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Organiccarbon balanceand net ecosystem
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ABSTRACT: The mgor fluxes d organic carbon associated with physical transport and biological
metabolism were compiled, analyzed and compared for the mainstem portion d Chesapeake Bay
(USA). In addition, 5 independent methods were used to calculate the annual mean net ecosystem
metabolism (INEM = production-respiration)for theintegrated Bay. These methods, which employed
biogeochemical models, nutrient mass-balancesand summeation d individual organic carbon fluxes,
yielded remarkably similar estimates, with-a mean NEM d +50 g C m2 yr~! (+ SE = 7.5), which is
approximately 8% d the estimated annual average gross primary production. These calculations
suggest a strong cross-sectional pattern in NEMthroughout the Bay, wherein net heterotrophicmeta-
bolism prevails in the pelagic zones of the main channel, while net autotrophy occurs in the littoral
zones which flank the deeper central area. For computational purposes, the estuary was separated into
3 regions along the land-sea gradient: (1) the oligohaline Upper Bay (11 % of total area); (2) the meso-
haline Mid Bay (36 % of area); and (3) the polyhaline Lower Bay (53 % of area). A distinct regional trend

““ ~~~in NEM was observed along this salinity gradient, with net heterotrophy (NEM =-87 g Cm™ yr'") in

the Upper Bay, balanced metabolism in the Mid Bay and net autotrophy (NEM = +92 g Cm2yrY)in .

* the Lower Bay. As a consequence of overall net autotrophy, the ratio of dissolved inorganic nitrogen

(DIN) to total organic nitrogen (TON) changed from DIN:TON = 5.1 for riverine inputs to DIN:TON =
0.04 for water exported to the ocean. A striking feature of this organic C mass-balance was the relative
dominance of biologically mediated metabolic fluxes compared to physical transport fluxes. The over-
all ratio of physical TOC inputs (I) to biotic primary production (P) was 0.08 for the whole estuary, but
varied dramatically from 2.3 in the Upper Bay to 0.03 in the Mid and Lower Bay regions. Similarly,
ecosystem respiration was some 6-fold higher than the sum of all physical carbon sinks. This general
- negative correspondence between I:P ratio and NEM, which occurred among Bay regions, was also
- ‘evident in data available for organic C fluxes in other coastal ecosystems. An inverse relationship
~ between NEM and P, postulated in a previous study, did not apply to Chesapeake Bay, and closer
€Xamination of available data revealed the importance d theloadingratiod DIN:TOC asakey control
on coastal NEM. It is proposed here that the general global trend d coastal eutrophicationwill lead to
Increasing values of NEM in estuaries worldwide. The managementimplicationsd thi s trend are com-
plex, involving both increased potential fisheries harvest and decreased demersal habitat.
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sphere (Kelly & Levin 1986). This characteristically rich
productivity has been attributed to the relatively high
rates of nutrient inputs (Nixon et al. 1986) and to the
diversity of functional groups of primary producers,
including phytoplankton, benthic micro- and macro-
algae, seagrasses and tidal marshes (Odum 1971). In
addition to this substantial autochthonous production,
many estuarine systems aso receive high rates of
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organic loading from external sourcesin the adjacent
watershed (Meybeck 1982, Kempe 1984, Howarth et
al. 1996). Much d the river-borne organic matter is,
however, composed d relatively refractory dissolved
organic carbon, DOC (Meybeck 1982). 1n addition, for
riverswt h moderateto high suspended sediment con-
centrations, most d the particulate organic carbon,
POC, is aso relatively unavailable for metabolic
breakdown (Ittekkot & Laane 1991). Some estuarine
systems, however, receive significant inputs d labile
organic matter from external sources, such as waste-
water effluents (van Es & Laane 1982) and adjacent
oceanicupwellingareas (Smithet al. 1991).

Theseinputsd organiccarbon to coastal ecosystems
may have avariety d fates, depending on their origin,
form and relative lability. Significant fractionsd the
organicinputs to estuaries are consumed by resident
heterotrophic organisms, supporting their respiration
and growth. Thereisparticular interestin understand-
ing how organicinputs might regulate production and
harvest d the vauable coastal fisheries (Houde &
Rutherford 1993), which appear to be characterized by
efficient transfer d primary production to commercial
yield (Nixon 1988, Costanza et a. 1993). The harvest
and emigration d these fish, as well asinvertebrates
and waterfowl feeding on estuarine food-chains, rep-
resent potentially significant loss termsin the organic
carbonbudget d coastal ecosystems(Houde& Ruther-
ford 1993). In addition, many coastal systems me con-
sidered to be effective traps for inputs d suspended
particulates from adjacent watershed and oceanic
sources(e.g. Schubel & Carter 1984), resultingin accu-
mulation d particulate organic carbon in estuarine
bottom sediments. Although most d this POC is con-
sumed and respired by benthic organisms, a substan-
tial fraction may be buried indefinitely (e.g. Roden et
a. 1995).

The balance between primary production (P} and
total respiration (R) in a particular ecosystem is a
measure d both its trophic status (Odum 1956) and
availability d autochthonous organic matter for har-
vest and export to adjacent regions (e.g. Fisher &
Likens 1973). For an autotrophic ecosystem, in which
P > R, organic matter will be buried or exported;
when P < R, the ecosystem is heterotrophic, and its
metabolism must be supported by stored or imported
organic matter. The net metabolic balance d an
ecosystem is indicated by the difference between P
and R or theratio, P:R. In general, inorgani chutrients
are assimilated and removed from the environment
by primary production and regenerated back in
respiratory processes. Hence, autotrophic systems
tend to requireinputs d inorganic nutrients from ex-
ternal sources, Wi | € heterotrophic Syst ens regener-

- nous organic matter from its. rivers (e.q. - Kempe 19

globally averaged long-term mean rates of -primary
production and respiration tend to converge (e.g.
Odum 1956), imbalancesin P and R at smaller scales
contributeto the functional couplinganong adjacent
regions via exchanges d inorganic nutrients ang
organic carbon. Understanding the metabolic balanée
within plankton communities is useful for predicting
POC deposition from pelagic to benthic subsystems in
coastal environments (Kemp & Boynton 1992;-Qviatt
et al. 1993, Baines et d. 1994). The P:R ratiois alsga
useful index for assessing the relative importance of *
'new' versus 'regenerated’ production in aqiatic
systems (Quinones & Platt 1991). Even a: o
level, concepts d net ecosystem metabolism: ‘can be
useful in assessing contributions of specific s
large-scale carbon budgets (e.g. Smith & Ho
1993).
- There are a variety of methods which he
used for estimating net ecosystem metabolis
= P - R) of coastal regions. One of the most’
approaches involves analysis and summation
vidual rate measurements for primary prod:x
respiration of plankton and. benthic comm
specific sites and times(van Es 1977, Garsids
one 1978, Jassby et al. 1993). Although t
allows partitioning overall rates amon
processes and describing temporal and s
terns (e.g. Dollar et al. 1991, Smith & Kemp
is limited by the need for large data sets’
tendency to vyield large propagated ‘&
summed rates (e.g. Smith 1991). A related
involves measuring diel or seasonal changes
gen or inorganic carbon pools integrated
whole water column (e.g. Odum 1956, Ker
1988, Howarth et al. 1996). Large and varial
cal transport typical of many coastal waters
ever, generate fluctuations in oxygen conce
which mask signals associated with P and
Boynton 1980). Alternative approaches involving
geochemical models have also been employed Su¢ .4
cessfully to calculate NEM (e.g. Nixon & Pi 1934"'
Smith et al. 1991). These models tend to provi Weﬂ’
constrained integrated estimates of ecosyst: etab-
olism averaged over broad scales, but the
appropriate for detailed analyses of tem
spatial patterns. =
Although there are surprisingly few direct esmates
of net organic carbon metabolism for coastal ecosT”
tems, a recent review of the literature has sugges*
preponderance of annual net heterotrophyv, 95??0 Y,
for the more productive systems (Smith & RObaugh
1993). Indeed, net heterotrophy would be eXp_; : ked fo,r.{
coastal ecosystems receiving large inputs of ajﬂoCht;:)—
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the idea d estuaries as traps for particulate organic

and as sources-of bountiful fisheries harvests
(e.g. Nixon & Pilson 1984. Nixon 1988). Direct experi-
ments have demonstrated that increased inputs d in-

nutrients, without parallel additionsd organic
carbon, tend to causeincreases in both Pand NEM for
;a;tuarine systems (Oviatt et al. 1986). Within a given
water-course along the land-sea gradient, one might
expec. regional variations in the metabolic balance of
ecosystems, where net autotrophic regions transport
excess organic matter to adjacent regions which are
net heterotrophic (Heath 1995). There are a number of
factors. which-will tend to regulate NEM in an estuar-
ine system, including inputs ‘of inorganic nutrients,
exchange rate with the adjacent seaward region, and
loading rates and lability of organic carbon (Hopkinson
& Vallino 1995).

