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Absgract. Fivelargerivers that dischargeon thewestern North Atlantic continental shelf carry
about 45% of the nitrogen (N) and 70% of the phosphorus (P) that othersestimate to be the
total flux of theseelementsfrantheentire North Atlantic watershed,including North, Central
and South America, Europe, and Northwest Africa. We estimatethat 61 . 10° molesy~! of N
and 20 - 10° molesy =" of Pfrom thelargeriversare buried with sedimentsin their deltas, and
that an equal amountof N and P from thelargeriversislost tothe shelf throughburia of river
sedimentsthat are depositeddirectly on the continental slope. The effective transportof active
N and Pfrom land to the shelf through the very large riversisthus reduced to 292 - 10° moles
y~! of Nand 13. 10° molesy~! of P

Theremaining riverine fluxesfrom land must passthrough estuaries.An analysisof annual
total N and total P budgetsfor variousestuariesaround the North Atlantic revealed that the
net fractional transport of these nutrientsthrough estuariesto the continental shelf isinversely
correlated with the log mean residence time of water in the system. Thisis consistent with
numerous observationsof nutrient retention and lossin temperatefakes. Denitrificationis the
major processresponsiblefor removing N in most estuaries,and thefraction of total N input
that is denitrified appearsto be directly proportional to the log mean water residencetime. In
general, we estimate that estuarine processes retain and remove 30-65% of the total N and
10-55%of thetota Pthat would otherwisepassinto thecoastal ocean. Theresulting transport
through estuaries to the shelf amountsto 172-335 . 10° molesy™' of N and 11-19. 10°
molesy ™! of P. Thesevaluesare similar to theeffective contributionfrom thelarge rivers that
dischargedirectly on the shelf.

For the North Atlantic shelf asa whole, N fluxesfrom mgjor riversand estuariesexceed
atmospheric deposition by a factor of 3,.5-4.7, but this varies widely among regions of the
shelf. Forexample,onthe U.S. Atlanticshelf and on thenorthwestEuropean shelf, atmospheric
depositionof N may exceed estuarineexports. Denitrification in shelf sedimentsexceedsthe
combined N input from land and atmosphere by a factor of 1.4-2.2. This deficit must be met
by aflux of N from the deeper ocean. Buria of organic matter fixed on the shelf removesonly
asmall fractionof thetotal N and P input (2-12% of N from land and atmosphere; 1-17% of
P), but it may beasignificantlossfor P in the North Seaand someother regions. Theremoval
of NandPin fisherieslandingsisvery small. Thegrossexchangeof N and P between the shelf




i
5
i
|
|
|
i

142

and the open ocean is much larger than inputs from land and, for the North Atlantic shelf as
awhole, it may be much larger than the N and P removed through denitrification, burial, and
fisheries. Overall, the North Atlantic continental shelf appearsto remove some700-950 - 10°
molesaf N each year from thedeep ocean and to transportsomewherebetween 18 and 30 - 10°
molesof P to the open sea. If the N and P associated with riverine sedimentsdeposited on
the continental Sope are included in the total balance, the net flux of N to the shelf isreduced
by 60. 10° molesy~ and the P flux to the oceanisincreased by 20. 10° molesy™". These
conclusionsare quite tentative, however, because of large uncertaintiesin our estimates of
some important terms in the shelf massbalance.

Introduction

The word “margin” appears commonly in papers dealing with exchanges
betweenland and sea. It is a conveniently ambiguousterm fur an interface
that is difficult to define. We use it here to refer to the whole complex
border of environments bet ween free-flowing fresh water and the edge of
the continental shelf, including intertidal wetlands, estuaries, and the shdlf.
W eit would bebest todescribe he- outer boundary of the shelf by anar ked
changein water depth, as apractical matter we define t he shelf as extending
seaward t0 adepth of 100 or 200 m. Areas within each of these depthshave
been ealculated (Pilson & Seitzinger, this volume), ad one or the other is
frequently used-to fix the shelf-dopeboundary (Eisma 1988).
If we define theoceans as beginning wherefresh and salt water first meet
[an admittedly €lusivepoint), thenthe nitrogen(N) and phosphorus (P) fluxes
reported by Howarth et al. (this volume) may be taken as theinputsto the
North Atlantic from land. In what may have been thefird attempt to develop
nutrient budgets for theworld ocean, Emery et al. (1955) worked f r omsuch
aperspective and established a convention for | ater efforts (for exanpl e, the
Paris Commission as discussed by Balls 1994). During the last 15-20 years,
however, therehas b an agrowing appreciationthat intense biogeochemical
exchanges inestuaries (including the r wetlands) and on the continental shelf
may influence markedly the net flux of N and Pfrom land to the open ocean
(Edmondet d. 1981; GESAMP 1987; Bdls1994; Howarth et al, 1985; Nixon
etd. 1995). Inthisreport weattemptto assess themagnitude of this influence
aound the land-seam a .of the North Atlantic so that we can etimate
thenet transport of N and P f r omand onto the continental shelf and the net
exchangebetween the shelf and the open sea.

Veaylargerivers

Fivemgjor riverswith an averagewater flowexceeding 3000m?3s—! discharge
directly onto the continentdl shdf on the western side of the North Atlantic
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Table |. Estimated flux of total nitrogen and Fhosphorus in maor rivers that discharge
directly on the North Atlantic continental shelf.

Water Discharge? ~10° molesy ™

m’s™! N P
Mississippi-Atchafalaya’ 17,545 130 35
Grijalva-Usumacinta* (Western Gulf of Mexico) 3,265 13 0.05
Magdelena* (Central America) 8,000 95 06
Orinoco’ (Central America) 28,000 39 23
Amazon® 180,000 223 a7
Totd direct dischargeon shelf’ 414 53

! TheSt. Lawrenceis also avery largeriver (10,400 m® s™!), but it does not form adelta
and containsan estuarinemixing zoneat its mouth (Czaya1981; Bugden 1981).

2 Czaya(1981).

3 Recentvauescal culated by Howarthet dl. (thisvolume)from datasummarized by Turner
and Rabalais(1991).

4 Calculatedassumingthat the ratio of river nutrientdischargeto regional nutrientdischarge
is equd to the ratio of river water dischargeto regiona water dischargeas reported by
Howarth et d. (thisvolume).

5 Lewis& Saunders (1989).

6 N from Solati et d. (1982); Pfrom Devol et d. (1991).

" Asdiscussedin text, we estimatethat 29% of this N and 75%of thisPis buried in deltas
and on the continental slope.

(Czaya1981). Because theflows 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
additionstotheshelf. Unfortunately, thefluxesof total N and total Pin two of
theserivers (theGrijalva-Usumacintaand the M agdelena) appear not to have
been measured, and we have assumed that the dischargeof N and P from
theregionsthey drain is partitioned accordingto regiona water discharge as
described by Howarth et al. (thisvolume). The contributionsof N and Pfrom
the Mississippi, the Amazon, and the Orinoco have been measured directly
(Table1). Together thesefiveriver systemsappear to carry about 45%af the
N and 70%of the P that Howarth et a. (this volume) calculatefor the total
riverine flux to the North Atlantic.

Thesefluxes are so largethat it is useful to consider them in more detall
rather than simply entering them in future tables as inputsto the shelf. This
is particularly important for P, because a very large portion of the total P
carried by therivers is associated with suspended sediments. Most of thisP
will ultimately be buried with the sedimentsand thusnot play an activerole
in what are geologically speaking short-term biogeochemical processes on
theshdf and in theocean (Froelich 1988).
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Thefate of the sediment discharged by the very largerivers(Table 2) is
not known with a great deal of certainty - some accumulates in the delta
formed at the mouth of each of therivers (Table 2), same may be deposited
elsawhereon theshelf away from thedelta, and somé iscarried over the shelf
break and buried on the continental dope. For the purposeof thisaccounting,
we assume that 50% of the sediment discharged from each river isburied in
itsdeltaasfoundfor the Amazon (Kuehl et al. 1986). We further assume that
the remaining sediment is deposited and buried on the slope, thus bypassing
theshdf entirely.

Because there have been few reportsof the N content of deltasediments,
we based our estimate of N buria on the more numerous measurements of
organic carbon and an assumed C/N ratio of 10 (molar). Meybeck (1982)
reported aC/N (molar) ratio of 9.3-14 for marine sediment and DeMaster et
a. (1994) found arangefrom 7.5 to 10 in rapidly accreting slope sediments
off North Carolina. Trefry et d. (1994) reported a C/N (molar) ratio of 99
for particulateorganic matter in the Mississippi River and Richey & Victoria
(1993) found a mean ratio of 10.8 for fine particulatesin the Amazon. Our
useof aratioof 10 may underestimatethe N burial, however, since Aller &
Aller (1986) reported a mean value of 7.4 in 22 samples of sediment (045
cm depth) from the Amazon continental shelf.

