk3. The annualmass balance of total nitrogen and phosphorus in the 
Baltic sea.' Data are from Elmgren (1984), HELCOM (1993). Larsson 
et al. (1985), Shaffer & Rijnner (1984). Wulff & Stigebrandt (1989), 
and Wulff et al. (1994). In some cases values have been pcalculated to 
exclude the Danish Straits area. Units are mmol rn-2 y"' . 

N P 

Inputs 
Direct atmospheric deposition2 68 0.2 
Nitsogen fixation3 26 - 
~ i v e r s ~  109 3.1 
D i t  urban areas and industries5 - 14 - 0.8 

217 4.1 

Changes in storage 
Net accumulation in watef 
Net accumulation in sediment7 

outputs 
~enitrilication' 161 
Loss as gaseous N ~ O ~  4 - 
Fish landings1' 5 0.3 
Coastal ocean, net exchange" 20 0.5 

Inside the Danish Straits. Area - 374600 km2, mean depth 55 m 
C;vuIff & Stigebrandt 1989). 

Swedish Environment Protection Agency (1993: 142-1 43). 
Larsson et al. (1985). 
Swedish Environment Protection Agency (1993). minus direct loads 

from urban areas and industries. 
HELCOM (1993). 
Change between 1982-1986 and 1987-1991, WuE et al. (1994). 
N value from Larsson et al. (1985); P value calculated by difference. 

8~alcu~ated by difference. 
ShafFer & Ronner (1984). 

lo Finfish only (Elmgren 1984), content of nutrient eIernents calculated 
as in Table 14. 
"Wulff & Stigebrandt (1989). 

their N input than calculated for the other estuaries. With the exception of the 
upper e f l  of the estimated range for N burial in Narragansett Bay, all of the 
other estimates of N burial are less than 10% of the input, while N burial in 
the Potomac is reported to be 35% of the input and for the Chesapeake as a 
whole, it is almost 40% of the input (Boynton et al. 1995) (see Tables 3-1 1). 

In a previous comparison of denitrification rates and the inputs of dissolved 
inorganic nitrogen (DIN) to several estuaries, Seitzinger (1988b) found that 
denitrification removed a relatively constant 45% of the DIN input. If we 
express denitrification as a fraction of the total nitrogen input, however, it 



Table 4. The annual mass balance of total nitrogen and phosphorus in 
Chesapeake Bay, ~ar~land-~ixginia.' during 1985-1986. Data from 
Boynton et al. (1995). Units are mmol m-z y-'. 

N ,  P - 
Inputs 
Direct atmospheric depositionZ 113 2 
Nitrogen fixation ? 0 
Rivers (diffuse sources) 565 18 
Direct sewage (point sources) 260 11  
Coastal ocean3 - 0 - 10 

938 41 

Changes in storage 
Accumulation in water 
Accumulation in sediment 

Outputs 
- - - - - - -- - Denitrification 

Fish landings 
Coastal ocean3 

Area = 11 542 km2, mean depth (MLW) = 6 m. 
Smullenet al. (1982); 1976-198 1 meanm and TP in wet deposition. 
P input and N output calculated by difference. 

appears that N removal is largely a function of water residence time (Figure 
4). Our finding that the fractional loss of N to denitrification increases with 
water residence time in estuaries is also consistent with the general behavior 
of five out of six Danish lakes studied by Andersen (1974) and with the 
unstratified lakes analyzed by Kelly et al. (1987). 

Unfortunately, it is difficult to apply the relationships between flushing 
rate and N and P export in any exact way to the fluxes reported by Howarth 
et al. (this volume) because their results represent an aggregate flux through 
long stretches of coastline. Each region may contain numerous estuaries with 
highly variable flushing rates, many of which have never been estimated. As 
a practical expedient we have assumed that most estuaries are characterized 
by mean residence times of 0.5-12 months, and that they will acccordingly 
export some 35-70% of their total N input and about 45-90% of their total P 
input to the continental shelf. We have made an exception to this procedure 
for the Baltic Sea, where we reduced the N and P exported from the Baltic 
according to Table 3 in order to compute a net flux to the Northwest European 
Coast and North Sea. The consequence of these assumptions in combination 
with the burial of some of the N and P carried by the very large rivers is that 
the total riverine flux of N from land onto the total North Atlantic shelf is 



Table 5. The annual mass balance of total nitrogen and phosphorus in Delaware Bay, 
Delaware-New ~ e r s e ~ '  during the 1980s. Units are mmol m-' y-'. 

N , p 

Inputs 
Direct atmospheric deposition2 100 3 
Land drainage and sewage3 - 1800 155 - 

1900 158 

Changes in storage 
Accumulation in water 
Accumulation in sediment 

Salt marshes4 

Subtida15 

outputs 
~enitrification~ 825-1025 0 
Fish landings . - -- -- A Small Very small 
Coastal ocean7 620-820 135 

Area - 1 989 km2, mean depth - 9.7 m polis & Kupferman 1973). 
Dhc t  wet DIN from Scudlark & C h u ~ h  (1994). They assumed dry deposition 

equal to wet. We assume DON equal to 50% of wet NO:, and wet No3 equal to 50% 
of wet DIN based on Nowicki & Oviatt (1990). P based on recent regional AIRMoN 
data. 

From Jaworski & Howarth (in press). NOAA (1989) reported a total N input of 
1630 mmol m-' y-' and a total P input of 190 mmol m-2 y-'. 

N burial estimated assuming 10 mg Nlg of marsh sediment based on various 
sources summarized by Nixon &Lee (1986) and 497 . lo3 mt y-' of marsh sediment 
accumulation (Biggs & Beasley 1988). P burial estimated from 300 pg Plg of marsh 
sediment (Strom 1976). 

Based on a sediment input of 1.6 . lo6 mt accumulating in subtidal fine-grained 
deposits (Biggs & Beasby 1988) with a nitrogen content of 0.13% (Cifuentes 1991) 
for upper bay depositional area sediments (Weil 1977). P deposition based on 800 
pg P g-l inorganic sediment in the upper bay depositional area (Strom 1976). 

Calculated using denitrification rates in the Delaware River from (Seitzinger 
1988a; 300 pmol m-' h-I) and Delaware Bay proper (Seitzinger 1988b; 100 pmol 
m-2 h-') and areas of 179 ian2 and 1819 km2, respectively. Lower value obtained 
assuming the lower bay rate applied only to the area not classified by Biggs & 
Beasley (1988) as consisting of gravel or gravely sand. Lower bay rates measured 
in summer only. 