Chesapeake Bay (USA) is considered to be among
the most productive estuaries worldwide, with excep-
tionally high rates reported both for algal photosyn-
thesis (Boynton et a. 1982) and fisheries harvest per
unit primary production (Nixon 1988). Although an
imitial -calculation of major metabolic and physical
organic carbon fluxes was presented over 2 decades
ago (Biggs & Flemer 1972), there are no current pub-
lished  estimates for the Bay's overall balance of
organic carbon fluxes. In the intervening years since
publication of that preliminary carbon budget, there

have been numerous measurements-of organiccarbon_.__ |

fluxes reported for the Bay, including plankton pro-
duction and respiration (Malone et al. 1986, 1988,
Smith & Kemp 1995), benthic respiration (Boynton &
3 Kemp 1985, Roden & Tuttle 1993, Marvin 1995), and
. sediment carbon burial (Officer et al. 1984, Dibbs
1988). In addition, many d the most important physi-
--al fluxes of nutrients and organic carbon have been
caleulated using numerical simulation models (Cerco
& Cole 1993), and well-constrained mass-balances
have been published recently for nitrogen and phos-
phorus (Boynton et al. 1995).
_-The purpose d this paper is to present a robust
budget which quantifies the major sources and sinks
for organic carbon in the mainstem region of Chesa-
Peake Bay. Here we ‘test the hypothesis that net
Mmetaholism in the highly productive Chesapeake Bay
8cosystem is heterotrophic (Smith & Hollibaugh 1993)
: by.COmparing calculations of NEM generated from
 S8veral alterpative methods. We consider the relative
Mportance of physical transport versus biological
pm'dudion and consumption processes in the estu-
/S organic carbon balance. We also contrast re-
iOnal a{ld seasonal differences in major physical and
abolic carbon fluxes, and consider implications for

T N .
Managing its resources.

“Istanding the Bay's ecological interactions and

METHODSAND APPROACH

Qveral | approach. Three distinct approaches were
used to calculate 5 independent estimates d annual
net ecosystem metabolism (NEM) formainstem Chesa-
peake Bay. These computationsare based on substan-
tially different conceptualizations of physical fluxes
and biogeochemical processes (Fig. 1). In the first of
these approaches, broadly aggregated inputs and
losses of organic carbon to and from the estuarine
ecosystem were organized into physical and biological
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Fig. 1. Schematics of methods used for calculating net ecosys-
tem metabolism [NEM, (C tnits), NEM, (N units) or NEM, (P
units)] of Chesapeake Bay under steady state conditions:
(a) organic carbon balance, where NEM, = (P-R) = (I - E);
(b) balances of dissolved inorganic nitrogen (DIN) and total
organic nitrogen (TON), where NEM;, = (I, — Ein - Dy) = Ion—
Eon — By); (o) stoichiometrically related balances of DIN and
dissolved inorganic phosphorus (DIP), where NEM, = [Ij; - Dy
-1 (Ep)] [1 - (7/16)]7*, with Iy = input of DIP and r = the ratio of
DIN:DIP near the estuary mouth, and NEM,, = 16 NEM,. Sub-
scripts as follows: ¢, carbon; ac, algal carbon; vc, vascular
plant carbon; dc, river discharge of carbon; ad, deposition of
atmospheric carbon; pc, planktonic carbon; b, benthos; n,
nitrogen; in, inorganic nitrogen; on, organic nitrogen; p, phos-
phorus; ip, inorganic phosphorus
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processes (Fig, |a) . NEM was calculated as the sum-
mationd all metabolicfluxes, includinggross primary
production d algal and vascular plant (emergent and
submersed) groups (P) and total respiration d plank-
tonic and benthic communities (R). NEM was also esti-
mated from the sum d physical inputs (1)from land-
based and atmospheric sources and losses to burial
and seaward exchange (which can aso,be an input).
Thus, th's approach provides 2 independent estimates
d carbon-based net metabolism, where NEM, = (P- R)
and NEM_, = (I-E).

The second and third approaches for estimating
ecosystem metabolism involve developing mass-
balances for nutrients (Fig. Ib, c). In the second
method, mass-balancesare computed for poolsd both
dissolved inorganic nitrogen (DIN)and total organic
nitrogen (TON), where the net exchange between
these 2 pools gives a nitrogen-based estimate d NEM
(Fig. Ib). For both DIN and TON pooals, inputs from
land and atmosphere (I, and I} must be included
alongwith exchangesbetween estuary and the sea (B,
and E,p). Additional losses include denitrification (D,)
for the DIN pool and burial (B,) for TON; it isassumed
thet thereisno significant burial d inorganic nitrogen
(Keefel994).This method a so provides2 independent
estimatesd net metabolism (innitrogen units), where
NEM, = |, - E; - D, and NBM, - B, - B,
Although a similar mass-balance scheme could be
developed for phosphorus, the inability to distinguish
between burial d inorganic and organic forms d P
(Keefe1994, Conley et al. 1995) complicatesthe calcu-
lation. The third approach (Fig. Ic), which is essen-
tially the method d Nixon & Pilson (1984), providesa
fifth independent estimate & NEM. Here, parallel
mass-balances are developed for DIN and dissolved
inorganic phosphorus (DIP),where NEM,, = L, — Ej, —
D, and NEM,, = I, - Ey, respectively. Th's method
requires datafor estimatingtheinput terms (I, Ij,) and
for denitrification (D), thusleaving 4 unknown values
(NEM,; NEM, Eip, Ejp). The assumption d fixed Red-
field stoichiometry between DIN and DIP uptake/recy-
cling in NEM yields a third equation (NEM,:NEM,, =
16). Thefourthequation required for a uniquesolution
derives from assuming that the ratio d DIN to DIP
exchange rates with the seais proportional to the ratio
) of their respective concentrations at the estuary
mouth (Ejy:Eyp = ).

Several assumptionsapply to each d these calcula-
tions. Mogt d the data used in computationsd NEM
were taken from the time period 1986 to 1993, and
while valuesfluctuate between years with hydrologic
and meteorological changes, extremely wet or dry
years (£50% of the 50-year mean riverflow) werenot
included. Although pools d nutrients and organic
carbon within the Bay may vary in size from year to

= I

year (e.g. Boynton et al. 1982), these variations' teng
t0 be small compared to the major inputs and losseg
thus justifying steady-state assumptions for: theg
nass-bal ance calculations. For all methods, each o
the terms in the mass-balances has an associateq
error, which propagates through the calculation. 1
most cases, it is difficult to estimate the individys] |
errors, much less the cumulative propagated er_rofs;-
Because NEM is calculated as the difference between
inputs and lossesindl o these methods, propagated
errors may make it difficult to distinguish this esti-
mate from zero. With some knowledge about the ,
variance and error distributions for each of the- ma]or ,
terms of each mass balance, we could const*uct a
bootstrap calculation d errors using Monte: Carl
techniques (e.g. Efron & Tibshirani 1991).
cases where such approaches have been USed, "
ever, the estimates of error distributions themse
have an unquantified uncertainty, which is typically
ignored. Therefore, we have not attempted to esti
mate propagated errors, but instead take the pluralis
tic approach d computing the same endp0| nt (
usi ng 5independent methods, -
Study Sitedescription. In this paper, the major flux
and transformation processes involving organic c
are calculated for the mainstem of Chesapeake
(Fig.2).Thi s estuarineecosystemisdefined here a
fidal water extending in length some 300 km
north-south direction from Susquehanna Flats
Bay Bridge-Tunnel, and in width (5 to 30 km) bet
mean tidal water-levels and/or the mouths of I
tributaries. Vertically, thestudy areaistaken to e
from the water surface down to the depth limi
metabolically active sediments; t hus, benthic respi
tion isconsidered an internal process, while long
sediment burial is considered a loss from t he syste
All area-depth-volume relations used in these caicula
tions were taken from previously compiled Bay- sta
tics (Cronin & Pritchard 1975). Three ecologically-
tinct regions are defined for the estuary, with i
Upper Bay (oligohaline) separated from the Mid B
(mesohaline) near latitude 39°N, and Mid and Lower
Bay (polyhaline) separated just below latitude 38°N
(Fig. 2). The upper 2 regions are similar to those' =
defined previously as the northern Bay (Biggs & Fle-
mer 1972) and the Maryland'Bay (Boynton et al. 1295)-
Major metabolic processes (P and R) were meaSuIed
routinely from 1988 to 1992 at stations (Fig. 2, proceSS
stafions’) located within each d the 3 regions; and.
nutrient and organic carbon pools were measuIQ(.i:
every 2to 4 WK at 40 to 50 stations ('EPA Monitoring’)
and monthly at an additional 18 stations (‘'NSF Map-
ping’) over the study period [Fig. 2). FOI each Bay
region hypsographic relations were developed for
depth versus both water surface area and water ~ol-
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and vertical digributions d agal bio-
mass (Smith & Kemp 1995). In general,
the depth d the euphoticzone (1% sur-
face irradiance) was dightly shallower
(6to 10 m) than the pycnocline depth (8
to 12 m) in the Mid Bay region and sm-
ilar to or deeper than the pycnocline (5
to10mvs3to8m)intheLower Bay;the

39° water column was vertically mixed in
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the Upper Bay, with a euphotic zone
depth o 3 to 4 m. Plankton respiration
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(Stokes1996). Benthic community respi-
ration was calculated in O, equivalents
as the sum d sulfate reduction rates
(assumingthe stoichiometric molar rela
tion O3S0, = 2) plus hdf d the sedi-
ment oxygen consumption (SOC) rates
(assuming the other half is attributable
to sulfide reoxidation). Thi s approach,
which has been used previoudy for the
Mid and Lower Bay regions (e:g. Roden”
& Tuffle1993), isaso appropriatefor the
Upper Bay because sulfate reductionis
il the predominant anaerobicrespira-
tory process, even in this low salinity
region (Marvin 1995). A respiratory
quotient d 1.0 was used to convert O

Fig. 2. Map of Chesapeake Bay defining 3 functionally dgtint regions

. {Upper, Mid, and Lower) and showing sampling stations for rate processes

- (Process’) and for physical, chemical and biological properties measured in
monthly (‘NSF Mapping’) and fortnightly cruises (EPA Monitoring')

ume to calculate the height of the bottom water layer
(below the pycnocline) and to distinguish between lit-
toral ang pelagic areas (e.g. Kemp et al. 1992, Smith &
Kemp 1905).