The organic carbon content of delta sediments has been measured for the
Mississippi (1.4%, Trefry et d. 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 sedimentsfrom the
remaining two rivers. Based on these assumptions, we estimate that about
61. 10° 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. Thisrepresents29% of thetotal N discharged by
therivers(Table 1) and leaves 292 .. 10° molesN y—! as apotentially active
contributionto the continental shelf.

There have also been few measurementsaf total P in deltaic sediments.
Unfortunately, whilethereisarel ationship betweenorganicPandorganicCin
sedimentsthat appearstovary inaregular way with sedimentationrate(Ingall
& Van Cappellen 1990), alargefractionof the river borne Pisin inorganic
particulateform (Jahnke 1992). For example, Richey & Victoria(1993) found
no correlation between organic C and total Pin particul ate 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 totd phosphoruseroded from the continentsis activated and enters
the ocean in a biologically availableform,” we assume that 75%of the total
P discharge (Table 1) will be buried in the large river deltas and on the
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Table2. Estimated buria of nitrogen and phosphorusin mgjor river deltas on the North
Atlantic continental shelf. We assumethat an equal amount of N and P is buried on the
continental slope.

Sedimentdischarge!  Deltaares?  10° molesy™!

10 gy™! 10° km? N P
Mississppi-Atchafaaya 210 30 12 13
Grijalva-Usumacinta 96 17 3 0.02
Magdelena 220 1.7 7 0.2
Orinoco 150 21 6 09
Amazon 1200 100 33 176
Totd 1876 170 61 20

From various sources summarized by Milliman & Syvitski (1992). The Grijalva-
Usurnaci ntasediment di schargewas cal cul ated from Milliman and Syvitski's regression
relating sediment dischargeto runoff for high rivers using mean water discharge (1980~
1983) and watershed data for the Usumacintaat Boca dd Cerro, Mexico (UNESCO
1992). The resultingflux of 69 - 102 g y~! wasincreased by afactorof 1.39 to account
for thehigher water flow at the mouth of thecombined Grijalva-Usurnacintariver system
ngaya 1981). No estimateof combined watershed areawas available.

Amazon and Missssippi deltasfrom Czaya (1981), others from Muiholland (1981).
Thelatter reportsdetaareas of 29 - 10° km* and 467 - 10° for the Mississippi and the
Amazon, respectively.

continental Sope. If thisiscorrect, about 20 - 10° molesPy~! from thevery
largeriverswill be buriedin the deltas, 20- 10? moles y='-will beburied on
the continental Slope, and 13 - 10 molesy—! will be an active input to the
shelf.

It follows from these assumptions that the average P concentration on
the buried sedimentsfrom the very large rivers should be 40 - 10° moles P
y~! divided by 1876 - 102 g y~! of sediment or 0.02 mmol Pg~!. Thisis
equivalentto 0.66 mg Pg~!, avalue consistent with recent measurements of
total P in marinesedimentssummarized by Howarth et d. (1995).

Asidefrom thefive very largerivers, al of theremaining riverine fluxes
of N and Pfrom land must passthrough estuariesbefore they reach the shelf.
During the passage through these intensely metabolic systems, thereis great
potential for modification.

Esuaries

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 (Johnstone1908), there have been surprisingly few efforts
to describe the overall balance of total N and P in estuarine embayments




T —

146

around the North Atlantic. Fortunately, for thisexercise we were able to find
or assemble relatively complete mass balancesfor nine impressively diverse
systems. They vary widely in size (24 km? to 375.10* km?), 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~! to 13,400 mmol N m~2 y~!). The systems
represented include a coastal lagoon (the Guada upe Estuary), drowned river
estuaries(e.g., Delaware Bay), coastal embayments (Boston Harbor), and an
inland sea (the Baltic). The sample aso includesrelatively 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 amountsof 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.,
DelawareBay), whileothersdo not (e.g., Narragansett Bay, Boston Harbor).

Despitethe considerable efforts expended by many investigators, We can
not claimto havearigorously closedbudgetfor N and Pinany of thesediverse
systems. In no case have all of the inputs, outputs, and changes in interna
storageof N or P been measured independently and contemporaneoudly (see
discussion in Nixon et al. 1995). In most cases, the flux in which we are
most interested, the net export of N and Pto the shelf, has been calcul ated by
difference. TheBaltic Seaand theSchel dt arenotableexceptionsin whichthat
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
exchangescalculated by difference (Boynton et a. 1995).

Inorder tofacilitatecomparison among thesystems, we haveexpressed al
of thetermsin each budget asaflux per unitarea(Tables3-11). Itisimportant
toemphasizethat our sampleonly includesstudiesinwhichall of thevarious
forms of N and P have been measured. There are many more estuariesin
which the behavior of dissolvedinorganic N and P has been observed, but
thesecan not betaken asrevealing anything about theexchangeof total Nor P
For example, it has been,well 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
ninecoasta systemsincludesawiderangeof biogeochemical behavior,from
amostcompletetransfer of N and P betweenland and the shelf (e.g., Ochlock-
oneeBay and BostonHarbor) to almost compl eteinterception of thefluxfrom
land (e.g., the Baltic Seq). Chesapeake Bay and theestuary of itstributary,the
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Potomac River, appear to import P from the shelf (Boynton et al. 1995). In
seeking to relate such behavior to variouscharacteristicsof the systems, we
turned to lirnnology, where it has been shown that theretentionof Nand Pin
many lakesislargely afunctiondf flushingrate, though theexact form of the
relationship is described differently by various authors (Kirchner & Dillon
1975; Kelly et d. 1987; seebrief overviewsby Rigler & Peters1995; Howarth
et d., thisvolume). Itismoredifficultto estimatetheeffectiveflushingratein
estuariesthan in lakes, but we were able to obtain at least a rough estimateof
the meen fresh water replacement timefor each systeminour sample. Linear
regressonsdf the fractional net transport of nitrogen and phosphorus from
land to the coastal ocean as a function the log mean residence time suggest
that thisfeatureisal so very importantininfluencingthe net balancedf N and
Pinestuaries(Figures1 and 2).

Thisresult wasnot necessarily expected becausethereareimportantdiffer-
ences between the behavior of N and Pinfresh and salt water and inlake and
marine sediments (Froelich 1988; Seitzinger 1988b; Nixon 1988; Caraco et
d. 1990; Howarthet al. 1995). However, our conclusionis further supported
(et least for N) by a recent independent study of the N balancein a Danish
fjord by Nidsen et d. (1995), who found that 95% of the N entering that
system from land was exported. Their published report described the fjord
as having awater residence timeranging from 1.5 to 13 days, but they have
provided us withacaculation of the time-averaged fresh water replacement
ratedf five-days-during theyear of their study. Their export isthusconsi stent
with the other systemsshown in Figure 1. The behavior of N in the northern
Adriatic Sea aso fits with the pattern shown by estuaries and lakes in our
sample (Degobbiset d. 1986).

Becausethecompanionarticleby Howarthet a. (in thisvolume) discusses
N retentioninlakesasafunctionof theratio of mean depthto water residence
time according to themode of Kelly et al. (1987), we have also andyzed our
datain that way. While the result (Figure 3) confirmsthat the N retention of
estuariesisgenerdly consistent with that of 1akes and rivers (see Howarth et
d., thisvolume), the incluson of water depth did not result in aregresson
withahigher r2.

“The relationship between flushing rate and export is|ess convincing for
P (Figure 2). We excluded Chesgpeske Bay and its tributary estuary, the
Potomac, fromthe Pexport regression because they both appear to have anet
input of Pfrom the coastal ocean (Tables4 and 8). Thisexceptiona behavior
appearsto be due, a least in part, to very rapid sedimentationrates in these
sysemsthat are supportedequally by sedimentinputsfrom shorelineerosion
andfromrivers(Boyntonet a. 1995). Highrates of sediment depositional so
make Chesgpesake Bay and the Potomac appear to bury alarger fraction of
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Table 3, Theannual massha ancedf totd nitrogenand phosphorusinthe
Bdltic Sea.! Dataarefrom Elmgren (1984), HELCOM (1993). Larsson
et al. (1985), Shaffer & Roénner (1984). WUIff & Stigebrandt (1989),
and WUIff et d. (1994). In somecasesva ueshave been ;ecalculated to
excludethe Danish Straitsarea. Unitsare mmaol m™ y’

N P
Inputs
Direct atmosphericdeposition? 68 0.2
Nitrogen fixation® 26 _
Rivers* 109 31
D i turban areassand industries® 14 08
217 41
Changes in storage
Net accumulationin water® 16 0.3
Net accumulationin sediment” 11 3.0
outputs
Denitrification® 161
Lossas gaseousN,0° 4 _
Fish landings" 5 03
Coastd ocean, net exchange™ 20 05

! Inside the Danish Straits. Area = 374600 km?, mean depth = 55 m
(Wulff & Stigebrandt 1989).