Calculated by difference. 

reduced to 50-67% of the value calculated by Howarth et al. (this volume) 
and the flux of P is reduced to 29-39% of the calculated total discharge from 
land (Table 12). The reduction in P flux is probably even greater since some 
estuaries trap all of the P from land and import P from the shelf (e.g., Tables 
4 and 8). 



Table 6. The annual mass balance of total nitrogen and phosphorus in Narra- 
gansett Bay, Rhode 1sland.I Data were collected at various times during the 
1980s and early 1990s. Units am mmol m-2 Y-'. From Nixon et al. (1995). 

N P' 

Inputs 
Direct atmospheric deposition 90 0.4 
Nitrogen fixation -0 0 
Rivers 1 200 65 
Direct sewage 550 40 
Storm water runoff 3 - 12 

1960 115 

Changes in storage 
Accumulation in water 
Accumulation in sediment 

Outputs 
Denitrification 
Fish landings 

Hard clams 
Fin fish 

Coastal oceanz 

Area - 328 kn? lricluding Mt. Hope Bay, mean depth (MLW) = 8.3 m (Pilson 
1985). 

Calculated by difference. Each term rounded. 

The N and P balance on the continential shelf 

Deposition from the atmosphere 

In addition to inputs of N and P from the large rivers that discharge on the 
shelf and the net export from estuaries, there is a significant flux of N to the 
continental shelf from atmospheric deposition (Duce et al. 1991; Paerl1995). 
We have estimated this term for each region of the shelf around the North 
Atlantic by multiplying the shelf area estimates of Pilson & Seitzinger (this 
volume) by mean area-specific wet and dry N deposition intensities provided - by three different atmospheric transportlchemistry models (Prospero et al., 
this volume). The result suggests that atmospheric deposition may provide an 
amount of N to continental shelf waters of the North Atlantic equal to 5-10% 
of the net N flux from large rivers and estuaries, depending on one's choice 
of the lower or upper range of probable transport from estuaries and one's 
choice of depth to define the outer edge of the shelf (Table 13). The relative 
importance of the atmosphere as a pathway for N input varies markedly 



Table 7. The annual mass balance of total nitrogen and phosphorus in the 
Guadalupe Estuary,   ex as' during a dry (1984) and a wet (1987) year. 
Data are from Brock et al. (1995) and Longley (1994). Units are mmol 
m-= y-l. I 

Inputs 
Direct atmospheric deposition 40 40 3.6 , 3.6 
Nitrogen fixation 48 48 0 0 
Rivers 345 1900 49* 160* 
Direct sewage 115 70 17 - - - -  11 

548 2058 70 171 

Changes in storage 
Accumulation in water 
Accumulation in sediment2 

Outputs 
Denitrification 
Fish landingsZ 35 85 2.2 5 -3 
Adjacent bays and gulf3 167 1558 75 148 

I Area = 55 1 km2, mean depth (MLW) - 1.4 m. 

2 P burial reported by Longley (1994) adjusted to revised N burial reported 
by Brock et al. u9951 using-an N/P .mtio of 4 @. A. Brock, Texas Water 
Development Board., personal communication. Fish landings adjusted 
assuming N/P (molar) of 16. 

Calculated by difFe~nce. Brock et al. (1995) used a numerical model 
to estimate a net N exchange for this term of 390 mmol m-2 y-l in 1984 
and 1500 mmol m-2 y-' in 1987. 
* River and sewage P data from D. A. Brock (personal communication). 

among regions. For example, along the North Sea - Northwest European 
Coast, atmospheric deposition may provide an amount of N equal to 40- 
110% of the N supplied by the estuaries (Table 13). In fact, the input from 
the atmosphere is even larger because dissolved organic N is not included in 
these estimates, and recent evidence indicates that this may be a significant 
component of the total N deposition from the atmosphere (Cornell et al. 
1995). 

Denitrification 

In a well-known review of estimates of nitrate uptake by continental shelf 
sediments, Christensen et al. (1987) concluded that denitrification in such 
sediments was an important term in the oceanic and global N cycle. While 



Table 8. The annual mass balance of total nitrogen and phosphorus 
in the Potomac Estuary, ~ar~land-~irginia '  during 1985-1986. Data 
from Boynton et al. (1995). Units are mmol m-2 y-'. 

Inputs 
Direct atmospheric deposition2 

Nitrogen fixation 
Rivers (diffuse sources) 
Direct sewage (point sources) 
Chesapeake ~a~~ 

Changes in storage 
Accumulation in water 
Accumulation in sediment 

outputs 
Denitrification 
Fish landings 10 1.8 
Chesapeake ~a~~ 918 0 

Area - 1210 km2, mean depth (MLW) - 5.9 m 
Smullen etal. (1982); 1976-198 1 mean TN and TP in wet deposition. 
P input and N output calculated by difference. 

the summary compiled by Christensen et al. (1987) contains a number of 
errors and their calculations based on their own pore water nitrate profiles 
are not necessarily convincing, we agreed with their general conclusion that 
denitrification in shelf sediments was likely to be an important sink for N 
in the North Atlantic. For this reason a considerable effort was devoted to 
obtaining region-specific estimates of denitrification on the North Atlantic 
shelf. This was a considerable challenge because few measurements of den- 
itrification have actually been made in the area. The details of the approach 
taken, the assumptions required, and the results obtained are presented else- 
where (Seitzinger & Giblin, this volume). Briefly, Seitzinger and Giblin first 
developed an empirical regression between primary production in the over- 
lying water and sediment oxygen uptake. That regression was then l u e d  
to another regression relating sediment oxygen uptake to measurements of 
coupled nitrification and denitrification in shelf sediments. In this way, they 
were able to use relatively abundant primary production data to estimate 
region-specific benthic denitrification. We recognize that this model will 
underestimate total denitrification in areas where direct uptake of nitrate 
from the overlying water contributes significantly to denitrification in the 
sediments. 1 



Table 9. The annual' mass balance of total nitrogen in Ochlockonee 
Bay, Florida' during normal flow conditions. Data from Seitzin er 
(1987) and unpublished measurements. Units are mmol m-' y-k. 

N, . 