Planktonic and penthic production and respir ation.
l%ates of plankton community production and respira-
Hon were based on light:dark bottle incubations using
high-precision OXygen titration methods (Smith &
Kemp 1995). Vertically integrated rates of gross pri-
Mary production, Which were estimated as the sum o
%aytime net productionplus dark respirati onwerecal-
;Ulated using photosynthesis Versus irradiance rela-

ons, Vertical attenuation of downwelling irradiance

ratesinto carbon units, based on numer-
ous contemporaneous observations of
O, and total CO, (TCO,) fluxes across
the sediment-water interface (P. Sam-
pou unpubl.).Rates d sulfate reduction
(Roden & Tuttle 1993, Marvin 1995) and
SOC (Cowan & Boynton 1996) were avail ablefor deep
(sub-photic)sedimentsin all 3 regionsof the Bay.
Theestuarine cross-sectionwas separated into meta-
bolically distinct sections, including pel agic photic and
aphotic zones, distinguished by the euphotic depth
(depth d 1% surface irradiance), and littoral zones,
where sediment surfaces are above the euphotic
depth. Because d the limited availability d data for
both benthic (alga) primary production (Rizzo & Wet-
zel 1985) and shallow planktonic Pand R (e.9. Kemp &

Boynton 1981) in Chesapeake Bay. alternative

approaches were developed for estimating metabolic
rates in the littoral zone. Annua mean rates of verti-
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cally integrated total primary production weretaken to
be constant at all depths over a given Bay cross-
section. This.assumes that, whilevolumetricrates may
vary over depth gradients, vertically integrated areal
rateswould be constant under light-limited conditions
(e.g. Wofsy 1983). Thi s also assumes that the sum d
planktonicplus benthic productionin thelittoral areas
is similar to the integrated plankton community pro-
duction in the adjacent pelagic region,and that the
littoral photic zone is simply compressed within the
benthic algal-habitat (Sand-Jensen 1989, Macintyre
et a. 1996). Recent observationsin Chesapeake Bay
(Petersenet al. 1997, M. Kemp unpubl.) support these
assumptions. On the other hand, volumetric rates d
planktonic community respiration were taken to be
-- constant overt he cross-section (Kemp & Boynton 1980,
1981), indicating that densities and activitiesd het-
erotrophic organisms did not vary with water column
depth (e.g. Shiah & Ducklow 1994;j. In addition, exist-
ing data on sediment-water fluxesd oxygen and total
inorganiccarbonin the Mid Bay region have revealed
that ratesinlittoral areas (<8 m depth) are consistently
Jlower (by an average d 50%) than those measuredfor
the deep pelagic sediments (Kemp unpubl.). Thus,
benthic respiration rates in the littoral areas were
takento be hdf thosein adjacent deep sediments.
Anestimated the contributionsd submersedvascu-
lar plants and low intertidal marsh plantsto the Bay's

carbonbal ancewasasomade. It wasassumed thatthe -

spiration associated with these vascular plant
\bitats was already taken into account in the above-
adesefibed scheme, so only net plant production was
incl d’ed in this calculation. It was anticipated that
these contributions o organic carbon production
would be relatively small, because the mainstem Bay
has relatively little bordering intertidal marsh habitat
~ (Stevensonet al. 1988) and the current abundance and
areal coverage d submersed vascular plantsis drasti-
cally reduced comparedtoitshistorical levels (Kempet
al. 1983, Orth & Moore 1983). Observationson thearea
of submersed plant coverage (Batiuk et al. 1992) were
multiplied by representative rates d net plant produc-
- tHon for Upper and Lower Bay regions (Kemp et al.
1984, Orth & Moore 1986). Estimates d steady-state
contributions from intertidal marshes to the Bay's C
“balance were obtained by multiplying area d marsh
overage surrounding the mainstem Bay (Stevensonet
1988) by a value for mean annual export d organic
bon from coastal marshes d North America (Nixon
0). Finally, potential contribution of organic matter
1 eroding marshes ‘was also included in this calcu-
fau‘m_bY multiplying estimates of annual areal loss
on & Eichbaum 1991) by mean val uesfor organic
tent, bulk density and depth o peat for eroding
hes in the Bay region (Stevensonet al. 1985).

‘tomac, James, York, Rappahannock, and Patuxent, and

Nirient nass-bal ance cacuations. Inputs d DIN, =
TON and DP were estimated from the same data set
usedin developingarecent nutrient budget for Chesa-©
peake Bay (Boyntonet al. 1995).To accomplishthis, it
was hecessary to use the original datato partitionesti-
matesd total N and Pinputsinto dissolvedinorgani cand-
total organicforms. Similarly,datafrommappingsurveys
in a processoriented study (LMER CoordinatingComs
mittee 1992) were used to computepartitioningd to*al
nitrogen concentrationinto poolsd ammonium, mﬁate
(plusnitrite),dissolved organic and particul ateorgamc
nitrogenaongthemainaxis d theBay. Estimatesd den:
itrification, sedimentburial, and atmosphericdepositio
d DIN, TON and PP weretakendirectlyfrom Boyntoz
et al. (1995), with adjustmentsfor differencesin defini.
tion d boundaries. For themass-bal ance cal cul ationso:
DIN and TON, nitrogenexchangesat the Bay mouthanc
at the mouthsd magjor tributarieswere computed from
model simulationoutputfor the nominal 'mean’ hydro
logical year, 1986 (Cerco& Cole 1993, C. Cerco pers
comm.). Thetributaries consideredinth's analysis (Po

Patapsco/Back Rivers, Fig. 2), combined with th
Susquehanna River, account for >90 % of the total fresh-
water runoff to the Chesapeake Bay system. These nu:
merical computationsd nitrogen exchange at the se&:
ward boundariesd theBay anditsmajor tributarieswere
remarkably close to those estimated by difference
mass-balance calculations (Boynton et al. 1995).
Physical inputs and losses for ‘organic carb:
Inputs of total organic carbon (TOC) from the Susqi;
hanna River to the mainstem Bay were a so calculat
from the same data set used in developing nutri
loading estimates (Boynton et al. 1995, R. Summe
unpubl.). Point sourceinputs from sewage and indus
trial effluents were derived from data used for
numerical simulation model (Cerco& Cole 1993),
physical exchanges at the mouths d the Bay and-
major tributaries were computed as output from mot
simulationsfor 1986 (C. Cerco pers. comm.). The sal
tributarieswereincludedin thisanalysisasthoselist
above for nutrient budget calculations. Data from
Bay monitoring program (e.g. Magnien et al. 19
were used to examine seasonal patternsin the verti
distributiond TOC at mouthsd the mainstem Bay and
the Potomac estuary and to consider if these were cofiz
sistent with the computed exchange rates. Organic:
carbon lossesthrough sediment burial were calculateﬁ
from the same data set as used previoudly for nutri
budgets (Boynton et a. 1995), with addition of se
ment carbon content (Boynton& Kemp 1985, W. Boyn:,
ton unpubl. data) and adjustments for differences 11,1-
definition of Bay area. Estimates d carbon removed
fromthe Bay in fisheriesharvest also parall el previous
calculationsfor nutrient budgets (Boyntonet al. 18853
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T ’ RESULTS AND DISCUSSION 1.0
T B T a) Uppgr Buy o Surface Rates
- ® Bottom Rates
Seasonal and regional variations in GPP and R r —— Monthly Means

Seasonal patterns for vertically integrated gross pri-
production (GPP) of the plankton communities
exhibited Moderateto strong summer maxima associ-
. ated with peak water temberatures in all 3 regions of
' Chesapeake Bay. Rafes in the Mid and Lower Bay

regions were, however -6-fold higher than thoseint he
upper Bay (Fig. 3). These patterns include seasonal
peak valuesfor Mid and Lower Bay in July (=5 g Cm™
d-!, assuming photosynthetic quotient = 1.2) that are
substantially larger than the 'C rates reported previ-
ady for these regions (Flemer 1970, Malone et al.
1088, 1656). These data, which more than doubled the
number of observations reported earlier (Smith &
Kemp 1995)for planktonrates, reveal surprisingly con-
sistent seasonal trends among years. Estimates of