2 Swedish EnvironmentProtection Agency (1993: 142-143).
} Larssonet d. (1985).
4 Qwedish EnvironmentProtection Agency (1993). minus direct loads
from urban areasand industries.
> HELCOM (1993).
8 Changebetween 1982-1986and 1987-1991, Wulff et al. (1994).
7 N vaueframLarssonet d. (1985); Pvaue ca culated by difference.
8Calculated by difference.
° Shaffer & Ronner (1984).
1 Finfish only (Elmgren 1984), content of nutrient elements cal cul ated
asin Table14.
UWulff & Stigebrandt (1989).

their N input than cal culatedfor the other estuaries. With theexception of the
upper efd of the estimated rangefor N burid in Narragansett Bay, dl of the
other estimatesof N burial areless than 10%of the input, while N burial in
the Potomac s reported to be 35%0f theinput and for the Chesapeske as a
whole, it isalmost 40%af theinput (Boynton et al. 1995) (see Tables 3-11).

Inapreviouscomparison of denitrificationrates and theinputsof dissolved
inorganic nitrogen (DIN) to severa estuaries, Seitzinger (1988b) found that
denitrification removed a relatively constant 45% of the DIN input. If we
express denitrificationas a fraction of the total nitrogen input, however, it
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Table4. Theannua massbalanceof total nitrogen and phosphorusin
Chesapeske Bay, Maryland-Virginia. durlnq 1985—1986 Data from
e Boyntonetal (1995). Unitsaremmol m=2 y~*.

: 3| N - P,
Inputs
Direct atmospheric deposition” 113 2
Nitrogen fixation ? 0
Rivers(diffusesour ces) 565 18
Direct sewage(point sour ces) 260 11
Coagtal ocean® 0 10
938 41
Changesin gorage
Accumulationin water 0 0
Accumulationin sediment 327 40
Qutput s
" Denitrification 245
Fish landings 84 1.5
Coagtal ocean® 282

! Area= 11542 km?, mean depth (MLW) =6 m.
) 2 Smullenet al. (1982); 1976198 1 mean TN and TP in wet deposition.
! ( 3 Pinput and N output calculated by difference.

gppearsthat N removal islargely afunction of water residence time (Figure
4). Our finding that thefractional lossof N to denitrification increases with
water resdence timein estuariesis al so cons stent with the generd behavior
o five out of six Danish lakes studied by Andersen (1974) and with the
unstratified lakes analyzed by Kdly et al. (1987).

: Unfortunatdly, it is difficult to gpply the relationships between flushing
| rateand N and P export in any exact way to thefluxes reported by Howarth
et d. (thisvolume) because their results represent an aggregate flux through
longstretches of coastline. Each region may contain numerousestuarieswith
highly variableflushing rates, many of which have never been estimated. As
apractical expedient we have assumed that most estuaries are characterized
by mean residence times of 05-12 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
accordingto Table3inorder to computeanet flux to the Northwest European
Coast and North Sea. The consequencedt these assumptionsin combination
with the burid of someof theN and P carried by thevery largeriversisthat
the tota riverine flux of N from land onto the totd North Atlantic shelf is

ey
i
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Table5. Theannual massbal anceof total nitrogenand phosphorusin Delawvare Bay,
Delaware-New Jersey' during the 1980s. Unitsare mmol m=2 y .

Inputs
Direct atmosphericdeposition? 100 3
Land drainageand sewage® 1800 155
1900 158
Changesin storage
Accumulation in water 0 0
Accumulation in sediment
Sdlt marshes* 178 2
= i Subtidal® _n 21
i 255 23
1 out put s
Denitrification® 825-1025 0
Fishlandingg ——MM— Small Vay smal
Coastal ocean’ 620-820 135

! Area= 1989 km?, mean depth = 97 m (Polis & Kupferman 1973).

2 Direct wet DIN from Scudlark & Church (1994). They assumed dry deposition

equal to wet. WeassumeDON equal to 50%0f wet NOs and wet NOs equal to 50%

of wet DIN based on Nowicki & Oviatt (1990). P based on recent regional AIRMoN

data

B 3 FromJaworski & Howarth (in press). NOAA (1989) reported atotal N input of
Tl T 1630mmol m™~2 y=" and atotal Pinput of 190 mmol m~2 y~i,

* N buria estimated assuming 10 mg N/g of marsh sediment based on various

sourcessummarized by Nixon & Lee (1986) and 497.. 10° mty™" of marsh sediment

accumulation(Biggs & Beasley 1988). Pburia estimated from 300 g P/g of marsh

sediment (Strom 1976).

5 Based on asedimentinput of 1.6 . 10% mt accumulating in subtidal fine-grained

deposits(Biggs& Beasley 1988) with a nitrogen content of 0.13% (Cifuentes1991)

for upper bay depositional area sediments(Weil 1977). P deposition based on 800
ngPg™ inorganicmdi mentin the upper bay depositional area (Strom 1976).

¢ Calculated usng denltrlflcanon rates in the Delaware River from (Seitzinger

1988a; 300 pmol m~* h™") and Delaware Bay proper (Seitzinger 1988b; 100 pmol
m~2 h~'y and areas of 179 km? and 1819 km?, respectively. L ower value obtained

assuming the lower bay rate applied only to the area not dlassified by Biggs &

i Beasley (1988) asconsistingof gravel or gravely sand. Lower bay rates measured

in summeronly.

" Cdculated by difference.

reduced to 50-67% of the value calculated by Howarth et al. (thisvolume)
and theflux of P isreduced to 29-39%of the calculated total dischargefrom
land (Table 12). Thereductionin Pflux isprobably even greater since some
estuariestrap all of theP from land and import P from the shelf (e.g., Tables
4and 8).
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Table 6. The annual mass balance of totd nitrogen and phosphorusin Narra
gansett Bay, Rhode Istand.! Data were collected at various times during the
1980sand early 1990s. Unitsare mmol m~2 y~. From Nixon et . (1995).

N P
Inputs
Direct atmosphericdeposition 0 04
Nitrogenfixation ~0 0
Rivers 1200 65
Direct sawage 550 40
Sorm weter runoff _ 20 12
1960 115
Changesin storage
Accumulationin water ~0 ~0
Accumulationin sediment 140-335 17-38
Outputs
Denitrification 260-520 0
Fishlandings
Hard clams 10 0.6
Fin fish 3 0.2
Coastal ocean? 765-1410 76-98

! Area= 328 km? iricluding Mt. Hope Bay, mean depth (MLW) = 8.3 m(Pilson
1985).
2 Cdculated by difference. Each term rounded.

TheN and Pbalance on the continential shelf
Deposition fromthe atmosphere

In addition to inputs of N and Pfrom the largerivers that discharge on the
shelf and the net export from estuaries, thereis asignificantflux of N to the
continental shelf from atmosphericdeposition (Duceet a. 1991, Paerl 1995).
We have estimated this term for each region of the shelf around the North
Atlantic by multiplyingthe shelf area estimates of Pilson & Seitzinger (this
volume) by mean area-specificwet anddry N depositionintensitiesprovided
by three different atmospheric transport/chemistry models (Prospero €t al.,
thisvolume). Theresult suggeststhat atmosphericdepositionmay providean
amount of N to continental shelf watersof the North Atlanticequal to5-10%
of thenet 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
choiceof depth to define the outer edge of the shelf (Table13). Therelative
importance of the atmosphere as a pathway for N input varies markedly
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Table 7. Theannua mass balanceof tota nitrogen and phosphorusin the
Guadalupe Estuary, Texas' during a dry (1984) and a wet (1987) year.