Inputs 
Direct atmospheric depositionZ 82 
Nitrogen fixation c3 -5 
Rivers3 5910 
Direct sewage - 0 

5995 

Changes in storage 
Accumulation in water 
Accumulation in sediment4 

Outputs 
Denitrification 640 
Fish landings . . - - -- - - -. - Very small 
Coastal oceans 5230-5250 

' Area - 24 lan2, mean depth at low tide - 1 m. 
Hendry & Brezonik (1980). includes TON, NH4, and NO3 in bulk 

precipitation during 19761977. 
DIN input of Seitzinger (1987) increased by a factor of 5 based 

on TNiDIN ratios measured in June (4: 1) and November (6: 1). 
Based on " O P ~  profiles and measured N concentrations of sedi- ---- - - ments below 14cm avera ing 86 ,urn01 N gdw-l. ~ a n ~ e  for different 

assumpions   gar ding '"Pb input. 
Calculated by difference. 

The important conclusion for our effort in this paper is that denitrification 
appears to remove more nitrogen from every region on the North Atlantic 
shelf except the Amazon and, perhaps, the Gulf of Mexico, than the combined 
flux from rivers and the atmosphere can provide (Table 14). For the North 
Atlantic shelf as a whole, coupled nitrification-denitrification in sediments 
appears to exceed the effective N input from land and atmosphere by a factor 
of about 1.4-2.3. The net loss of N on the western side of the North Atlantic 
is about two-three times that on the eastern side, in spite of a much larger 
input of N from land on the west (Table 14). 

In addtEtion to denitrification, there are two additional fluxes that can 
remove N and P from biological circulation on the shelf - fisheries land- 
ings and long-term burial in sediments. 

Fisheries harvest 

The North Atlantic contains some/of the world's most productive fishing 
grounds, including the North Sea, 'the Grand Banks, Georges Bank, and the 



Table 10. The recent (1 992-1994) annual mass balance of nitrogen and phos- 
phorus in Boston Harbor, Massachusetts prior to sewage diversion! Units are 
rnrnof rnP2 y-'. 

Inputs2 

Direct atmospheric deposition 200 
Nitrogen fixation 0 
Rivers 590 
Groundwater 60 
Stom water 85 
Sewage - 8160 

9095 

Changes in storage3 

Accumulation in water 
Accumulation in sediment 

Outputs 
~enitrification~ 
Fish landings3 

~ r e d ~ i n ?  
Coastal ocean6 

910 
Very small 
150 

7850 

Area = 108 krn2, mean depth = 5.8 m (Kelly 1991). 
Alber & Chan (1994). 

3 Kelly & Nowicki (1992); P storage calculated from N assuming-anNfP - 
ratio of 8.5 as in Namgansett Bay (Nixon et al. 1995). 

Giblin et al. (1993). 
Kelly & Nowicki (1992); P calculated from N assuming NIP ratio of 16. 
Calculated by difference. 

Gulf of Mexico. We estimated the removal of N and P in fish by averaging 
the recent (1987-1991) annual commercial landings from the United Nations 
Food and Agricultural Organization (FAO) statistical areas that cover the 
North Atlantic. While finfish account for about 85% of the total North Atlantic 
catch, we separated the landings of other groups that may differ in their content 
of N and P (Table 15). If we assume that 90% of the catch is actually taken 
from the continental shelves, it appears that commercial fishing may remove 
from the shelf an amount of N equal to 3.6-6.4% of the total input from land 
and atmosphere (Table 15). Fishing may return to land some 4.1-10% of the 
total P flux from land onto the shelf (Tables 12 and 15). These calculations 
underestimate the N and P removal in fish because they do not include 
recreational landings from the shelf. On the other hand, they overestimate 
the removal because the FA0 data include estuarine commercial landings as 
well as those from the shelf. It seems likely that inshore commercial landings 



Table 11. The annual mass balance of total nitrogen and phosphorus in 
the western Scheldt ~stuary.' N data are from Billen et al. (1985) for 
1973-1983.P data are less ceaain but represent approximate conditions 
for alow flow year (1991). P data from Billen & Servais (149 1). Units are 
mmol m-2 y-'. 

N P 

Inputs 
Direct atmospheric deposition ? ? 
Nitrogen fixation ? 0 
Rivers 7220 770 
Direct sewage 3350 260 
Direct agriculture 2830 4 

13400 1040 

Changes in storage 
Accumulation in water ? 
Accumulation in sediment JxJJ 

- -  _ _ - 1030 

outputs 
Denitrification* 5420 0 
Fish landings ? 0 
Coastal ocean 6950 500 

Area - 277 km2, mean depth - 1 1.2 m (Billen, personal communication). 
* Calculated by difference by - original . - - authors. - -- . - - . -  - 

exceed the recreational catch on the shelf. In any case, the impact on the shelf 
N and P budgets is minor. 

Burial exclusive of large river deltas 

It is difficult to evaluate this term because of the complexity of sediment 
dynamics on continental shelves. We began by assuming that the burial of N 
and P only takes place in areas of sediment deposition, because of the general 
correlation between sedimentation rate and the burial rate of organic matter 
(Henrichs & Reeburgh 1987; Mayer 1994), and because sediments themselves 
also carry some inorganic N and P. The sediments being deposited may have 
been carried onto the shelf very recently by rivers, been eroded recently from 
headlands, or been eroded from much older deposits elsewhere on the shelf 
(Eisma 198 1). 
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Figure I. The percent of total nitrogen input from land and atmosphere that is exported from 
a sample of estuaries and lakes as a function of mean water residence time in the system. 
Estuarine data (solid points) from Tables 3-1 1. Norsminde Fjord export from Nielsen et 
al. (1995). Estuarine residence times from Seirzinger (1987) Ochlockonee Bay, FL; Signell 
& Butman (1992) Boston Harbor, NA; David Brock (personal communication) Guadalupe 
Estuary, TX in dry and wet years; Pilson (1985) Narragansett Bay, RI; Billen (personal 
communication) Scheldt Estuary; Polis & Kupferman (1973) Delaware Bay; W. Boicourt 
(personal communication) Potomac Estuary, VA-MD and ChesapeakeBay, VA-MD; C. Cerco, 
U.S. Amy Corps of Engineers, recently provided a residence time estimate of 7.6 months for 
Chesapeake Bay based on a simulated dye study using a hydrodynamic model of the bay; 
Larsson (1986) Baltic Sea; K. Nielsen (personal communication) Norsminde Fjord. North 
Adriatic data from Degobbis et al. (1986). LakesErie and Mendota (open circles) from various 
sources summarized by Nixon (1988). Other lakes (unnamed open circles) from a study of six 
shallow Danish lakes by Andersen (1974). The regression line is for the combined data set. 
Separate regressions for estuanlne and lake data were virtually identical. 