Plankton Respiration (g O2 m-3 d-1)

monthly mean GPP (solid lines in Fig. 3) were devei- S
oped using individual observations for months with 2 - 1o ) 9
5 s
a) Upper Bay o Observations . .
6k ’ ~—— Monthly Means - 0

Month

Fig. 4. Seasonal patterns of plankton community respiration
(R,) for photic (Ryp) and-aphotic (Rpa) zones (see Fig. 5) mea~
sured in pelagic areas of (a) Upper, (b) Mid and (c) Lower
regions’ of Chesapeake Bay. (o) Ryp and (e) Rpq mean rates
measured on specific dates during 1990 to 1992; (—) esti-
mated monthly mean' values based on observed rates and
interpolated rates where no measurements were available.
Values of Ry, and Ryq were statistically indistinguishable for
Upper and Lower Bays, so rates were pooled to produce
single line ' ‘

or more rates and by linear interpolation for months
with fewer data (e.g. September). One measurement
during an anomalous bloom in October at the Mid Bay
site (point shown in Fig. 3 in parentheses) was omitted
. from these estimates. Some details of seasonal pat-
terns, for example the secondary peak in GPP in April
at the Lower Bay site (Fig. 3c), are evident despite
year-to-year differences.
Plankton community respiration (Rp) rates (volumet-
ric) also exhibited marked seasonal patterns at all 3
Month stations, with clear summer maxima evident (Fig. 4).
As with GPP, respiration rates in the Upper Bay were
lower (30 to 80 %) than those at the other 2 sites. Mean
e o i e i B e Sopere
- Meag, Vah?ies' during 1990 to 1992; (——) e§ﬁmated monthly y , . Pt
s based on observed rates and interpolated rates values for Mid and Lower Bay, which were estimated
where no measurements were available by linear interpolation. There were no significant dif-

- Gross Primary Production (g Oz m-2 d-1)

@

F
niga: Seasonal patterns of gross primary production (GPP),
Ured in pelagic areas of (a) Upper, (b) Mid and (c) Lower
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ferences between surface and bottom water respira-
tion rates except in the Mid Bay between April and
September (Fig. 4b): Respiration rates appear to peak
earlier at the Lower Bay site (June) than in the Upper
and Mid Bay regions (Julyto August).Vertically inte-
grated planktonic community respiration rates were
calculated by multiplying measured values (Fig.4) by
respective total volumes and dividing by areas d lit-
toral and pelagic (surface and bottom) zones d each
region.

Rates d benthic community respiration (R,) exhib-
ited considerabletemporal variability and weaker sea-
sonal patterns (compared to R) at dl 3 study sites
(Fig.5). Overall, sulfatereduction (SR)rates tended to
be substantially higher at the Mid Bay (Fig.5b) than at
either d the other locations, with lowest valuesin the
Upper Bay. Although these rates of SR are similar to
those previously reported for the Mid and Lower Bay
regions (e.g. Roden & Tuttle 1993), these datainclude
the first reports for Upper Bay sites and the most

- —Sulfate Redudion
——50C

a) U Bay

N O

5

EN

N
T

[ X=]

Benthic Respiration (g @y m-2 d-1)

Month

Fig. 5. Seasonal patterns Of benthic community respiration
4 . s sulfate reduction (SR, converted to equivalent O, rates as-
w2 Suming SO,:0, = 2) and Sediment O, consumptionrates (SOC)
10 areas underlying pelagic zones d (a) Upper, (b) Mid and

(c) Lower regions d Chesapeake Bay. (s) Mean SR rates mea-
Sured on specific datesduring1990to 1992; estimated SR (—)

81d SOC (-~ -) monthly mean values based 0N observed rates
ond Interpolatad rateswhere nomeasurementswereavailable.

Data fromMarvin (1995) and Cowan & Boynton (1996)

detailed descriptions of seasonal cycles (Marvin199s;,
Rates d sediment oxygen consumption (SOC, Cowagn
& Boynton 1996) were considerably lower than SR at
the Mid and Lower Bay sites, but actually exceeded sg
in the Upper Bay. Sulfide burial can account for only
small fraction(<10%, Howarth 1984) of SR excess over
SOC. The large difference between SR and SOC3n .
summer at the Mid Bay site (andto alesser extertin .|
the Lower Bay) is, however, mostly attributable to sil- -
fide efflux from sedimentsdirectly into anoxic bottom
waters, with subsequent reoxidation near the pycro-
cline(e.g. Kempet al. 1992).Presumably, the generally
higher value for SOC compared to SR in the Upper Bay
can be explained by relatively higher rates of aerobic -
metazoan respiration. Aerobic respiration accountsjbrﬂ '
asmall fraction & SOC at Mid Bay but may be more
important at the macrofauna-rich seaward site (eq. . -
Mayer 1992). Hence, our estimatesof total benthic res-.
piration (whichassume that only half d SOC is attrib
utable to aerobic respiration) may slightly undere
mate total rates for the Upper and Lower Bay ar
whileoverestimatingratesfor Mid Bay. ¢
Sediment-water fluxes d dissolved organic car
have not been includedin this analysis: however, th
appear to be generally small (<10 %) relative to t
sediment respiration (Burdige & Homestead 1994);
any case,t hey would be accountedfor in our esdm:
d R, R, or oceanexchange.

" Seasonal and regional variationsin NEM

Integrated rates d organic production and resp!
tion were computed usi ng the monthly mean rates
GPP, R, and Ry, presented in Figs. 3 to 5, wi
assumptions described in 'Methods and appr
(Table 1).During all seasons and particul arly the st
mer months, rates d GPP and total ecosystem resp:
tion (Rweresimilar intheMid and Lower Bay regi
but ratesfor the Upper Bay site were only 20 to 50
these values. Values d R exceeded GPP through
theyear in the Upper Bay, and annual mean NEM ¥
strongly net heterotrophic (Fig. 6). Net heterotrop: _
was maximal inths regionin March to April, conc- 3
dent with the peak delivery of organic carbon withithe -
spring freshet (Smith & Kemp 1995). Brief periods of
net heterotrophy, which were also evident in the mid
and Lower Bay regionsin May to June, correspond
the transitionfromthe winter-spring bloom domin:
by large centric diatoms to the summer assemblage
diverse flagellated nanoplankters (Sellner 1987, Ma~. .
lone et al. 1988,1991). The timing of this annual event .
tendsto correspondt 0 the depletion of Si pools in thesé
estuarine zones (Conley & Malone 1992). A secondaly .
event of net heterotrophy was also evident 11 the
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Table 1 Summary of annual mean values for gross primary production( GPP) ,community respiration (R, and R,) and net ecosys-
tem metabolism for 3 regions of mainstem Chesapeake Bay. Verticdly integrated rates d GPP(Fig. 6) and volumetric rates d

planktomic community respiration (R,} (seef g 7} were assumedto be equal infl anks and channel; seetext for explanation. Rates
of benthic community respiration {Ry,) were estimated as sulfatereduction[assuming 0,:S0, =2 (molar)]plushaf d sediment O,
consumption (SOC) rates; Ry, ratesinfl anktaken as half of channel rates (seeFi g. 8; see text for explanation.Areal rates(g O;

-2yr! [ ' fl [ . h B igh
-2 YT ) were estimated by di vi di ng fluxes liry r%pectlyeeg%%ﬁw %%F\Slsfor the total Bay are based on area-weighted suns d
Region Area Metabolicrates (10° g O, yr'l)
(10° m?) GPP R, Ry Net
U Bay
%ﬁragic 310 103 201 48 - 147
Littoral 296 97 68 23 +6
Subtotal 606 199 270 72 -141
(g Oym2yrl) (329) (445) (118) (-235)
Mid Bay
Pelagic —-1086 2068 2037 686 - 665
Littoral 866 1649 719 273 +657
Subtotal 1952 3717 2756 959 +2
(@O m2yrY (1904) (1412) (491) (+1)
Lower Bay
Pelagic 2151 4186 3232 1153 -198
Littoral 805 1567 427 216 +924
Subtotal 2956 5753 3659 1369 +725
T ([gOmEyrY) (1946) (1238) (463) (+245)
Totd Bay
Pelagic 3547 6522 5420 1785 - 1000
Littoral 1966 3442 1190 471 +1312
Subtotal 5514 9964 6610 2256 +312
(g G, m2yr?) (1753) (12112) (435) (+107)

Lower Bay in autumn, perhaps associated with condi-
tions of nutrient limitation (Fisher et al. 1992, Malone
et al. 1996) and inputs of seagrass material sassociated
with late summer senescence and uprooting during
frequent storm events (Orth & Moore1986).
__Computations presented here suggest a strong
Cross-sectional pattern in NEM throughout the Bay,
wherein net heterotrophic metabolism dominates in
Pelagic zonesassociated Vith themain estuarinechan-
Nd, while net autotrophy occursin the littoral zones
Which flank the deeper central area (Fig. 6, Table 1).
I:hi%trend, whi ch deriveslargely from our assumption
of depth-independent production, would be appropri-
¥e for conditions d light-limited phytoplankton
?Tow’ﬂh, where algal self-shading dominates light at-
““Muation and suspended sediments have minimal
$ffects (Wotsy 1983, Petersen et al. 1997). While sus-
g ;—nde(fl sediments contributesubstantially to total light
m:nuﬁ,tion in the Upper Bay, absorption by algal pig-
19&%& dominates in most d the Bay (Malone et al.
aléée)z.t On"the other hand, co_ntribu_tions d bgnthic
S c;? fotal ecosystem producti onmi ght caugel ittoral
desmePPlto exceed that m adjacent pelagic areas,
s G?‘T,he-s}:loali.ng euphotic zone (e.g. Maclutyre et
PG s ). A Second assumption behind this computed

pattern isthat volumetric ratesd plankton community
respiration are independent d water column depth, a
pattern reported for the Mid Bay area (e.g. Kemp &
Boynton 1980, 1981). These assumptions have been
generally corroborated by recent observationsin the
mesohaline regions of the Bay (Kempunpubl.) andin
experimental ecosystems d varying water depth
(Petersenet al. 1997).We provide asensitivity analysis
d these and other assumptions at the end d this
section.