Dat? are from Brock et al. (1995) and Longley (1994). Unitsare mmol
-2 ,—1

m "y . 7

N P

1984 1987 1984 1987
Inputs
Direct atmospheric deposition 40 40 36 , 36
Nitrogen fixation 48 48 0 0
Rivers 345 1900  49* 160*
Direct sewage 15 _70 17 1

548 2058 70 171
Changesin storage

Accumulationin water 25 30 -7 2

Accumulationin sediment? 1 _65 _03 _16
26 95 —-6.7 18

Outputs

Denitrification 320 320 0 0

Fish landings” 35 85 22 53

Adjacent baysand gulf® 167 1558 75 148

I Area=551km*, meandepth MLW) = 14 m

2 Pburid reported by Longley (1994) adjustedtorevised N buria reported
by Brock et d. (1995) using an N/P ratio of 4(D. A. Brock, TexasWater
Development Board., personal communication. Fish landings adjusted
assuming N/P (molar) of 16.

* Cadlculated by difference. Brock et al. (1995) used a numerical model
to estimateanet N exchangefor thisterm of 300mmol m=? y~! in 1984
and 1500mmol m~2 y~* in 1987.

* River and sewageP datafrom 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
theatmosphereiseven larger because dissolvedorganic N isnot includedin
these estimates, and recent evidence indicates that this may be a significant
component of the total ¥ deposition from the atmosphere (Cornell et d.
1995).

Denitrification

In a well-known review of estimatesof nitrate uptake by continental shelf
sediments, Christensen et d. (1987) concluded that denitrification in such
sediments was an important term in the oceanic and global N cycle. While
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Table 8 The annual mass balance of tota nitrogen and phosphorus
in the Potomac Estuary, Maryland-Virginia' during 1985-1986. Data
from Boyntonet al. (1995). Unitsaremmol m™2 y~.

N P

Inputs
Direct atmospheric deposition? 113 2
Nitrogenfixation e 0
Rivers (diffuse sources) 1277 5.6
Direct sewage (point sources) 705 20
ChesapeskeBay® _ 0 16
2095 44
Changesin storage
Accumulationin water 0 0
Accumulationin sediment 837 42
outputs
Denitrification 330 0
Fishlandings 10 18
Chesapeake Bay® 918 0

! Area= 1210km?, meandepth (MLW) =59 m
2 Smulllenetal. (1982); 1976-1981 mean TN and TP in wet deposition.
* Pinputand N output calculated by difference.

the summary compiled by Christensen et d. (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 consderable effort was devoted to
obtaining region-specific estimates of denitrification on the North Atlantic
shdlf. Thiswas a considerablechallenge because few measurementsof den-
itrification have actually been madein the area. The detailsof the gpproach
taken, the assumptionsrequired, and the resultsobtained are presented el se-
where (Seitzinger & Giblin, thisvolume). Briefly, Seitzinger and Giblin first
developed an empirica regression between primary production in the over-
lying water and sediment oxygen uptake. That regression was then ligked
to another regression relating sediment oxygen uptake to measurements of
coupled nitrificationand denitrificationin shelf sediments. In this way, they
were able to use relatively abundant primary production data to estimate
region-gpecific benthic denitrification. We recognize that this modd will
underestimate total denitrification in areas where direct uptake of nitrate
fromthe overlying water contributes significantly to denitrification in the
sediments. '
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Table 9. The annual massbalanceof total nitrogen in Ochlockonee

Bay, Florida during normal flow conditions. Datafrom Seitzinger

(1987) and unpublishedmeasurements. Unitsare mmol m~2 y™ .

N .
| nput s
Direct atmosphericdeposition” 82
Nitrogenfixation <35
Rivers® 5910
Direct sewage -0

5995
Changesingtorage
Accumulationin water 0
Accumulationin sediment* 105-125
Qut puts
Denitrification 640
Fishlandings Vey smal
Coastal ocean® ST 5230-5250

! Area= 24km?, meandepth at low tide= 1m
Hendry & Brezonik (1980). includesTON, NHs, and NO; in bulk
precipitationduring 1976-1977.
DIN input of Seitzinger (1987) increased by afactor of 5 based
on TN:DIN ratios measuredin June(4: 1) and November (6:1).
Based on 2°Pb profilesand measured N concentrationsof sedi-
- -ging86 pmol N gdw™!. Range for different
assumptions regarding 2'’Pb input.
Calculated by difference.

Theimportant conclusionfor our effort in this paper isthat denitrification
appears to remove more nitrogen from every region on the North Atlantic
shelf except the Amazonand, perhaps, the Gulf of Mexico, thanthecombined
flux from rivers and the atmosphere can provide (Table 14). For the North
Atlantic shelf as a whole, coupled nitrification-denitrification in sediments
appearsto exceed theeffective N input from land and atmosphere by afactor
of about 1.4-2.3. Thenetlossaf N on thewestern sideof the North Atlantic
is about two-three times that on the eastern side, in spite of a much larger
inputof N from land on thewest (Table14).

In addition to denitrification, there are two additional fluxes that can
remove N and P from biologica circulation on the shelf — fisheries land-
ingsand 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
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Table!0. Therecent (1992-1994) annua massbalancedf nitrogenand phos-
phorusin Boston Harbor, Massachusettsprior to sewagedivarson!  Unitsare

mmol m~? y~'.
N P
Inputs
Direct atmosphericdeposition 200 0.3
Nitrogenfixation 0 0
Rivers 590 27
Groundwater 60 7
Storm water 85 4
Sewage 8160 625
9095 660
Changesin storage®
Accumulationin water 0 0
Accumulation in sediment 185 22
Qut put s
Denirification* 910 0
Fish landings® Vay small 0
Dredging® 150 9
Coastal ocean® 7850 629

! Area= 108 km?, mean depth = 5.8 m (Kelly 1991).

2 Alber & Chan (1994).

3 Kelly & Nowicki (1992); P storage calculated from N assuming an N/P .
ratio of 85 asin Narragansett Bay (Nixon et al. 1995).

4 Giblinet al. (1993).

5 Kely & Nowicki (1992); Pcalculated from N assumingN/P ratio of 16.

¢ Cdculated by difference.

Gulf of Mexico. We estimated the removal of N and P in fish by averaging
therecent (1987-1991) annual commercial landingsfrom the United Nations
Food and Agricultural Organization (FAO) tatistical areas that cover the
North Atlantic. Whil efinfish account for about 85% of thetotal NorthAtlantic
catch, weseparated thel andingsof other groupsthat may differintheir 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 theshelf an amount of N equal to 36-64% of thetota inputfrom 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
theremoval because the FAO data include estuarine commercial landingsas
well as thosefrom the shelf. It seemslikely that inshorecommercial landings
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Table11. The annua mass balance of tota nitrogen and phosphorusin
the western Scheldit Estuary.! N data are from Billen et . (1985) for
] 1973-1983.P dataare lesscertain but represent approximate conditions
’\ for alow flow ¥ea (1991). Pdataf ramBillen & Servais (199 1). Unitsare

4 mmol m™2 y~1.
| N P

Inputs

Direct atmospheric deposition ? ?

Nitrogen fixation ? 0

Rivers 7220 770

Direct sawage 3350 260

Direct agriculture 2830 10
13400 1040

Changesinstorage

Accumulation in water ? 0

Accumulationin sediment 1030 540*

1030 B

outputs

Denitrification™ 5420 0

Fishlandings ? 0

Coagtal ocean 6950 500

N and P budgetsis minor.

Burial exclusvedf largeriver deltas

' Area=277km?, mean depth = 11.2 m(Billen, personal communication).
* Calculated by differenceby origina authors. _.

.,,é exceed therecreational catch ontheshelf. In any case, theimpact on the shelf

It is difficult to evaluate this term because of the complexity of sediment

(Eisma1981).

dynamicson continental shelves. We began by assumingthat the burial of N
and Ponly takesplacein areasof sediment deposition,becauseof thegenera
correlation between sedimentation rate and the buria rate of organic matter
(Henrichs & Reeburgh 1987; Mayer 1994), and becausesedimentsthemselves
also cary someinorganic 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
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Fi gure I. The percentof tota nitrogen input from land and atmospherethat is exported from
asampleof estuariesand lakes as a function of mean water residence time in the system.
Estuarine data (solid points) from Tables 3-11. Norsminde Fjord export from Nielsen et
d. (1995). Estuarineresidence times from Seitzinger (1987) OchlockoneeBay, FL; Signell
& Butman (1992) Boston Harbor, MA; David Brock (personal communication) Guada upe
Estuary, TX in dry and wet years; Pilson (1985) Narragansett Bay, RI; Billen (personal
communication) Scheldt Estuary; Polis & Kupferman (1973) Delaware Bay; W. Boicourt
(persona communication)Potomac Estuary, VA-MD and Chesapeake Bay, VA-MD; C. Cerco,
US Amy Corpsof Engineers, recently provided a residencetime estimate of 7.6 monthsfor
Chesapeake Bay based on a simulated dye study using a hydrodynamic mode of the bay;
Larsson (1986) Badltic Sea; K. Nielsen (persona communication) Norsminde Fjord. North
Adriaticdatafrom Degobbiset al. (1986). Lakes Erie and Mendota(open circles)from various
sourcessummarized by Nixon (1988). Other lakes (unnamed open circles) from astudy of six
shallow Danishlakes by Andersen (1974). Theregressionlineis for the combined data set.
Separateregressionsfor estuarine and lake data were virtually identical.