Sediments carried by rivers 
In their recent review of sediment discharge to the world ocean, Milliman & 
Syvitski (1992) provided a concise summary of our present state of knowl- 
edge: 

What is the sediment flux to the sea? This question really has two parts: 
how much sediment is carried by rivers, and how much escapes the 
present-day landlestuarine environmqnt? The answer to both is more or 
less the same -we don't know. 
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Figure 2. The percent of total phosphorus input from land that is exported from a sample of 
estuaries and lakes as a function of mean fresh water replacement time in the system. Data 
sources as in Figure 1 .  Regression line includes lakes and estuaries but excludes the Guadalupe 
in a low flow (long residence time) year. 

- -- -- - - - 
Fortunately, the situation is not quite so difficult for the North Atlantic, where 
there appears to be good evidence that virtually all (90-95%) of the sediment 
carried by rivers on the east coast of the United States is deposited in estuaries 
rather than on the shelf (Meade 1972,1982; Swift et al. 1981). The situation 
appears to be the same in the North Sea, where Eisma (1981) found that 
sediment deposition in estuaries (including the Wadden Sea and The Wash) 
was essentially equal to the input from rivers. While recognizing that some 
sediment escapes from the estuaries, especially during large floods, we assume 
that this flux is sufficiently small for the shelf as a whole that we can ignore 
it in subsequent calculations. 

Sediments from coastal erasion 
In the North Sea, this source appears to provide an amount of sediment equal 
to about 15% of that carried into the estuaries by rivers (Eisma 1988). We are 
not aware of any comprehensive estimate of this kind for the North Atlantic 
as a whole, and we are reluctant to extrapolate from the North Sea alone. As 
a practical matter, we simply acknowledge that coastal erosion may provide 
an unquantified, but almost ce-ly small, amount of sediment to the inner 
shelf. Moreover, even if the amount were known, we would still have to 
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Figure 3. The percent of total nitrogen input from land and atmosphere that is ''retained" 
(buried and denitrified) in various estuaries as a function of the ratio of mean depth (z, m) to 
fresh water residence time in the system. We have used retention rather than export and years 
rather than months for the residence time in this figure to be consistent with the discussion of 
Figure 6 in Howarth et al. (this volume). The broken limes were calculated using the model 
of Kelly et al. (1987) for mass transfer coefficients (Sn) of 30 and 50. The estuarine systems 
follow the pattern described for lakes, reservoirs and rivers. 

determine the net increase (if any) in N and P concentration on the sediment 
between the time it was eroded and the time it was buried on the shelf. This 
would be necessary because Howarth et al. (this volume) did not include 
coastal erosion in their estimates of N and P flux from land. 

Sediments resuspended from relic deposits 
Again using the North Sea as an example, Eisma (1981,1988) estimated that 
this source contributes as much or more sediment to depositional areas d o  
rivers. Overall, he calculated that some 14-24 . 10" g y-' of fine-grained 
sediment are redeposited on the bottom of the North Sea outside the estuaries. 
Major depositional areas include the Skagenak, the Kattegat, and the German 
Bight (van Weering 1981; Lohse et al. 1995). 

It is difficult to know how much N and P is buried as older deposits 
are resuspended, transported, and deposjted again. Sediments in the large 
depositional area of the Skagerrak contain 3-6 times more organic C than 
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Figure 4. The fraction of total nitrogen input from land and atmosphere that is denitrified in 
various estuarine systems as a function of mean water residence time. Data sources as in Figure 
1. The estimate for Delaware Bay is almost certainly too high because it is based on summer 
measurements only (see Table 5). Anoxic bottom waters over parts of Chesapeake Bay and 
the Potomac estuary may reduce the fraction of total N input that is denitrified. 

-0 
a, .- 
'C 

.& 75-  
C 

B 
c 

50- 
2 
.#-a 

2 - 
m 5 2 5 - 
I- 

$ 4 

adjacent sediments (van Weering 1981), but this may be due to grain size 
(Mayer 1994; Milliman 1994; Lohse et al. 1995) and we do not know if there 
was an increase in the concentrations of N and P on the sediments since they 
were eroded. 

In the absence of specific information for all but a few of the various 
depositional areas on the North Atlantic shelf, we can only make a very 
rough beginning in estimating the potential magnitude of N and P burial. 
Since we are dealing with older sediment that may have been on the shelf 
for thousands of years (e.g., Bothner & Bacon 1987), the N and P of concern 
to us must enter the sediment from the deposition of organic matter formed 
in the water column above. In other words, in contrast to the active river 
delta sediments, we do not need to consider the mineral P associated with 
the redeposited sediments, since that P was on the shelf long before the time 
frame of our mass balance. 
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Deposition and burial of organic marter 
As part of their effort to estimate denitrification on the North Atlantic 
shelf, Seitzinger & Giblin (this volume) reviewed and summarized numerous 
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Table 12. Estimated flux of total nitrogen and phosphorus from estuaries onto 
the continental shelf in various regions around the North Atlantic. The fluxes 
from large rivers that discharge directly on the shelf have also been included 
after correction for the estimated burial of N and P in large river d r a s  and on 
the continental slope. See text. Boundaries of the regions are giv& in Howarth 
et al. (this volume). 

10' moles y-' 
Total N Total P 

North Canadian Rivers 
St. Lawrence Basin 
Northeast Coast of u.s.' 
Southeast Coast of U.S. 
~ u l f  of ~ex ico '  
Central America and Caribbean islands3 
Amazon  asi in^ 

Total Western Atlantic 

Northwest European Coast 
North Sea 
Southwest European Coast 
Northwest .4fricas 

Total Eastern Atlantic 

Total North Atlantic 

, , 

I . - -  
I 

. - . . ! 
, . . .  . . . 

i . .  ' ' . '  

' Includes Bay of Fundy and part of Nova Scotia and the US, coast to Cape 
Hatteras, North Carolina. 