A distinct pattern d regional variationsin NEM was
evidentfromthese data, with net heterotrophy prevail-
ingin the Upper Bay, balanced metabolismint he Mid
Bay and net autotrophy in the lower estuary (Fig. 6,
Tablel).Thisissimilartothetrend reported previously
(Smith& Kemp 1995) for plankton commmunity metabo-
lism in the pelagic areas along the Bay's main salinity
gradient. Net heterotrophy in the Upper Bay results
from the combined effectsof allochthonous organic car-
bon sources and high turbidity conditions enhancing
respiration and inhibiting photosynthesis, respectively
(Smith& Kemp1995).The net autotrophic conditionsin
the southern estuary appear to result from inputsd in-
organic nutrientsfrom Lower Bay tributaries (Boynton
et al. 1995) as well as the broad littoral zone which
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—— GPP
——— System R

a) Upper Bay '

6 F

GPP, R, (g Op m-2d-1)

_ Fig. 6. Estimated seasonal patterns d net ecosystem metabo-
" lism (NEM) for (8) Upper, (b) Mid and (c,) Lower regions of
‘Chesapeake Bay; NEM estimated as the sum of littoral and
pelagic gross primary production (where vertically integrated
rates were assumed equal in 2 areas) minus plankton commu-
nity respiration in littoral and pelagic photic and aphotic areas
[where volumetric rates (see Fig. 4) were multiplied by
srespective mean depths of water volumes in each area] nnnus
benthic respiration in pelagic and littoral areas; see text for
explanation

fl anks a relatively narrow channel. Previous estimates
. d ecosystem productionand respirationfor upper and
middleBay regions,althoughdifferentfrom those pre-
.. sented here, a so suggested strong net heterotrophyin
the landward section and minor net autotrophy in the
‘mesohaline region (Biggs & Flemer 1972). Such transi-
tions from heterotrophic to autotrophic metabolism
~along land-sea gradients have been aso suggested
om model -derived patterns proposedfor the estuary-
. shdf region d large coastal systems (Heath1995) and
- forthetidal freshreachesd smallmarsh-dominatedes-
tuaries (Hopkinson & Vallino1995).
€ potential contributions from production d sea-
asses and other submersed vascular plants to the
ay-wide metabolic carbon balancewere also consid-
red (Table 2). The littoral zone area d the Bay

presently occupied by seagrassesand other submersed'
vascular plants has been recently estimated precisely
from aerial surveys (Batiuket al. 1992). M easurements

d net production d plant carbon, which were taken
from detailed studies at specific Bay sites (Kempet al.
1984, Orth & Moore 1986), may tend to overestimate
themeanratesfor thewhole Bay. The product d these

2 numbersgivesan estimated thetotal net organiccar:
bon input from submersed plantsd 50 x 10° g C yr%
thi s estimate already accountsfor lossesto plant respi:
ration and excretion. Whenthi s valueisaveraged ove'i:,
the whole Bay area, it amountsto only 9g C m™2 yr,
whichisjust over 1% d the Bay's gross plankton pro::
duction. Although previous cal cul ationsindicated that
submersed plants contributedapproximately one-third*
to the total ecosystem GPP in a Bay tributary in the'
1960s, dramatic declines in plant abundance havé’ --
greatly reducedthi's influence (Kemp et al. 1983).SI N~%
the present area occupied by seagrassesis about 10%
d its historical habitat (Batiuk et al. 1992), one coul
speculatethat prior to 1960 net productionfrom thes
plantsmight have approached 100 g Cm2 yr.

Inputs from emergent vascular plants, includings
export d both recent plant production and erodin
peat fromintertidal marshes, appear to contribute eve
less (than seagrasses) to the mainstem Bay's organi
carbon balance. The total input from these comhbine
processes associ ated with marsh ecosystemswas esti
mated to be 36 X 10° g C yr!, which is equivalent
6gCm?2yr! («1% d total),when averaged over th
whole Bay area. Previous estimates d narsh expo
contributions to the Bay's total primary productio
indicated dightly higher values (= 5% d total); how:
ever, these calculationswerefor the whole Bay includ
ing tributarieswith muchlarger ratiosd marshto ope
water areas (Nixon 1980).

By summing and area-weighting these measur
ments d GPP and R for the 3 estuarineregions, a pos]
tive (net autotrophy) annual value for net ecosystem:
metabolismd thewhole Bay was estimated to be 108@-
O, m2yr! or 40 g Cm?yr! (Tablel). Adding the
independent estimates d net organic carbon inputs
from macrophyteswould increasethis valueto 55 C
m~2 yrt. The potential problems of uncertain assump-
tions and error propagation cast substantial doubt 0B
this calculationd NEM. Bdow we provide sensit! /ity
calculations, which give some perspective for these
estimates. N

A smple sensitivity analysis allowed usto view the : :
degree towhich this estimatedependson key assump-
tions made in the calculation. Here we varied the fol-
lowing parameters: (1) photosynthetic quotient (PQ):

(2) plankton community respiratory coefficient (RQp):
(3) benthic community respiratory coefficient (RQb):
(4 relativesize d benthic respiration (Ry) in flank ver-
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-able 2. Annual mean values estimated for net organic carbon productionand

xport from submersedand emergent vascul ar plant communitiesin mainstem
~Chesapeake Bay

Community  Process Area Inputrate Totd input

{(10° m?) (gCm™2 yr%) (10° g C yr)

submersed  Net plant production? 200 250 50

plants

Emergent  Exportd plant prod.? 230 100/ 23

plants Annual rated peatloss® 0.9 14000 13

Total vascular plantinput - 86
(15gC m2yrYy

aarea d existing submersed plant bedsin mainstem Bay for 1990 takenfrom
Batiuk et al. (1992);rates d net plant-production taken from Kemp et 4.
(1984) and Orth & Moore (19862

"Marsh areaincludes?2 X 108 m* coastal high-salinity habitatsplus 156 x 10°
N submerged upland marsh habitat (Stevensonet a. 1988);annual export
rate taken from Nixon (1980, Table 10 therein)

'Ared rate o marsh lossfrom Horton & Eichbaum (1991);organic carbon
flux estimated assuming 30 cm depth of peat, 0.1 g dw cm™2 bulk density,
and 0.45 g C g dw™! (Stevensonet d. 1985)

s channd regions. Changi ng PQ from the value d

yused in our basecalculation to the often-cited value

seeninthelongitudinal distribution of
nitrogen speciesaong the Bay'smain
land-seatransect (Fig. 7). An example
is given for April 1989 including 4
mMgor nitrogen species. ammonium
(NH,*), nitrate plus nitrite (NO,~ +
NOjy), dissolved organic nitrogen
(DON) and particulate organic nitro-
gen (PON). This pattern is smilar to
others evident in data presented pre-
vioudy for the Bay and its tributaries
{(e.g. Kemp & Boynton 1984, Ward &
Twilley 1986, Fisher et al. 1988, Mag-
nien et'al. 1992, Boynton et al. 1995),
aswell as other estuarinesystems(e.g-.
Sharp .et.al. 1982, Christian et al
1991). In general, concentrations of
total nitrogen tend to decrease non-
consarvatively as inputs derived from
watershed and atmospheric sources
are diluted with sea water and taken
up in biogeochemica processeswith-

125 (e.g. Malone et al. 1986) caused a radical de- 150,
nein our estimate d NEM from +39to-71 g Cm™
't Decreasing either RQ, or RQ@, from the nomind
lues o 1.0 used hereto valuesd 0.8 (alsocommonly
2d in theliterature, e.g. Smith & Kemp 1995) caused
astantial increasesin NEM from +39 to values d
PDand+72 g Cm? yrt, respectively. It is interest-
I, however, that s multaneouschangesin PQ,RQ, or

100

a) Surface Concentration

M PON, uM
[1DON, uM

NHy, pM
NO+NO3,uM

) to the alternative values indicated above caused 200 T

7 little changein NEM (from+39to +53 g C m™
Y. Alternative assumptions for calculating Ry also
d to considerable changesin estimates of NEM. For
mple, disregardingthe SOC data, and assuming Ry,
1al to SR rates only causes NEM to increase from
3t0 +71 g Cm2 yr=?, while an assumptionthat Ry,
3 better represented by SOC rates alone increases

- N Concentration, (1M)

b) Bottom Concentration

NEM esgtimatefurther to +139 g C m2 yr%. If we

ume that valuesdf R, were the samein channel and
tk regions (rather than our base case assumption
tflank rateswerehdf d channel rates),estimatesof
M decrease from +39 t0 +5 g Cm2 yr*!, Given the
ertainty in the assumptions used here, it is dear
o this analysisthat more robust alternativemethods
heeded for estimating NEM.