Sedimentscarried by rivers

In their recent review of sediment dischargeto the world ocean, Milliman &
Syvitski (1992) provided a concise summary of our present state of knowl-
edge:

What i s the sediment flux to the sea? This question redlly has two parts
how much sediment is carried by rivers, and how much escapes the
present-day land/estuarine environment? The answer to both is more or
lessthesame—wedon't know.

LN
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Figure 2. The percent of total phosphorusinput from land that is exported from a sample of
estuariesand lakesas a function of mean fresh water replacementtime in the system. Data
sourcesasin Figure 1. Regression lineincludeslakesand estuariesbut excludesthe Guadalupe
inalow flow (long residencetime) year.

Fortunately, thesituationisnot quiteso difficultfor the North Atlantic, where

thereappears to be good evidence that virtually all (90-95%) of the sediment
carried by riverson theeast coast of the United Statesisdepositedin estuaries
rather than on the shelf (Meade 1972,1982; Swift et a. 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 essentialy equal to theinput from rivers. While recognizing that some
sedimentescapesfrom theestuari es,especially duringlargefloods, weassume
that thisflux is sufficiently small for the shelf as awhole that we can ignore
it in subsequent calculations.

Sedimentsfrom coastal erosion

In the North Sea, thissourceappears to providean amount of sediment equal
to about 15% of that carried into theestuaries by rivers (Eisma1988). We are
not aware of any comprehensiveestimateof thiskind for the North Atlantic
asawhole, and we are reluctant to extrapol atefrom the North Sea alone. As
a practical matter, we ssmply acknowledge that coastal erosion may provide
an unquantified, but amost certainty small, amount of sediment to theinner
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 variousestuariesas a function of the ratio of mean depth (z, m) to
fresh water residencetime in the system. We have used retention rather than exportand years
rather than monthsfor the residencetimein this figure to be consistent with the discussion of
Figure6 in Howarth et . (this volume). The broken lines were calculated using the model
of Kely et al. (1987) for masstransfer coefficients(Sn) of 30 and 50. The estuarinesystems
follow the pattern described for lakes, reservoirsand rivers.

determinethe net increase (if any) in N and P concentration on the sediment
between thetime it was eroded and the timeit was buried on the shelf. This
would be necessary because Howarth et al. (this volume) did not include
coastal erosionin their estimatesof N and Pflux from land.

Sedimentsresuspendedf r omrelic deposits
Againusing the North Sea as an exampl e, Eisma (1981,1988) estimated that
this source contributesas much or more sediment to depositional areas assdo
rivers. Overal, he calculated that some 14-24- 10'2 g y~! of fine-grained
sediment areredepositedon thebottom of the North Seaoutsidetheestuaries.
Major depositional areas includethe Skagerrak, theKattegat, 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 deposited again. Sedimentsin the large
depositional area of the Skagerrak contain 3-6 times more organic C than
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F gure 4. The fraction of total nitrogen input from land and atmospherethat is denitrified in
variousestuarinesystemsas afunction of mean water residencetime. Datasourcesasin Figure
1. Theestimatefor Delaware Bay is almost certainly too high becauseit is based on summer
measurementsonly (see Table5). Anoxic bottom waters over parts of ChesapeakeBay and
the Potomac estuary may reducethefraction of total N input thatis denitrified.

adjacent sediments (van Weering 1981), but this may be due to grain size
(Mayer 1994; Milliman 1994; L ohseet d. 1995) and wedo not know if there
was an increasein the concentrationsof N and P on the sedimentssince they
were eroded.

In the absence of specific information for al but a few of the various
depositiona areas on the North Atlantic shelf, we can only make a very
rough beginning in estimating the potential magnitude of N and P burid.
Since we are dealing with older sediment that may have been on the shelf
for thousandsof years (e.g., Bothner & Bacon 1987), the N and Pof 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 baance.

Depositionand burial of organicmatter
As part of their effort to estimate denitrification on the North Atlantic
shelf, Seitzinger & Giblin(thisvolume) reviewed and summarized numerous
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Table 12. Estimated flux of tota nitrogenand phosphorusfrom estuariesonto
the continentd shelf in variousregionsaround the North Atlantic. The fluxes
from large rivers that discharge directly on the shelf have also been included
after correctionfor the estimated burid of N and P in large river deltas and on
the continental Slope. See text. Boundariesof the regionsare given in Howarth
etd. (thisvolume).

10° molesy™!
Total N Totd P
North CanadianRivers 8-15 0.3-0.5
St. LawrenceBasin 16-33 0.3-0.6
Northeast Coast of U.S.! 13-26 1.0-1.9
Southeast Coast of U.S. 6-12 0.2-0.3
Gulf of Mexico? 136-159 1.1-1.3
Central Americaand CaribbeanIslands® 33-43 1.4-2.2
Amazon Basin®* 161-165 13-14
Totd Wesern Atlantic 373-453 17.3-20.8
Northwest European Coast 11-22 0.4-0.8
North Sea 38-68 1.4-29
Southwest European Coast 5-10 0.8-1.6
Northwest Africa’ 37-74 1.3-2.5
Totd Eastern Atlantic 91-174 3.9-7.8
Totd North Atlantic 464-627 21.2-28.6

! IncludesBay of Fundy and part of Nova Scotiaand the U.S. coast to Cape
Hatteras, North Carolina.

2 Effective conhibution from the Mississippi plus Grijalva-Usumacinta =
113. 10° molesN and 0.91 . 10° molesP.

3 Effectivecontribution from the Orinoco plus Magdelena= 225 . 10° moles
Nand Q7 - 10° molesP.

* Effectivecontribution from the Amazon = 157 - 10° molesN and 11.8 . 10°
molesP.

5 Not includingany net flux to the deep Atlantic from the Mediterranean (See
Michaelsetd. thisvolume).

measurementsof primary production in the area. They aso examined the
relationship between primary production in the water and the consumption
of organic matter by shelf sediments. While thereis considerable variation,
amost al of the data were consistent with the view that about 10-30% of
theshelf primary production was consumed in or on thesediments. Thisisin
agreement with moredetailed studiesof theU S shelf southof New England
(Rowe et al. 1988) and the North Sea (Billen et d. 1990). As a working
number, Saitzinger & Giblin (thisvolume) used 16% for their estimateof the
fraction o primary production respired on the bottom. Given the scatter in
thedata, and consideringthat the deposition of organic matter on the bottom
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Table 13. Estimated deposition of NO, and NHy (wet plus dry) from the atmosphere onto
the continental shelf in variousregionsaround the North Atlantic. Depositionratesare from
Prospero et a. (this volume), shelf areas (0-100 m depth and 0-200 m depth) are from
Pilson & Seitzinger (this volume). Boundariesof the regionsare given in Howarthet al. (this

volume).

10° molesy ™!
NO, NO, + NH,
0-100m 0-200m ©0~100m 0-200m
North CanadianRivers 35 6.4 49 90
S. LawrenceBasin® 47 78 66 110
Northesst Coast of U.S.} 88 14 11 18
SoutheastCoastof U.S.* 27 30 39 44
Gulf of Mexico® 1n 13 18 21
Central Americaand CaribbeanIslands® 19 24 46 58
Amazon Basin’ .18 _19 54 51
Totd Western Atlantic 344 48.5 54.4 74.9
. Northwest European Coast® 20 29 38 54
Southwest European Coast® 0.7 1.1 1.1 1.8
Northwest Africal* 19 23
Totd Eastern Atlantic 411 58.2

' 0-100m=708616km?> 0200 m= 1,276,783 km?
2 0-100m= 315770km® 0200m= 518,998km?
3 0-100m= 230780km? 0200m= 361,042km?
4 0-100m= 123338km*> 0200m= 137,364km?
5 0-100m= 500926km* 0200m= 573565km?
¢ 0-100m=381,070km® 0200m=  474,755km?
7 0-100m= 359579km?> 0200m=  389,562km?
8 0-100m= 786236km?> 0200m= 1181318km?