Effective conhibution from the Mississippi plus Grijalva-Usumacinta = 

1 13 . 10' moles N and 0.91 . 10' moles P. 
Effective contribution from the Orinoco plus Magdelena - 22.5 . 10' moles 

N and 0.7 - 10' moles P. 
Effective contribution from the Amazon = 157 - lo9 moles N and 11.8 . 10' 

moles P. 
Not including any net flux to the deep Atlantic from the Meditemnean (see 

Michaels et al. this volume). 

measurements of primary production in the area. They also examined the 
relationship between primary production in the water and the consumption 
of organic matter by shelf sediments. While there is considerable variation, 
almost all of the data were consistent with the view that about 10-30% of 
the shelf primary production was consumed in or on the sediments. This is in 
agreement with more detailed studies of the U.S. shelf south of New England 
(Rowe et al. 1988) and the North Sea (Billen et al. 1990). As a working 
number, Seitzinger & Giblin (this volume) used 16% for their estimate of the 
fraction of primary production respired on the bottom. Given the scatter in 
the data, and considering that the deposition of organic matter on the bottom 



Table 13. Estimated deposition of NO, and MI, (wet plus dry) from the atmosphere onto 
the continental shelf in various regions around the North Atlantic. Deposition rates are from 
Prospero et al. (this volume), shelf areas (0-100 m depth and 0-200 m depth) are from 
Pilson & Seitzinger (this volume). Boundaries of the regions are given in Howarth et al. (this 
volume). 

10' moles v-' 
NO, NO, + NH, 
0-100m 0-200m 0-100m 0-200m - - . ..- 

North Canadian Rivers' 3.5 6.4 4.9 9.0 
St. Lawrence  asi in' 4.7 7.8 6.6 11.0 
Northeast Coast of U.L3 8.8 14 11 18 
Southeast Coast of u.s.~ 2.7 3 .O 3.9 4.4 
Gulf of MexicoS 11 13 18 21 
Central America and Caribbean 1s1ands6 1.9 2.4 4.6 5.8 
Amazon  asi in^ 1.8 - 

Total Western Atlantic 34.4 

. -.-+ - NoEthwest European coast8 
Southwest European CoasP 
Northwest Africa1* 

Total Eastern Atlantic 

0-100 m - 708,616 km2 0.200 m - 1,276,783 km2 

- - . . - - - 
0-100 m - 315,770 km2 0.200 m = 518,998 km2 

" 0-100 m - 230.780 km2 0.200 m = 36 1,042 km2 

0-100 m = 123,338 km2 0.200 m - 137,364 km2 

0-100 m - 500,926 km2 0.200 m = 573,565 km2 
0-100 m = 381,070 km2 0.200 m = 474,755 km2 

0-100 m - 359,579 km2 0.200 m - 389,562 km2 

0-100 m = 786.236 km2 0.200 m - 1,181,318 km2 

0-100 m = 33,986 km2 0.200 m = 51,435 km2 

lo 0-1OOm = 319,325 lad 0.200 m = 392,888 km2 

N.W. European coast includes Norway through France, excluding the Baltic. 
S.W. European coast includes Spain and Portugal. 
Cape Hatteras divides N.E. and S.E. coast of the U.S. 

can not be much larger than the amount respired, we assumed that deposition 
on average was equal to 25% of primary production. This is lower than the 
32% estimated by Wollast (1993) for the world coastal zone, but higher than 
the findings of Billen et al. (1990), who estimated an average deposition of 
25 g C m2 y-I in the whole of the North Sea, a value equal to about 18% of 
the primary production according to Seitzinger and Giblin's review. 

Unfortunately, there are few girect measurements of organic deposition 
on non-upwelling shelves, and even fewer measurements of net long-term 



Table 14. Estimated balance of nitrogen on the continental shelf in various regions around the North Atlantic 
excluding exchanges with the open ocean. Boundaries of the regions are given in Howarth et al. (this volume). 
Fluxes from the land are from Table 12; rates of atmospheric deposition are from Prospero et al. (this volume) 
as calculated in Table 13; denitrification rates are from Seitzinger & Giblin (this volume). Low and high ranges 
in atmospheric deposition and denitrification apply to shelf areas with 0-100 m or 0-200 m depth contours, 
respectively (Pilson & Seitzinger, this volume). 

10' moles y-' 
Flux from Atmospheric Denitrification Net input 
land1 deposition loss or (loss) 

North Canadian Rivers 8-15 
St. Lawrence Basin 16-33 
Northeast Coast of U.S. 13-26 
Southeast Coast of U.S. 6-12 
Gulf of Mexico 136-1 59 
Central America and Caribbean Islands 33-43 
Amazon Basin 161-165 

Total Western Atlantic 373-453 

Northwest European Coast 
Southwest European Coast 
Northwest Africa 

Total Eastern Atlantic 

Total North ~tlantic' 464-627 95-133 993-1408 (271-811) 

Does not include the N and P from very large rivers that we consider to be buried in deltas and on the 
continental slope. 
' Seitzinger & Giblin (this volume) also calculated a denitrification loss in the shallow waters around Greenland 
& Iceland that amounted to an additional 22 + 10' moles y-'. 



Table 15. Estimated removal of nitrogen and phosphorus in fisheries landings 
from the North Atlantic continental shelf. Values are based on mean annual 
landings from FA0 statistical m a s  21,27,31 and 34 during 1987-1991. 

- 

Nitrogen and Phosphorus lXemoved2 
Landings, lo9 moles y-" 
metric tons1 N P 

Oysters 334,400 0.37 0.0 12 
Mussels 
Scallops 
Clams, etc. 

Squids, octopuses 

Lobsters 
Crabs 

Shrimp, prawns 

Fin fish 15,887,700 22.7-34.0 1.02-2.05 
Totat 18,656,900 27;Z-r-385 1.1 8-2.2 1 

' From FA0 (1993). 
N composition from Vinogradov (1953): mussels - 7.2% fresh weight, oysters 

= 7.7%. clams - 2.7%, scallops = 2.2%, squid and octopuses - 2% (Pilson 1970). 
Iobster and crabs - 2.3%. shrimp - 3.5%, fin fish = 2-3%. 
P composition from Vinogmdov (1953): mussels = 0.17% fresh weight, oysters - 0.1 1 %, clams - 0.15%. scallops - 0.26%, squid and octopuses = 0.2%. lobsters 
a n d c ~ b s  - 0.2%, shrimp - 0.22%, fin fish - 0.244%. - - - ' - 

burial as a fraction of deposition. Based on the work of Canfield (1989) 
and Blackbum (1991), we have assumed a C preservation equal to 1-5% of 
deposition, or between 0.25 and 1.25% of primary production. The fact that 
this leaves a balance between our deposition estimates and the respiration 
estimates of Seitzinger & Giblin (this volume) is of no real importance given 
the variability of all of the data. It is probably also useful to note that a 
net accumulation of organic matter in shelf sediments is neither inconsistent 
with, nor supportive of, the view of Smith & Hollibaugh (1993) that conti- 
nental shelves are essentially .in metabolic balance, with organic production 
equalling consumption. B e n  in shelf areas such as the Georgia Bight off the 
southeast coast of the U.S., where Hopkinson (1985) found a &eat excess of 
respiration over production, it is possible that a fraction of the shelf primary 
production is buried while a large flux of organic matter from land supports 
an overall heterotrophic carbon balance. 