DIN : TON

)OO N:TONRatio

300

utrient mass-balance estimates of net ecosystem
metabolism

20 100 0

Digiancefrom Bay Mouth, km

Hg. 7. Longitudind distributionof DIN (NH,*, NO,~+NO;7) and

TON (dissolved,particul ate) al ong themain channel d Chesa-

Mong the strongest evidence suggesting auto-
hic NEM for the mainstem of Chesapeske Bay is

peake Bay for April 1989in (a)surfacewatersand (b)bottom
waters. (c)Longitudinadistributiond ratioDIN'TON alongthe
main Bay channel (datafromKemp et al. unpubl.)

e
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200 - NEM using mass-balance calculations (Fig. 1,
y o ool River Fow Table 3). Althoughthe ratio ¢ DIN:TON for all input
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Fig. 8 Monthly mean valuesfor Susquehanma R ver inputsto
Chesapeake Bay in 1978-1988 for (a) freshwater flow, (b)
total nitrogen (TN) | o ad. plus the ratio d dissolved in-
organic nitrogen (DIN) to total organic nitrogen( TQN) and
(c)loading d tetal organic carbon (TOC); unpublished data
from monitoringprogram (R. Summerspers. comm.]

in the estuary. With regard to NEM, the important
trend is the substantial change in the ratio of dissolv-
ed inorganic nitrogen to total organic nitrogen
(DIN:TON), decreasing from admost 2.5 at the land-
ward end to less than 0.5 at the mouth d the estuary
(Fig. 7¢). There are strong (10-fold) seasonal variations
in total N loading to the Bay associated with riverflow
(Fig. 8a, b); however, seasonal fluctuations in the
DIN:TON ratio are less pronounced, ranging from 3
~to 4 in winter-spring to 1.5 to 2 in summer-fall
{Fig. 8b). Assuming no major allochthonous sourcesd
organic nitrogen in the middle and lower reaches of
~the estuary, thisimpliesthat thereis anet transforma-
tion of DIN into organicnitrogenformswithinthe estu-
ary. Under steady state conditions, this transformation
can only occur as a consequence of production exceed-

- ing respiration within the integrated ecosystem.
The implications of this net transformation from
_inorganic to organic forms of nitrogen occurring w t h
in the Bay were assessed quantitatively in terms d

was dightly less than for the magjor river sources (1.4
compared to 2.4}, the ratio for nitrogen exported
the ocean declined markedly to 0.04, while DIN:TON
fordl snkswas 0.27 (Table3). Assuming no sigmnifi-
cant changes in nitrogen pools on annual scales
within the Bay, NEM can be calculated in stoichio-
metricaly equivalent nitrogen uits as the missing
termin N budgetsfor both DIN and TQN, as outlined
in 'Methods and approach’ (Fig. 1b). Although
gen mass-balances have been reported recentl
several Bay regions (Boyntonet al. 1995), the present
calculations cover a different Bay area, and they dis-
tinguish between inorganic and organic forms. This

calculation assumes no burial of inorganic N, andthls L]

is supported by recent observations that the vast 5
majority of particulate nitrogen is organic (Ke
1994). In this method, nitrogen exchanges bet
the main Bay and both the adjacent ocean and the -
major tributaries were estimated independently ;
output from numerical model simulations (Cevrlc_;gv' :
Cole 1993, C. Cerco pers. comm.). Two independe
calculations of NEM in nitrogen units were conv:
to equivalent organic carbon units assuming phyto
plankton are responsible for most d the net pr

(TON). NEM was calculated as the difference betw:
and losses; carbon metabolism assumes Redﬁeld‘
metry, C:N = 6.7 (Nixon & Pilson 1984)

Sourcesandsi nks Nitrogen fluxes (10° g

DIN rates TON rates
Nitrogen inputs
Susquehanna River? 44.2
Tributary mouths® 11.6
Atmosphere® 54
" Subtotal inputs 61.2
Nitrogen losses
Export to ocean® 3.2
Denitrification® 23.0 g
Buria in sediments® = 211
Subtotal losses

5 26.2 98.7
Net ecosystem metabolism

Total nitrogen 350 :
(Carbonrate,gCm?yr!) (34) 2

"Based on data and calculationsgiven in Boynton et al
(1995) and by R Summers (pers. comm.) o

"Export from mouths d Bay and its tributary estUaes
based on mass-bal ancecal cul ationsfor each system (¢-9-
Boynton et al. 1995) and numerical model sim_‘};aﬁons
{Cerco & Cole1993, pers. comm.)
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Chesapeake Bay Mouth

Redfield Ratio

DIN:DIP, Molar Ratio
3

H

* Hg, 9. Monthly mean valuesfor the ratiod DIN:DIP (1988t0
199) in surface waters (potentially available for export) at
monitoring stations near the mouth d Chesapeake Bay;
shaded area represents region o Redfield ratio for algal
compogtion (data from EPA monitoring program, e.g.

Magnien et a. 1992)

tion (C:N = 6.7 atomic), yielding annual NEM esti-
mates d 33 and 54 g C m2 yr!, for DIN and TON

* mass-balances, respectively (Table3). The values are
. remarkably similar to that calculated from a summa-
, tion and integration d metabolic rate measurements.
: Thethird approach for computing NEM (innitrogen

- units)—combines mass-balance calculations for both
i DIN and DP (dissolvedinorganic phosphorus) pools
Fig. Ic).A key variablein this caculaionisthe ratio
) of DIN:DIP for water exchanged at the estuary
mouth. This ratio varied between 3 and 55 over the
oursa of a 6 yr datarecord, with highest val ues occur-
\g in winter-spring and lowest values in summer, and
~overall mean of 10.5 (Fig. 9). Although this ratio
not appear to vary greatly along the estuarine
in some estuaries such as Narragansett Bay (Nixon
on 1984), that is not the case for large, river-dom-
L systems like Chesapeake Bay (e.g. Boynton et
982). The organic carbon equivalent of the NEM
mated from this method was 75 g C m™2 yr!
‘which is somewhat higher than the other
; _but still indicates net autotrophy. This
.;,,mthO oes not require independent calculation d
 Mitrient exchanges between the estuary and the
ge,antlf&,@qes, however, assume net export of both DIN
QD‘? a.nd that relative loss rates are proportional to
4 ;3:1 DIN'DIP in water at the estuarine mouth,
e to;tal : ent Fnass-ba.lance calculations concluded
I ‘?’R'Was, in fact, imported from the continental
Y?ér 0 the Bay (Boynton et al. 1995). It is unclear, how-
 Whether there was a net import or export of DIP,
The present estimate of NEM with this method

us,

 estimates

Table 4. Annual mean net ecosystem metabolism for main-
stem ChesapeakeBay estimated based on stoichiometric bal -
ances d dissolved inorganic nitrogen, DIN, and dissolved
inorganic phosphorus, DIP. For NEM; method adapted from
Nixon & Pilson (1984), wherel, isinput of dissolvedinorganic
nitrogen, D, is denitrification loss, I, is input d dissolved
inorganicphosphorus,and risratio d DIN:DIP at Bay mouth;
seetext for explanation

Variables Rates(10°gN yr?)
Nutrient inputs
From Susquehnna River2
DIN 44.23
D 0.34
From PotomacRi vk and Virginiatributaries®
DIN 6.28
DIP 0.05
From Upper Bay point sources” '
DIN 4.65
DIP 0.57
Fromatmosphere?
DIN 5.35
DIP 0.09
Totalinputs
DIN 60.51
DIP o e 1.05-
L ossesto denitrification® 24.39
Ratio (r) DIN:DIP at Bay mouth 10.5

Net Ecosystem M etabolism,NEM
= [Ln~ Do- )] [1 - (1/16)] !
= [60.51- 24.3- 10.5(1.05)] (1- 10.5/16)™!
= 73x10°gNyr!
(74gCm?2yr)

#Data from Eoynton et al. (1995)
*Data calculated from output  numerical water quality
model (Cerco& Cole 1993, C. Cerco unpubl.)

Physi cal sources and si nks d erganic car bon

Thefinal computationincluded herefor Chesapeake
Bay's NEM again uses summation d carbon fluxes;
however,inthis case physical (rather than biological)
sources and sinks d organic carbon were compiled
and summed. Wereasoned that the steady-statediffer-
ence between physical inputs and outputs d organic
carbon must be attributable to net production or con-
sumptionin biologica processes(Fig.Ic).Th s calcula-
tion deals with physical transportprocésses whichlead
to input or remova d organic carbon from the Bay
volume, and it includes the physical harvest d fish

biomass, in addition to fluxes associated with water

transport (Tableb).