® 0-100m=  33986km’* 0200m=  51,435km?

°0-100m= 319,325km*> 0200m=  392,888km?

NW. European coast includesNorway through France, excluding the Bdltic.
SW. Europeancoastincludes Spainand Portugal .

CapeHatteras dividesN.E. and SE. coastof theU S

can not be much larger than the amount respired, we assumed that deposition
on average was equal to 25% of primary production. Thisislower than the
32% estimated by Wollast (1993) for theworld coastal zone, but higher than
thefindings of Billen et a. (1990), who estimated an average deposition of
25gCm? y~! in thewholeof the North Sea, a valueequal to about 18% of
the primary production according to Seitzinger and Giblin’s review.
Unfortunately, there are few direct measurements of organic deposition
on non-upwelling shelves, and even fewer measurements of net long-term

i
s




Table /4. Estimated balanceof nitrogen on the continental shelf in various regions around the North Atlantic
excludingexchangeswith the open ocean. Boundariesof the regionsare givenin Howarth et al. (this volume).
Fluxesfrom the land arefrom Table 12; ratesof atmosphericdepositionarefrom Prospero et d. (this volume)
ascalculatedin Table 13; denitrification rates arefrom Seitzinger & Giblin (this volume). Low and high ranges
in atmosphericdeposition and denitrificationapply to shelf areas with 0—-100 m or 0-200 m depth contours,
respectively (Filson & Seitzinger, thisvolume).

10° molesy™'
Fluxfrom  Atmospheric  Denitrification ~ Netinput
land? deposition toss or (loss)
North CanadianRivers 8-15 4.9-9.0 49-99 (29-82)
St.LawrenceBasin 16-33 6.6-11 94-155 (54-128)
Northeast Coast of U.S. 13-26 11-18 114-178 (77-147)
Southeast Coast of U.S. 6-12 39-44 105-117 (89-107)
Gulf of Mexico 136159 18-21 171-195 6-(38)
Central Americaand Caribbean Idands 33-43 4.6-5.8 101-122 (53-83)
AmazonBasin 161-165 5.4-5.7 77-84 83-93
Totd Western Atlantic 373-453 54-75 711-950 (204-502)
Northwest European Coast 49-90 38-54 165-258 (37-155)
Southwest European Coast 5-10 1.1-1.8 19-29 (7.9-22)
Northwest Africa 37-74 1.9-2.3 98-171 (22-132)
Totd Eastern Atlantic 91-174 41-58 282-458 (67-309)
Total North Atlantic? 464627  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 dope.
% Sditzinger & Giblin (this volume) al socal cul atedadenitrificationl ossin the shallow waters around Greenland
& lceland that amounted to an additional 22 - 10° molesy ™",

€91
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Table 15. Estimated removal of nitrogen and phosphorusin fisheries landings
from the North Atlantic continental shelf. Vaues are based on mean annual
landingsfrom FAO statistical areas 21, 27, 31 and 34 during 1987-1991.

Nitrogenand PhosphorusRemoved*

Landings, 10° molesy ™!

metrictons! ~ N P
Oyders 334,400 0.37 0012
Mussds 510,100 0.46 0.028
Scallops 324,900 0.51 0.027
Clams, etc. 498,200 0.96 0.024
Squids, octopuses 286,900 0.41 0.018
Lobsters 152,200 0.25 0.010
Crabs 182,600 0.30 0.012
Shrimp, prawns 480,600 1.20 0.034
Finfish 15,887,700 27-340 1.02-2.05

Total 18,656,900 272385 118221

' FromFAO (1993).

% N compositionfrom Vinogradov (1953): mussels= 7.2% fresh weight, oysters

=7.7%. clams= 2.7%, scalops= 2.2%, squid and octopuses= 2% (Pilson 1970).

lobster and crabs = 23%. shrimp = 3.5%, fin fish = 2-3%.

P compositionfrom Vinogradov (1953): mussels= 0.17%fresh weight, oysters

=011% clams=0.15%. scallops™ 0.26%, squid and octopuses= 0.2%, lobsters
~and crabs = 0.2%, shrimp = 0.22%, finfish = 0.2-0.4%.

burial as a fraction of deposition. Based on the work of Canfield (1989)
and Blackburn (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
estimatesof Seitzinger & Giblin (thisvolume) isof noreal importancegiven
the variability of all of the data. It is probably also useful to note that a
net accumulationof organic matter in shelf sediments is neither inconsi stent
with, nor supportiveof, the view of Smith & Hollibaugh (1993) that conti-
nental shelves are essentialy in metabolic balance, with organic production
equalling consumption. Even in shelf areas such asthe GeorgiaBight off the
southeast coast of theU.S,, where Hopkinson (1985) found a great excess of
respirationover production, it is possiblethat afraction of the shelf primary
production is buried while alarge flux of organic matter from land supports
an overal heterotrophiccarbon baance.

Our estimateof atotal North Atlantic shelf depositionof 19 - 1012 moles
C y~! and buria of 0.2-1 . 10'2 moles C y~! can be compared in a very
rough way to global estimates made by othersif we consider that the North
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Atlantic (0-200m) containsabout 20%o0f theworldshelf area. Wollast (1993)
concluded that 183. 10'?2 molesCy~! (2.2 - 10"’ g C) weresedimentedonto
theworld continenta shel ves, about twiceasmuch asasimpleprati ngof our
estimatewould give. However, his value presumably includes estuariesand
activeriver deltaswhileoursdoesnot, and aglobal estimatemust al soinclude
very productive coastal upwelling areaswith high rates of organicd ostion
and accumulation. Smith & Hollibaugh (1993) concluded that 9 - 10" moles
C y~! were put into long-term burial on the' coastal bottom" of the world
ocean, avalue 18-9 timesgreater than ours. Again, however, their estimate
presumably includes estuaries, river deltas, and maor 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 C/N (molar) ratio of 10. Wash
(1983) found suchavalueover largeareasof theGulf of Mexicoshelf outside
the Mississippi Delta, though there was aso considerable local variation.
Unfortunately, it was moredifficult to decide on an approximate C/organic P
ratio, sinceit isevident from arecent review that that ratio varieswidely as a
function of sedimentationrate (Ingall & Van Cappellen 1990). It is possible,
of course, that acomparablereview would show that our choice of aconstant
valuefor the C/N ratio was also an oversimplification.

There have been relatively few measurementsof deposition rates on the
North Atlantic shelf. One 13,000 km? areaof fine-grained sedimentson the
southern New England shelf has been studied in some detail ¢(Twichell et
al. 1981), and geochemical evidence indicated a modem deposition rate of
about 25 cm/1000 years (Bothner et al. 1981). Thisrate suggestsa 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, perhapson the order of 05 cmy~! (Lohseet d. 1995). Eleven cores
of fine-grainedinner shelf sedimentsoff thesoutheast U.S. coast dated using
219pp, &l so showed highratesof depositionthat averaged 09 cm y~! (Pomeroy
et d. 1993). Sedimentsaccumulating at these higher rates are characterized
by alower C/organic Pratio of about 250 (Ingall & Van Cappellen 1990). In
theabsence of aconvincing area-weighted sedimentationrate, we assumed a
total shelf C/organic Prangeaf 250-500.

Theresultssuggest that the buria of N on the shelf outsidecof maJOI‘ river
deltasis very smal (Table 16) and amountsto only about 1-2%6 of thetotal
denitrificationestimate cal culated 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 estuariesand very largerivers (Table 12). In
areas avay from thelargerivers, the buria of organic P may be particularly
important. For example, in the North Sea, we estimated that 1.4-2.9 . 10°
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Tablel6. Etimated potentia burial of N and Pin North Atlantic continental shelf
(0-200 m) sediments exclusive of major river deltas. Buria calculated assuming
0.25-1.25% of the C fixedin the water column is preserved in long-term burial and
that sedimentsaccumulatewith aC/N (molar) of 10 and Clorgatiic P of 250-500.

Primary production?>  Burial, 10° molesy™

10" molesCy™! N P
North America 39.2 9.8-49 0.20-1.96
Centrd and South America 108 2.7-14 0.05-0.54
Europe 16.3 4.1-20 0.08-0.81
N. W. Africa 89 2.2-11 0.05-0.44
Greenlandand Iceland a2 03-15 001-0.38
76.4 19-95 0.39-4.13

! Theseestimatesa so do not include 50% of the sediments discharged by the very
large rivers that we assume are deposited outsidethe deltas on the shelf or over the
shelf-dopebreak. See Table 17.