Our estimate of a total North Atlantic shelf deposition of 19 - 1012 moles 
C y-' and burial of 0.2-1 . 1012,moles C y-' can be compared in a very 
rough way to global estimates made by others if we consider that the North 



Atlantic (0-200 m) contains about 20% of the world shelf area. Wollast (1993) 
concluded that 183 . lo1* moles C y-l (2.2 - 1015 g C) were sedimented onto 
the world continental shelves, about twice as much as a simple pra t ing  of our 
estimate would give. However, his value presumably includes estuaries and 
active river deltas while ours does not, and a global estimate must also include 
very productive coastal upwelling areas with high rates of organic deposition 

* and accumulation. Smith & Hollibaugh (1993) concluded that 9 - 1012 moles 
C y-' were put into long-term burial on the "coastal bottom" of the world 
ocean, a value 1.8-9 times greater than ours. Again, however, their estimate 
presumably includes estuaries, river deltas, and major upwelling areas that 
are excluded from our value. All of these estimates must be considered as 
very rough approximations. 

We next calculated N burial assuming a U N  (molar) ratio of 10. Walsh 
(1983) found such a value over large areas of the Gulf of Mexico shelf outside 
the Mississippi Delta, though there was also considerable local variation. 
Unfortunately, it was more difficult to decide on an approximate Uorganic P 
ratio, since it is evident from a recent review that that ratio varies widely as a 
function of sedimentation rate (Ingall & Van Cappellen 1990). It is possible, 
of course, that a comparable review would show that our choice of a constant 
value for the UN ratio was also an oversimplification. 

There have been relatively few measurements of deposition rates on the 
North Atlantic shelf. One 13,000 km2 area of fine-grained sediments on the 
southern New England shelf has been studied in some detail (Twiehell et 
al. 1981), and geochemical evidence indicated a modem deposition rate of 
about 25 cdlOOO years (Bothner et al. 1981). This rate suggests a Clorganic 
P ratio of about 500 (Ingall & Van Cappellen 1990). On the other hand, 
deposition rates in the German Bight and the Skagerrak appear to be much 
higher, perhaps on the order of 0.5 cm y-l (Lohse et al. 1995). Eleven cores 
of fine-grained inner shelf sediments off the southeast U.S. coast dated using 
2 ' o ~ b  also showed high rates of deposition that averaged 0.9 crn y- ' (Pomeroy 
et al. 1993). Sediments accumulating at these higher rates are characterized 
by a lower Uorganic P ratio of about 250 (Ingall & Van Cappellen 1990). In 
the absence of a convincing area-weighted sedimentation rate, we assumed a 
total shelf C/organic P range of 250-500. 

The results suggest that the burial of N on the shelf outside of majorzver 
deltas is very small (Table 16) and amounts to only about 1-7% of the total 
denitrification estimate calculated by Seitzinger & Giblin (this volume). The 
removal of P may be more significant, however, accounting for 1-20% of 
the net flux onto the shelf from estuaries and very large rivers (Table 12). In 
areas away from the large rivers, the burial of organic P may be particularly 
important. For example, in the North ~ e i ,  we estimated that 1.4-2.9 . lo9 



Table 16. Estimated potential burial of N and P in North Atlantic continental shelf 
(0-200 m) sediments exclusive of major river deltas.' Burial calculated assuming 
0.25-1.25% of the C fixed in the water column is preserved in long-term burial and 
that sediments accumulate with a CPN (molar) of 10 and Clo'gaflic P of 250-500. 

Primary production2 Burial, 10' moles y-' 
1012 moles C y-I N P 

North America 39.2 93-49 0.20-1.96 
Central and South America 10.8 
Europe 16.3 
N. W. Africa 8.9 
Greenland and Iceland - 1.2 0.3-1.5 0.01-0.38 

76.4 19-95 0.39-4.13 

l These estimates also do not include 50% of the sediments discharged by the very 
large rivers that we assume are deposited outside the deltas on the shelf or over the 
shelf-slope break. See Table 17. 
2 From Seitzinger & Giblin (this volume) who provide a more detailed geographical 
assessment. They used the shelf area within the 200 m depth contour. 
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moles of P were discharged from the estuaries (Table 12). Using Seitzinger 
& Giblin's (this volume) estimate for primary production of 32 mmol C mw2 
dm' (140 g C m-2 y-'), we calculated a P burial rate on the North Sea shelf 
of 0.07-0.70 . lo9 moles P y-l, or 2.4 -50% of the input from land. It is 
obvious from the example, however, that large - - - -- uncertainties - - very much limit 
our ability to develop a mass balance f6 the shelf. 

Exchanges at the shelf break 

If we summarize the estimates developed up to this point, it appears that 
there is a net flux of active P from the continental shelf to the open North 
Atlantic that is equal to 17.7-30.4 . lo9 moles y-l, or 2641% of the value 
that Howarth et al. (this volume) estimate for the total P loss from land (Table 
17). In addition there is an estimated 20 - lo9 moles P y-' buried on the 
continental slope with sediments from the large rivers. The situation with 
regard to N, however, is very different. The shelf budget developed thus far 
requires"%m additional large net source of N that is approximately equal to 
or greater than the combined input of N from large rivers, estuaries, and 
atmospheric deposition (Table 17). 