Themajor physical transport source d TOCinput to
the Bay was fromthe Susquehanna River, contributing
53% o the total input to the estuary and 88% d the
total to the Upper Bay region (Table5). The second
largest source d TOC wasfrom the mgjor tributaries,

}
i
i
e
/
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Table 5. Summary of annual mean values for organic carbon fluxes associated with physical transport and fisheries harvest for 3
regions of maiilstem Chesapeake Bay and attendant estimate of net ecosystem metabolism. Calculations for individual Bay
T regions do not consider advective and dispersive exchanges betweenregions

Fluxes Upper Bay . Mid Bay Lower Bay Total Bay |

Organic carbon inputs 7
Susquehanna river® 151.3 0 0 151.3
Tributary mouths® 17.5 34.9 46.5 98.9
Sourcesbdow fall-line” 0.5 4.5 6.6 11:6
Atmosphericdeposits” 2.6 8.2 12.5 23.3
Subtotal, inputs 171.0 47.6 65.6 285.1

Organic carbon losses
Burial in sefiimentse 117.0 61.2 39.1 2173
Export to ocean® — ., - = 281.1 281.1

* Fisheries harvest® 0 0 448 44.8

Subtotal; losses 117.‘0 61.2 365.0: 543.2

Net ecosystem metabolism -54.9 . +136 +299.4 +258.2
(gCm72yrl (-9.9) (+2.5) (+54.2) (+46.8)

2Data from R, Summers{unpubl.); seeF g 12

PCalculated from numerical modd (Cerco & Cole 1993; C Cerco pers. comm.)

¢Includes both point and diffuse sources below fall-line (Cerco & Cole1994)

| 4Taken from Boynton et al. (1995) gpportioned,to mainstem Bay area and assuming CNratiod 6 g C g N1 for DOM in
precipitation and 33 g C g N-' forfish

¢Bay regional areasdefined as in Table1, wth depositiona fractions (0.72,/0.4%, OR? for Upper, Mid and Lower Bay,
respectively) from Kerhin et al. (1983). Depositiond rates (8.50, 3.50, 3.95 X 10° g m™ yr! for Upper, Mid and Lower Bay) as
computed in Boynton et al. (1995). Carbon content d buried sediment (31.5,18.4, 7.0 mg € g dw for Upper Mid and
- Lower Bay see Hg. 11) calcutated from Boynton & Kenp (1985; unpubl.)

accounting for some 35 % of the total input to the Bay.
While the Susquehanna River debouches directly to
the Upper Bay region, the largest inputs from tributary
systems occur in the Lower Bay. The other inputs con-
sidered in this analysis, including point sources below
the river fall-lines and atmospheric deposition, were
also highest in the Lower Bay region, but these con-
tributed less than 15 % to the total physical TOC load-
i '“&%;he distinct 2-layer circulation which develops at
mouths of each of the major tributaries leads to a
et seaward transport of surface water and landward
fzransport of bottom water, with the annual mean flows
" being equal, assuming rainfall and evaporation are in
balance (e.g. Pritchard 1952). The question of whether
the net transport of TOC will be seaward or landward
- (to or from the Bay) depends, in part, on the vertical
distribution of TOC concentrations. Although non-lin-
earities in transport make it necessary to look at the
spatial/temporal details of flow and concentration dis-
- tributions, higher mean concentrations in the surface
- layer will tend to yield a net export of TOC from the
 iributary to the Bay. In general, annual mean concen-
- trations of TOC were, indeed, higher in surface waters
- for all tributaries considered, including the largest, the

. Potomac River estuary (Fig. 10b).
.. The biogeochemical utility of the organic matter
" delivered to the Bay via physical transport varies
: dependmg on its source and timing. TOC input rates

from the Susquehanna River (and other tributaries)
the Upper Bay region were more than twice the in;
from GPP and slightly higher than ecosystem respira-
tion (Tables 1 & 5). For the Mid and Lower Bay region
however, allochthonous TOC sources represente
much smaller fractions (3 to 4 %) of the total organi
carbon inputs. Even for the Upper Bay, the strong co
relation reported previously between plankton resp
ration and production (Smith & Kemp 1995) and th:
absence of comparable correlations relating riverin
TOCI nput. to respiration(contrast patterns in Figs. 4-
5 with those in Fig. 8) suggest that autochthono
sources were substantially more labile than allochth
nous TOC. On the other hand, the significant positiv.

ration on production for the Upper Bay represent
almost half the annual mean value for R, and one:.
fourth of the mean daily rate of TOC delivery from the -
Susquehanna River to this region (Smith & Kemp
1995). In general, it appears that river-borne organlﬁ
matter tends to be less labile than that generated fr
estuarine primary production, and that the relativ
importance of riverine carbon declines along the lan
sea salt gradient (e.g. van Es & Laane 1982, Matson:&
Brinson 1990, Cifuentes et al. 1988).

The 2 major loss terms in this Chesapeake Bay mas:
balance of physical fluxes of organic carbon Wer
burial in sediments and export to the ocean. Expor? 1€,
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10. Mean annual cycles (1984 to 1992) of total organic
On concentrations in surface and bottom waters at sta-
s near the mouth of Chesapeake Bay and at the conflu-
: of the Potomac River estuary with the mainstem Bay
Lfrom EPA monitoring program, e.g- Magnien et al. 1992)

‘ontinental shelf accounted for almost 52% of the
physical losses of TOC from the Bay system. The
rence between monthly mean surface and bottom
entrations of TOC at the Bay mouth was even
+ distinct than that shown for the Potomac, with
ce values averaging 20 to 60% higher than bot-
“oncentrations (Fig. 10a). For the whole Bay, bur-
‘mprised some 40% of all physical loss terms for
ic carbon, with over half of the total burial occur-
1 the Upper Bay region (Table 5), even though
*Presents only 11% of the total Bay area consid-
In fact, the Proportions of total orgéinic carbon
-7-:°CCUIIi11'g in each of the 3 Tegions was inversely
Ttonal to their areas (Table 5). The spatial distri-
! of percent organic carbon in Bay sediments
S this tendency for highest rates of burial to be
Glrated 1n the upper estuary (Fig. 11). The third
al Process of TOC removal from the Bay consid-
* this analysis is fisherjes harvest. The total fresh
fl}érvest of fish products from the Bay was dom-
by the commercial catch of a single species,
€ Menhaden (Hoyge g Rutherford 1993). Fish-
;Zr"eSt Tepresented a surprisingly large term in
9% Peing 8% of the total 1ogses and 16% of

POC (% dw)

ME LT

B 10-19%
20-29%
3.0-39%
40-49%

Fig. 11. Spatial patterns (May 1993) of particulate organic car-

bon (POC, % dry weight) in surface sediments (0-to 3-mm) of -

Chesapeake Bay and vertical profiles of POC at selected sta-

tions (Aug 1988) along estuarine axis. Data from W, Boynton
(unpubl.) )

the total physical input fluxes of TOC (Table 5). The
value for NEM estimated from the difference between
physical input and output fluxes of TOCis 258 x 10° g
C yr™, which is equivalent to 47 g Cm2yr!, of which
fisheries yield comprised some 17 % (Table 5).

®

Comparison of NEM estimates and C-balance
among estuaries

The 5 independent estimates of NEM for Chesa-
peake Bay yielded remarkably similar results, with
Tates ranging from 33 to 75 g C ;2 yr!, and a mean
value 0of:50 g Cm2 yr! (SE = 7.5). It is interesting that
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Fig. 12. Summary of estimated annual mean values for major
organic carbon fluxes in mainstem Chesapeake Bay, includ-
ing physical input (I} and output (E) fluxes and biotic meta-
bolism associated with primary production (P) and community
respiration (R). Net ecosystem metabolism can be calculated
as P-R=270x10°g Cyrt (49gCm?2yriorasI-E=
258x10°gCyrt(47gCm2yr?)
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the 2 NEM edimates based on N mass-baance
(Table 3) and the 2 valuesfor NEM caculated from

measured TOC fluxes (biological, Table 1; physical,

Table5) both averaged44 g Cm™? yr-!. Giventhefact

that the physical TOC fluxes were so much smaller (10 -

to 20 %) than the biological metabolic fluxes, it is sur-
prisingthat input-output differencesin the 2 budgets
converged to similar NEM values (Fig. 12). In fact, the
most obvious feature of the overall organic carbon
budget for Chesapeake Bay is, perhaps, the domi-
nance d biological compared to physicd fluxes. Au-

tochthonous GPP- (P)- was more- than 13 times larger -

than the sum of all physical transport inputs of TOC (I),
while ecosystem respiration was over 6-fold greater
than all of the physical sinks for TOC (Fig. 12). The
ratio of physical to biological TOC inputs (I:P) tends to
vary substantially along the land-sea gradient, with
values of 2.3 for the Upper Bay declining to 0.03 for the
Mid and Lower Bay regions (Tables 1 & 5). In contrast
to the carbon balance, nitrogen assimilated in the Bay's
GPP was only 5-fold greater than the total N inputs
from allochthonous sources. This suggests that some
'80% of GPP is supported by recycled nitrogen (e.g.
Kemp & Boynton 1984). Whileit isimpossbleto ascer-
tain which fraction d aparticular carboninputischan-
neled into each d the sinks, it can be assumed that
most of the carbon generated in GFP is consumed in
system respiration. As suggested earlier, indirect evi-
dence indicatesthat asignificant portion d the Upper
Bay respiration is supported by river-borne TOC
(Smith & Kemp 1995). Conversdy, nitrogen balance