2 From Seitzinger & Giblin (thisvolume) who provide amore detail ed geographical
assessment. They used the shelf areawithin the 200 m depth contour.

molesof P were discharged from the estuaries (Table 12). Using Seitzinger
& Giblin’s (thisvolume) estimatefor primary productionof 32 mmol C m—2
d~! (140g Cm~2 y~'), wecalculated aP buria rate on the North Sea shelf
of 0.07-0.70 . 10° moles P y~!, or 24 -50% of the input from land. It is
obviousfrom theexample, however, that large uncertaintiesvery muchlimit

our ability to develop a mass balance for the shelf.
Exchanges at the shelf break

If we summarize the estimates developed up to this point, it appears that
thereis a net flux of active P from the continental shelf to the open North
Atlantic that is equal to 17.7-30.4 . 10° molesy~!, or 24-41% of the value
that Howarth et d . (thisvolume) estimatefor thetotal Plossfrom land (Table
17). In addition there is an estimated 20 - 10° moles Py~ buried on the
continental ope with sedimentsfrom the large rivers. The situation with
regard to N, however, is very different. The shelf budget developed thusfar
requires #n additional large net source of N that is approximately equa to
or greater than the combined input of N from large rivers, estuaries, and
atmosphericdeposition (Table 17).

There are two potential sourcesfor the missing N — biological fixation
directly on the shelf and the nutrient-rich deeper ocean waters off the shelf
that Csanady (1990) termed the"' slopesea™ Itislikely that thefirstisof 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
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Table17. 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 processeson the shelf. Weestimate that an additional 61. 10°
molesy~! of N and 20. 10° molesy™* of P are buried on the-shelf in
ddtasof thevery large rivers. We al so assumethat equa amountsof N and
P associated with sedimentscarried by the very large rivers are deposited
and buried directly on the continental dope.

N P

Input 10° molesy ™!

From direct atmosphericdeposition 133 Vay smdl

From very largerivers 292 13

From estuaries 172-335 11-19
Totd 597-760 24-32

Removal 10° molesy~"

Organic matter buried on the shelf 19-95 0.4-4.1

Fisheriesharvest 27-38 12-22

Denitrification’ 1408 0
Total 1454-1541 16-63

' Doesnot include shallow areas around Greenland and Iceland.

shelf in the North Atlantic (0—200 m) accountsfor about 20% of the world
total, biological fixation probabty-supplies less than 20 . 10° moles N y~!
compared to the apparent deficit of 690-940 - 10° molesN y~! (Table 17).
The largest single source of N for the North Atlantic shelf as a whole must
be the onwellingof deeper nutrient-rich water from the continental slope.

Onwelling of N and P from the slope

As long ago as the 1930s, a few oceanographers noted that the physical
circulationon at least somepartsof the North Atlanticshelf wassuch that the
slope waters could potentially make an important contributionto the nutrient
supply and productivity of the shelf. AsIselin (1939) explained:

Thefact that the salinity isat a maximum near the bottom on the conti-
nental shelf showsconclusively that thecoastal circulationhasan off shore
component at the surface and an in shore component benesth ... During
the last few years physical oceanographers have begun to appreciate the
important role which lateral turbulence playsin the sea...Under the
conditions of high stability often found in coastal waters, the isopicnal
trangport of nutrientsshould proveamostfruitful study ., . Thechemicals
which are in this way pumped up from mid depths in the Sargasso Sea
are transferred isopicnally across the Gulf Stream to the edge of the
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continental shelf. Thus as thebottom water penetrateslandward, it carries
with it agood supply of nutrients. ..

More recent work has shown that the physical exchange processescan be
more complicated than this early picture (e.g., Walsh et a. 1978; Csanady
1990; Verity et d. 1993) and few attempts have been made to measure or
calculatethefluxesadf nitrate onto variousregionsof the North Atlanticshelf.
Theresultsthat are availablerange by afactor of three, from about 1.9 mmol
Nm~! of shelf break s~! off NovaScotia to about 5.7 mmol m~! s~ off the
southeast coast of the U.S (Table 18). When averaged over the entire width
of theshelf in each area, these dope-shelf transportstrandateinto N inputs
amounting to 0.3 to 1.1 mol N m~? y~! between eastern Nova Scotia and
Florida(Table 18). Georges Bank and, perhaps, afew 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 . 102 molesN y~!, far more
than enough to meet the deficit of 06-0.9 . 10'2 moles N y~! identified in
Table17. Unfortunately, the area of shelf between NovaScotiaand Florida
where the most intensive effort has been made to quantify the dope-shelf
exchange accountsfor less than 10% of thetotal shelf area (0—200 m) in the
North Atlantic(Pilson & Seitzinger, thisvolume).

We have also estimated the flux of nitrate onto the entire North
Atlanticshelf usingan empirical regressionrelating primary production (14C
uptake) to the supply of dissolved inorganic nitrogen (DIN) in a variety
of phytoplankton-basedmarinesystems (Figure5). The plot shown modifies
earlier versions(Nixon 1992; Nixon et al. 1994) in that we haveonly included
systemswhereall of the DIN inputshave been considered. There are numer-
ous estuarine sitesfor which primary production measurementsand N input
inventoriesfrom land and atmosphereare avail able, but there arefew studies
that also provide estimates of thegrossflux of DIN into the estuary from the
coastal ocean. Thisversion also includesrecent measurementsof 4C uptake
from the Sargasso Sea and the North Pacific made using ' clean techniques,”
as well asrevised estimatesof DIN input to thosesystems.

The review of primary production measurementsgiven by Seitzinger &
Giblin (thisvolume) provides an area-weighted mean valueof 1659 C m—2
y~! 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 05 moles N m~2 y~! over the total shelf area (0-200 m) of
5.6 . 10% km? (Pilson & Seitzinger, this volume). The total required flux of
29. 102 molesDIN y~! might consist of 0.6-0.8 . 10'2 moles N from land
and atmosphere(if weignorethe fact that a significant but unknownfraction
of the N flux from large rivers and estuariesis organic N) and 2.2-2.3 . 10'2
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Tablel8. Estimatesof theflux of nitrate from sl ope watersontovariousregions
of the North Atlantic continental shelf

mmol Nm™! s~! mol Nm =% y~!
Scotian Shelf! 19 032
Georges Bank® 50
New York shelf® 46
New York Shelf* 3.4 08
Mid Atlantic Shelf® 4.0 11
Outer Southeast US. Shelf® 56
SoutheastU.S shelf’ 57 10

! Houghtonetal .(1978); fluxperunitlengthof shelf at 50100 m; areaestimate
for entire width of shelf.

% Walsh et al. (1987); estimatefor entire areawithin 60 misobath.

3 Walsh et a. (1987). Itisnot clear how much of theentireshelf isincludedin
thisestimateof flux per unit area.

4 Flux per unit length of shelf-dope bresk from Walsh et al. (1987); flux per
unit area for entire shelf calculated using a mean width betweenLong Idand
and CapeMay of 139km (Stommel & Leetma 1972).

5 Flux per unit length of 900 km |ong shelf from Csanady (1990); flux per unit
areacalculatedfor entireshelf areaassuminga mean width between Nantucket
shoasand CapeHenry of 113km (Stommel & Leetmaal972).

5 Fux per unit areacal culated assumingslope waters only influencethe outer
1/3 of the shelf area (Verity et al. 1993).

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

molesof DIN from the dope. These values are consistent with the range of
1.7-6.2 - 102 moles DIN y~! we calculated for theflux from theslopewater
by extrapolating from the measurements off Nova Scotiaand the east coast
of the U.S' Consideringthe uncertaintyin all of these numbers, we accept a
rangeof 2-6. 10'? molesDIN y~! as areasonable working estimatefor the
grossflux onto theshelf from the deeper ocean.

Since dissolved inorganic phosphorus(DIP) is present in the dope water
with aDIN/DIP ratio of approximately 16, we estimatethat the DIN flux of
2-6. 10" molesy~! would be accompanied by aDIPflux of 0.12-037 . 1012
molesy~!. This compareswith the addition of only 0.02-0.03 . 10'2 moles
of active P onto theshelf from largeriversand estuaries (Table17).