There are two potential sources for the missing N - biological fixation 
directly on the shelf and the nutrient-rich deeper ocean waters off the shelf 
that Csanady (1990) termed the "slope sea." It is likely that the first is of little 
importance. Walsh (1988) estimated that N fixation on the entire shelf area 
of the world ocean was less than '100 - 10' moles N y-'. Since the area of 



Table 17. Comparison of the estimated fluxes of active N and P onto the 
North Atlantic continental shelf (0-200 m depth) from land and atmosphere 
with removal processes on the shelf. We estimate that an additional 61 . 10' 
moles y-' of N and 20 . lo9 moles y-I of P are buried on thp'shelf in 
deltas of the very large rivers. We also assume that equal amounts of N and 
P associated with sediments carried by the very large rivers are deposited 
and buried directly on the continental slope. 

From direct atmospheric deposition 
From very large rivers 
From estuaries 

Total 

-- .- - - 

Input lo9 moles y-' 

133 Very small 
292 13 
172-335 11-19 
597-760 24-32 

Removal 10' moles y-I 

Organic matter buried on the shelf 19-95 0.4-4.1 
Fisheries harvest 27-38 1.2-2.2 - .  

Denitrificationl - 1408 0 
Total 1454-1541 1.6-6.3 

Does not include shallow areas around Greenland and Iceland. 

shelf in the North Atlantic (0-200 m) accounts for about 20% of the world 
total, biological fixation probahlpsupplies less than 20 . lo9 moles N y-I 
compared to the apparent deficit of 690-940 - lo9 moles N y- ' (Table 17). 
The largest single source of N for the North Atlantic shelf as a whole must 
be the onwelling of deeper nutrient-rich water from the continental slope. 

Onwelling of N and P fiom the slope 
As long ago as the 1930s, a few oceanographers noted that the physical 
circulation on at least some parts of the North Atlantic shelf was such that the 
slope waters could potentially make an important contribution to the nutrient 
supply and productivity of the shelf. As Iselin (1939) explained: 

The fact that the salinity is at a maximum near the bottom on the conti- 
nental shelf shows conclusively that the coastal circulation has an off shore 
component at the surface and an in shore component beneath . . . During 
the last few years physical oceanographers have begun to appreciate the 
important role which lateral turbulence plays in the sea . . .Under the 
conditions of high stability often found in coastal waters, the isopicnal 
transport of nutrients should prove a most fruitful study . , . The chemicals 
which are in this way pumped up f r ~ m  mid depths in the Sargasso Sea 
are transferred isopicnally across the Gulf Stream to the edge of the 



continental shelf. Thus as the bottom water penetrates landward, it carries 
with it a good supply of nutrients . . . 
More recent work has shown that the physical exchange processes can be 

more complicated than this early picture (e.g., Walsh et al. 1978; Csanady 
1990; Verity et al. 1993) and few attempts have been made to measure or 
calculate the fluxes of nitrate onto various regions of the North Atlantic shelf. 
The results that are available range by a factor of three, from about 1.9 mmol 
N m-I of shelf break s-' off Nova Scotia to about 5.7 mmol m-I s-' off the 
southeast coast of the U.S. (Table 18). When averaged over the entire width 
of the shelf in each area, these slope-shelf transports translate into N inputs 
amounting to 0.3 to 1.1 mol N mw2 y-' between eastern Nova Scotia and 
Florida (Table 18). Georges Bank and, perhaps, a few other special areas are 
more intensively enriched. 

If similar rates of onwelling characterize the entire North Atlantic shelf 
(0-200 m), this process would supply 1.7-6.2 . 1012 moles N y-', far more 
than enough to meet the deficit of 0.6-0.9 . 1012 moles N y-' identified in 
Table 17. Unfortunately, the area of shelf between Nova Scotia and Florida 
where the most intensive effort has been made to quantify the slope-shelf 
exchange accounts for less than 10% of the total shelf area (0-200 m) in the 
North Atlantic (Pilson & Seitzinger, this volume). 

We have also estimated the flux of nitrate onto the entire North 
Atlantic shelf using an empirical regression relating primary production (14c 
uptake) to the supply of dissolved inorganic nitrogen (DIN) in a variety 
of phytoplankton-based marine systems (Figure 5). The plot shown modifies 
earlier versions (Nixon 1992; Nixon et al. 1994) in that we have only included 
systems where all of the DIN inputs have been considered. There are numer- 
ous estuarine sites for which primary production measurements and N input 
inventories from land and atmosphere are available, but there are few studies 
that also provide estimates of the gross flux of DIN into the estuary from the 
coastal ocean. This version also includes recent measurements of 14C uptake 
from the Sargasso Sea and the North Pacific made using "clean techniques," 
as well as revised estimates of DIN input to those systems. 

The review of primary production measurements given by Seitzinger & 
Giblin (this volume) provides an area-weighted mean value of 165 g C m-2 
y-I for the entire North Atlantic shelf. The relationship shown in Figure 
5 suggests that this level of production would be associated with a DIN 
input of about 0.5 moles N m-2 y-l over the total shelf area (0-200 m) of 
5.6 . lo6 km2 (Pilson & Seitzinger, this volume). The total required flux of 
2.9 . 1012 moles DIN y-' might consist of 0.6-0.8 . 1012 moles N from land 
and atmosphere (if we ignore the fact that a significant but unknown fraction 
of the N flux from large rivers and estuaries is organic N) and 2.2-2.3 . 10'' 

... . .. . . , , .  , .. _ .. D . .  . 
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Table 18. Estimates of the flux ofnitrate from slope waters onto various regions 
of the North Atlantic continental shelf 

mmol N m-' s-' mol N m-2 y-' 

Scotian shelf' 
i, 

1.9 0.32 
Georges ~ a n k '  5 .O 
New York shelf3 4.6 
New York shelf4 0.8 
Mid Atlantic she@ 1.1 
Outer Southeast U.S. shelf6 5.6 
Southeast U.S. shelf7 1 .O 

' Houghtonetal. (1978); fluxperunit length of shelf at50-100m; areaestimate 
for entire width of shelf. 

Walsh et al. (1987); estimate for entire area within 60 m isobath. 
Walsh et al. (1987). It is not clear how much of the entire shelf is included in 

this estimate of flux per unit area. 
Flux per unit length of shelf-slope break from Walsh et al. (1987); flux per 

unit area for entire shelf calculated using a mean width between Long Island 
and Cape May of 139 km (Stommel & Leetma 1972). 

Flux per unit length of 900 km long shelf from Csanady (1990); flux per unit 
area calculated for entire shelf area assuming a mean width between Nantucket 
shoals and Cape Henry of 113 km (Stommel & Leetmaa 1972). 