- whereby organic loading from land-based sourc
- drives-NEM to become hegative, is particularly acu

“releases proportionally lower quantities of inorg

calculations (Table 3) suggest that a substanUal Domon
of the seaward exported TOC originated from estuar.
ine production. The Bay's NEM constituted 7.4 % of the
calculated GPP for this ecosystem (Fig. 12). e
Comparing NEM estimated for Chesapeake Bay -
with values reported for other estuarine ecosystems
reveals several interesting relations. A recent stlidy i
(Smith & Hollibaugh 1993) included some 22 coastal i
ecosystems for which sufficient information was av raile .
able to calculate annual mean NEM. Of these 51tes‘,”‘ 2
only 7 exhibited NEM values which were positive or l
zero. Although the data displayed considerable scatter, -
an inverse relationship between NEM and GPP was
suggested, where the most productive ecosystems had - j
the most heterotrophic metabolism (Smith & Hol— i
libaugh 1993). This trend of decreasing NEM for the -
most productive systems was attributed to the fact th
most of the nutrients delivered to these estuaries were
denved from terrestrial organic matter inputs. Indee
most of the world's rivers carry substantial load:
TOC (Meybeck 1982, Kempe 1984). This effe

because of the fact that C:N ratios for terrestrial pl
and associated detrital organics, are much higher th
those d estuarineorganisms(e.g. Hopkinson & Va
1995). Hence, use of terrestrial organic matter, wi
high C Nand C:P ratios, to fuel estuarine Fespiratio

nuirients (than would the same respiration on es
ine organic matter) to support coupled production.
On the other hand, increased inputs of inorgani
nutrients to estuarine ecosystems tend to stimula
both GPP and NEM. TS has been demonstrat
clearly in inorganic nutrient enrichment studies wi
experimental coastal marine ecosystems, where NE!
increased from balanced metabolism under low nu
ent | NOULS t0+100 g Cm™ 5+t with g 32-fold i_ncr.eaSé
in inorganic nutrient loading (Oviatt et al. 1986). Th
fraction of GPP going to NEM increased from 8.8 % at
2-fold increase in nutrient loading to 18% at 32-fold &
treatments (Oviatt et al. 1986). Most of this mcreased
NEM could be accounted for as sedimented partlcula’te
organic matter and benthic faunal biomass (Oviatt et
a. 1993). Chesapeake and Narragansett Bays repre-
sent examplesd temperate éstuaries generating ub-
stantial positive NEM from the largeirnpts of inor-
gani¢ nutrients received via agricultural runoff and -
wastewater discharges. Oceanic ecosystems, far 0]
the influence d terrestrial Organic matter, appear 10 )
exhibit a positive relationship between GPP and NEM
(referred to & 'new production’, Eppley & Peterson
1979), which isthe apposite of that suggested previ-
ously for coasta regions (SMth & Hellibaugh 1993)-
Severa reef and lagoonal ecosystems under tropical
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oceanic influence have also been shown to have posi-
fqve NEM supported-by. efficient nitrogen fixation
and trapping of inorganic phosphorus (Smith 1991).
Although thereare limited syslemsfor which reliable
estimates are available for both I,: I, and ecosysem
metabolism, it appears that NEM in coastal environ-
ment-s generaly controlled by the relative balance
betweeninputs of inorganic nutrients and organie car-
bon (Fg. 13). Infact, itisanticipated that other factors,
including C Nratio d allochthonous and autochtho-
nous organic matter, water residence-time, and total
putrient |oading, would modify this relation between
NEM and Iy: 1, Presumably, trlwe other factors do not
vary much among the systems represented in Hg. 13.

The number d coasta ecosystemsfor which a full
mass-balanced organic carbon has been computed
gppearstobesd | . Weidentified atotal d 3 systems:

ChesapeakeBay (thisstudy), Narragansett Bay (Nixon

- €t al. 1995), Tomales Bay (Dollar et . 1991, Smithet al.

1991, J. Hollibaugh pers. comm.), San Francisco Bay
{Jassby et al. 1993), Dollard Estuary (vanEs 1977), tidal

freshwater Hudson River Estuary (Howarth et al. 1992,

i~ 1996); and: New York Bight (Garside & Malone 1978).

o Gt

L
¥
S
]

e e

sy

Theratio of physical TOC inputsto biological produc-
tion (I:P) variessubstantially among these ecosystems,
with values ranging from 007 for ChesapeakeBay to
7.1 for Dollard Estuary. High values d |:P occur in
small estuariesreceiving large TOC inputsfromland

+—and-in-the |andward sectionsd larger coastal ecosys-

tems, For Chesapeake Bay, etimated values d I:P
declined from 2.3 in the upper estuary to 003 in the
seaward region. Similarly, I: P decreased from 3.6t0 0.1
“between Northand South San FranciscoBaysand from
17 in the upper Hudson River estuary t0 0.3 in the
Lower Hudson/New Yok Bight, In general, syst ens

—_With high values of I:P tended to havelow NEM, pre-

. Sumably because respiration is stimulated (to some
degree) by physical TOC inputs. Among the 7 systems
tonsidered here, there was, on the average, a balance
between physical and biological sourcesof TOC, with

1 "Fhe mean |:P approaching 1.0. For all ecosysems
;. Wcluded in this comparative analysis, respiration was

the largest carbonsi nk, rangingfrom52to 87% d the
total |osses. Sediment burid was consistently the

Smallest ¢ the 3 organic carbon sinks considered,
veraging only 8% of the total, while seaward export

. tended to heal arger lossterm, rangingfrom 5 to 40%

of the total for 6 ¢ the 7 systems. Tomales Bay, which

+ Was the exception in that it imported TOC from the

Otean, may be representatived many small west coast
®Stuaries, influenced by oceanic production on the
djacent narrow continental shelves: (Smith et al.
1991). Obviousty, more estimates of organi ¢ carbon

Alances are needed for diverse coastal ecosystemsfor
dlear general patternsto emerge.
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Fg. 13 Comparative ad ysis d net ecosystern metabolism
for eguarine systems in relation to the loading ratio for
DIN:TOC. (e—s) Data from the experimental marine ecosys-
tems, MERL (Oviatt et al. 1986). (o) Datafrom selected est uar-
ineecosystems for Wi ch sufficient information isavailableto
be included: Chesapeake Bay (this study), Narragansett Bay
(Nixon et al. 1995), San Francisco Bay (Jassby et al. 1993,
J. Cdfrey pers. conm) ,and Tomales Bay (Smithet al. 1991,
J. Hollibaugh pers. comm.)

These observations on carbon balance for Chesa-
peake Bay and other coastd ecosystems haveimplica-
tions regarding potential strategies for managing
coastal resources. As net production d an estuarine
ecosystem (NEM) i ncreases, so doesits biomass, which
represents increased avalability d food to support
fisheries harvest from the ecosystem. On the other
hand, autotrdphic NEM in the photic zone of pelagic
estuarine regions'dso produces- particulate organic
matter, whichisavailableto si rk to bottomwaters and
Support oxygen consumption and, for stratified water
columns, oxygen depletion (anoxia). As indicated in
earlier discussion, the NEM d an estuarineecosystem
depends largely on the ratio d inorganic to organic
nutrient inputs (e.g. Fig. 1, I:I.,), with high ratios
favoringautotrophicconditionsandlow ratiosfavoring
heterotrophy. Although there is strong evidence to
suggest that inorganic nutrient loading to Chesapeake
Bay has increased over thelast several decades (e.g.
Magnien et al. 1992, Boynton et al. 1995}, it appears
that organic matter inputs have changed very little
(e.g: Jaworski et al. 1971). Smilar eutrophication
trends have been documented for coastal ecosystenis
globally, withwidespread increasesin inorganic nutri-
ent loading (Billen et al. 1991, Nixon 1995) tied to
changes in human populaion (Peierls et al. 1991), but
much smaller and often insignificant changesin TOC
loading associated vith human activities (Meybeck
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1982, Howarth et al. 1996). Thus, this generd trend d
increased inorganic nutrient loading, with higher
ratios d inorganic:organic inputs, will likely lead to
general increases in NEM for Chesapeake Bay and
other coastal ecosysems. While waste management
effortsin industrial regionsfocused initially on reduc-
inginputsd organiccarbon to coastal waters, present
concerns are aimed primarily at removal d inorganic
nutrients; however, both can contribute to oxygen
depletion (Officer & Ryther 1977). It appears that
resource managers arefaced with theinevitabletrend
d increasing NEM in coastal ecosystems worldwide.
They will need to devel op strategies for fostering the
associated increased ‘production d fisheries popula:
tions, while attempting to mitigate potential detrimen-
tal effects d anoxiaand resultinglost habitat for dem-
ersal species.
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