The onwelled dope waters aso contain particul ateand dissolved organic
N and P but we do not know how to make a credibleestimate of their flux
onto the shelf. Thismay be o little consequence because we assumethat the
concentration of particulate organic matter in the deeper dope water islow
and that the dissolved organic matter is sufficiently refractory that it is not
metabolizedto any sgnificantdegreeduringitsrelatively brief resdencetime
on the shdf (e.g., about three monthson the southeast U.S. shelf, Menzd et
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Figure 5. Primary production by phytoplankton (**C uptake) asafunctionof the estimated rate
of input of dissolvedinorganic n|trogen (DIN) perunitareain avariety of marine ecosystems.
Theopencirclesare for large (13 m?, 5 m deep) well-mixed mesocosm tanks at the Marine
EcosystemsResearch Laboratory (MERL) duringamulti-yearfertilization experiment (Nixon
etd. 1986; Nixon 1992). Natura systems(solid circles) include (1) Scotian shelf = DIN from
Houghton et d. (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 110and 144g Cm™% y~!, (3) North Sea— DIN from Laane et al. (1993) assuming that
the ratio of DIN/TN in the input from the Atlantic equals that in the Channel, production
from Seitzinger & Giblin (thisvolume), (4)the Baltic Sea— DIN and productionfrom Ronner
(1985), including DIN flux acrossthe halocline, (5) North Central Pacific = DIN from Platt
et a. (1984), production from Tupaset a. (1993, 1994) mean of 1992 and 1993 vaues of
150and 185g C m™?% y~!, (6) Tomales Bay, CA, DIN and production from Smith (1991),
(7) Continental shelf off New York — DIN and productionfrom Wash et d. (1987), (8) Outer
continental shelf off southeastern U.S., DIN and production from Verity et al. (1993). (9)
Peru upwelling— DIN calculated from annual mean upwelling rate of 0.77 m d™! (Guillén
& Calienes1981) and an initial 20 #M concentration of NO; in upwelled water (Walsh et d.
1980), production off Chunbotc from Guillén & Calienes(1981), (10) Georges Bank — DIN
from Waish et al. (1987). productionfrom O’Reilly et d. (1987). The equationisafunctional
regression.

al. 1993). Asapractical matter, theremay be essentially no net exchange of
dissolved organic N or P between shelf and dope, and we ignore these fluxes
in our budgets.
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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 aready establisned that the loss of N fromi the shelf in
denitrificationand burial exceedstheinput from land and atmosphere (Table
17), but the onwelling of DIN from the dope is potentially large enough
to meet the deficit and leave a large amount of excess N on the shelf. The
onwellingof DIPisaso much larger than the potential export of terrestria P
from the shelf (Table 17). Since the concentrationsof 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 Pbudgetsby difference. Before proceedingto do so, however, itisuseful
to make some effort to estimate the amount of shelf to slope transport that
consistsof organic N and Pin theform of phytoplanktondetritus.

Export o organicN and P from the shelf

There has been a considerable recent effort along the Atlantic Coast of the
U.S tomeasurethel ossof organic matter from theshelf and itspossibleaccu-

mulationin slope sediments. Much of the motivationfor thiswork hascome
from the suggestion that such burial may be an importantsi nk in the global

carbon budget (e.g., Walsh et d. 1981, 1985; Wdsh 1991). Unfortunately, it
is difficult to measure the rate and extent of buria and, as noted by Y oder
& Ishimaru (1989), "'the magnitudeof off-shelf phytoplankton carbon trans-
port, the processes affecting the transport rate and the significance of such
processes to global budgetsare in dispute. .. For example, while Walsh et
a. (1987) estimated that 22 moles N m~2 y~! were exported to the slope
from the shelf off New York (52% of the N consumed in annual primary
production),amorerecent budget developedfor thesame areaby Roweet d.

(1988) concluded that there “...was little evidence that substantial organic
matter escapes from the continental shelf to the upper continental dope™* It
is also apparent that theflux of organic matter from the shelf is not uniform.

Eveninan areathoughtto bean important export region, such asthesl opeoff

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).

Based ondetailedstudiesof thecarbon budget of the mid-slopedeposition
center of theMiddleAtlanticBight, Andersonet al. (1994) recently concluded
that less than 2% of the shelf primary production could be buried in slope
sediments. If weassumethat an export of 1-2% of primary production might
be redlistic for the North Atlantic shelf as a whole, then the total primary
productionof 76.4 - 102 molesC y~! estimated by Seitzinger & Giblin (this
volume) would give a flux of 0.76-1.53 - 10'2 moles C y~! from the shelf
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to the slope. If this is fresh organic matter with a Redfield C:N:P ratio of
106:16:1, there would be an associated loss of 115-230 - 10° moles of N and
7-14 - 10° moles of P. This would represent a return to the slope in organic
form of about 2-12% of the onwelled DIN and DIP.-

The Balance of Total N and P on the North Atlantic shelf

The various estimates summarized in Table 19 suggest a picture that is very
different from textbook sketches that show N and P from land fertilizing
the ocean. Denitrification in estuaries and on the continental shelf appears
to return to the atmosphere an amount of N that exceeds the total N input
from land and the atmosphere. If the estimates developed by Seitzinger &
Giblin (this volume) and in this paper are approximately correct for the North
Atlantic as a whole, denitrification also consumes between about 12 and 37%
of the DIN brought onto the shelf from the deeper ocean. Overall, our budget
suggests that the ocean provides a net flux of about 700-950 - 10° moles N
y~! to the North Atlantic shelf (Table 19), an amount approximately equal to
the total N input from all other sources combined. If N associated with river
sediments buried on the continental slope is included in the balance, the net
loss from the ocean would be reduced by about 60 - 10° moles y~ .

The situation with regard to P is quite different. About 70% of the total
flux of P from the North Atlantic drainage basin is carried by the five very

large rivers that discharge directly on the shelf. Even allowing for the burial

of alarge amount of this P in the deltas of the rivers and in riverine sediments
deposited over the shelf-slope break, the addition of active P from these
systems is 2-8 times greater than the removal of P from the shelf in fisheries
and the burial of organic matter on the shelf (Table 19). The combination of
11-19 - 10° moles P that likely escape from estuaries, plus the 13 - 10° moles
of active P from the large rivers provides for a net export of P from the shelf
to the ocean that amounts to about 17.7-30.4 - 10° moles P y~! (Table 19).
An additional 20 - 10° moles P y~! may reach the ocean but remain buried
on the slope.

Since the shelf appears to be such a strong sink for N while allowing P
to pass from land to the ocean, there could be a marked reduction in the
N/P ratio of water during residence on the shelf. The estimates compiled in
Table 19 suggest that the ratio of DIN/DIP exported from the shelf might be
somewhere between 7 and 13. However, the large range again emphasizes
the very preliminary stage of the shelf budget developed in Table 19. While
it is clear that there is a great potential for biogeochemical processes in
estuaries and on the shelf to modify greatly the exchange of N and P between
land and the ocean, it is also clear-that our ability to quantify that influence
is still far from satisfying. The next order of business should be to obtain
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Table 19. A preliminary assessment of the annual mass balance of active
N and P on the continental shelf (0—200m) of the North Atlantic Ocean.
Units are 10° moles y~. These estimates do not include an additional
122 - 10° moles y ' of N and 40 - 10° moles y ™" of P that are cafried
by five very large rivers and buried with riverine sediments in deltas

and on the continental slope. See text.

N P
Inputs
Direct atmospheric deposition' 133 Very small
Biological nitrogen fixation® ~20 0
Estuaries® 172-335 11-19
Very large rivers* 292 413
Continental slope® 2000-6000  120-370
2617-6780  144-402
Changes in storage
Organic matter buried on shelf 19-95 0.4-4.1
Outputs
Fish landings’ 27-38 1.2-2.2
Denitrification® 1430 0
Continental slope
As organic detritus® 115-230 7-14
As DIN and DIP*° 824-5189 124-393

' From Table 13.

% Prorated on the basis of world shelf rate from Walsh (1988).

3 From Table 12 minus footnote values.

From Table 1, minus burial in deltas and on the slope (see Table 2).
See Table 18 and Text.

From Table 16.

From Table 15.

From Table 14; includes shallow areas around Greenland and Iceland.
® Assuming 1-2% of primary production exported. See text.

1 Calculated by difference. Ranges from maximum input minus min-
imum losses and vice versa. Thus, total flux to the slope = 1054—
5304 - 10° moles N y~' and 138-400 - 10° moles P y~".

FN
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direct measurements of denitrification in a variety of shelf environments, to
improve our estimates of P burial, and to extend our knowledge of shelf-slope
exchanges to additional areas. There is also great room for improvement in
our understanding of the amount and fate of N and P associated with the
sediments carried by the large rivers.
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