Flux per unit area calculated assuming slope waters only influence the outer 
113 of the shelf area (Verity et al. 1993). 

Flux per unit length from Verity et al. (1993); flux per unit area calculated 
for entire width of shelf as given by Menzel et al. (1993). 

moles of DIN from the slope. These values are consistent with the range of 
1.7-6.2 - 1012 moles DIN y-' we calculated for the flux from the slope water 
by extrapolating from the measurements off Nova Scotia and the east coast 
of the U.S. Considering the uncertainty in all of these numbers, we accept a 
range of 2-6 . 1012 moles DIN y-l as a reasonable working estimate for the 
gross flux onto the shelf from the deeper ocean. 

Since dissolved inorganic phosphorus (DIP) is present in the slope water 
with a DINIDIF' ratio of approximately 16, we estimate that the DIN flux of 
2-6 . 10' moles y- would be accompanied by a DIP flux of 0.12-037 . 1012 
moles y-'. This compares with the addition of only 0.02-0.03 . lo1* moles 
of active P onto the shelf from large rivers and estuaries (Table 17). 

The onwelled slope waters also contain particulate and dissolved organic 
N and P, but we do not know how to make a credible estimate of their flux 
onto the shelf. This may be of little consequence because we assume that the 
concentration of organic matter in the deeper slope water is low 
and that the dissolved organic matter is sufficiently refractory that it is not 
metabolized to any significant degree during its relatively brief residence time 
on the shelf (e.g., about three months on the southeast U.S. shelf, Menzel et 



Figure5. Primary production by phytoplankton (I4c uptake) as a function of the estimated rate 
of input of dissolved inorganic nitrogen (DIN) per unit area in a variety of m a h e  ecosystems. 
The open circles are for large (13 m3, 5 m deep) well-mixed mesocosm tanks at the Marine 
Ecosystems ResearchLaboratory (MERL) during a multi-year fertilization experiment (Nixon 
et al. 1986; Nixon 1992). Natural systems (solid circles) include (1) Scotian shelf - DIN from 
Houghton et al. (1978), production from Mills & Fournier (1979), (2) Sargasso Sea - DIN 
from Jenkins (1988), production from Lohrenz et al. (1992) mean of 1989 and 1990 values 
of 110 and 144 g C m-' y-', (3) North Sea - DIN from Lame et al. (1993) assuming that 
the ratio of DINITN in the input from the Atlantic equals that in the Channel, production 
from Seitzinger & Giblin (this volume), (4) the Baltic Sea - DIN and production from Ronner 
(1985), including DIN flux across the halocline, (5) North Central Pacific - DIN from Plan 
et al. (1984), production from Tupas et al. (1993, 1994) mean of 1992 and 1993 values of 
150 and 185 g C m-' y-', (6) Tomales Bay, CA, DIN and production from Smith (1991), 
(7) Continental shelf off New York - DIN and production from Walsh et al. (1987), (8) Outer 
continental shelf off southeastern US., DIN and production from Verity et al. (1993). (9) 
Peru upwelling - DIN calculated from annual mean upwelling rate of 0.77 m d-' (Guil16n 
& Calienes 198 1) and an initial 20 pM concentration of NO3 in upwelled water (Wdsh et al. 
1980), production off ~himbotsf from Guill6n & Calienes (1981), (10) G e o ~ e s  Bank - DIN 
from Wdsh et al. (1987). production from O'Reilly et al. (1987). The equation is a functional 
regression. 
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al. 1993). As a practical matter, there may be essentially no net exchange of 
dissolved organic N or P between shelf and slope, and we ignore these fluxes 
in our budgets. I 
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This discussion of the additions of N and P to the shelf from the slope 
leads directly to the last term in the shelf budget - the flux of N and P off 
the shelf. We have already established that the loss of N fropl the shelf in 
denitrification and burial exceeds the input from land and a&osphere (Table 
17), but the onwelling of DIN from the slope is potentially large enough 
to meet the deficit and leave a large amount of excess N on the shelf. The 

, onwelling of DIP is also much larger than the potential export of terrestrial P 
from the shelf (Table 17). Since the concentrations of N and P on the North 
Atlantic shelf as a whole are presumably not increasing (except perhaps in 
some local areas near shore), we can calculate this last term in the shelf N 
and P budgets by difference. Before proceeding to do so, however, it is useful 
to make some effort to estimate the amount of shelf to slope transport that 
consists of organic N and P in the form of phytoplankton detritus. 

Export of organic N and P porn the sheEf 
There has been a considerable recent effort along the Atlantic Coast of the 
U.S. to measure the loss of organic matter from the shelf and its possible accu- 
mulation in slope sediments. Much of the motivation for this work has come 
from the suggestion that such burial may be an important sink in the global 
carbon budget (e.g., Walsh et al. 1981, 1985; Walsh 1991). Unfortunately, it 
is difficult to measure the rate and extent of burial and, as noted by Yoder 
& Ishimaru (1989), "the magnitude of off-shelf phytoplankton carbon trans- 
port, the processes affecting the transport rate and the significance of such 
processes to global budgets are in dispute . . . " For example, while Walsh et 
al. (1987) estimated that 2.2 moles N m-2 y-l were exported to the slope 
from the shelf off New York (52% of the N consumed in annual primary 
production), a more recent budget developed for the same area by Rowe et al. 
(1988) concluded that there ". . .was little evidence that substantial organic 
matter escapes from the continental shelf to the upper continental slope." It 
is also apparent that the flux of organic matter from the shelf is not uniform. 
Even in an area thought to be an important export region, such as the slope off 
Cape Hatteras, NC (USA), measurements have shown highly variable rates 
of carbon and nitrogen burial over relatively small (150-180 km) distances 
(DeMaster et al. 1994). 

sgs 

Based on detailed studies of the carbon budget of the mid-slope deposition 
center of the Middle Atlantic Bight, Anderson et al. (1 994) recently concluded 
that less than 2% of the shelf primary production could be buried in slope 
sediments. If we assume that an export of 1-2% of primary production might 
be realistic for the North Atlantic shelf as a whole, then the total primary 
production of 76.4. 1012 moles C y-I estimated by Seitzinger & Giblin (this 
volume) would give a flux of 0.76-1.53'- 1012 moles C y-' from the shelf 
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