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Abstract

We describe a nonlinear inverse technique to estimate gross primary production (GPP), community respiration (CR), and net
ecosystem production in the vertically well mixed Parker River, Plum Island Sound estuarine system located in northeastern
Massachusetts, USA. The approach uses a calibrated 1D advection—dispersion model to predict oxygen and salt concentrations
along the estuarine length, which are compared to oxygen concentrations measured during high speed transects near dawn an
dusk over a 2-day period in June 1995. The spatiotemporal shapes of the GPP and CR surfaces are represented with cubic
B-splines that are deformed as needed by an algorithm that seeks to minimize error between oxygen observations and model
predictions. The spatially resolving solution shows maximum instantaneous GPP of 1030 grmdldD* and CR of 340 mmol
0, m~3d™! in the upper portions of the estuary; however, the overall estuary is net heterotreghtMg C d ). Analysis
of the advection—dispersion model reveals that gas invasion and longitudinal dispersion account for up to 21 and 14% of local
O, accumulation relative to CR, respectively. However, an oxygen balance averaged over the 2-day sampling period shows that
the negative net ecosystem productivity is balanced by a loss in estuarine oxygen storage. Carbon budget analysis indicates tha
terrestrial, marine, and marsh allochthonous inputs account for 2, 27 and 71% of the observed net heterotrophy, respectively.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction systems Qdum, 1958. Although stoichiometrically
constrained mass balance models are also used to esti-
Diurnal changes in oxygen concentration have long mate system metabolisi8ifith and Hollibaugh, 1997;
been used to estimate gross primary production (GPP),Kemp et al., 1997; Perez et al., 2Q0the dissolved
community respiration (CR, taken as a positive number oxygen (DO) method requires fewer assumptions and
here) and net ecosystem productivity (NEP) in aquatic measurements. Both approaches are types of inverse
modeling, in which measurements (DO) are combined
mponding author. Tel.: +1 508 289 7648: with mass balance models to estimate processes not di-
fax: +1 508 457 1548. rectly measured (GPP, CR, and NEP). There are also
E-mail address: jvallino@mbl.edu (J.J. Vallino). dynamic, or state space, models that use dissolved oxy-
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gen measurements to calibrate prognostic water qual-1999 or through the addition of tracers&sénereux
ity models that estimate GPP, CR, and NEP (é&grk and Hemond, 1992 as well as relaxing the assump-
et al., 199%. However, these models require extensive tion of light independent respiratiorPérkhill and
measurements of other variables to calibrate model pa- Gulliver, 1999. To better account for temporal vari-
rameters, and predicted processes can diverge signifi-ations in NEPKelly et al. (1974)approximated NEP
cantly from their true values unless data assimilation with a truncated Fourier cosine series, which they
techniques are usedldllino, 200Q. In this manuscript ~ demonstrated improved NEP numerical precision. Ex-
we only consider the inverse modeling approach. act solution to the stream advection equation also im-
Most DO inverse methods are based on the follow- proves NEP estimatiorHornberger and Kelly, 1932
ing observation. During daylight hours, oxygen con- Portielje et al. (1996romputational model accounts
centration increases due to net daytime production for light intensity and temperature effects, and em-
(NDP) and decreases during the night time due to CR. ployed a two box model to account for vertical
By assuming that CR is unaffected by light, gross day- stratification. TheGulliver and Stefan (1984ajis-
time production (GDP) can be estimated by adding CR, solved oxygen routing model (DORM) is perhaps the
measured in the dark, to NDP, and GPP and NEP can bemost comprehensive computation model for estimat-
obtained by integrating GDP and NDP —CR overa24 h ing GPP and CR in streams. DORM employs a 1D
period, respectively. Two basic methodologies have advection—dispersion model to account for spatial vari-
been developed for measuring GPP, CR, and NEP: bot-ability in DO concentration, gas exchange, and river
tle/chamber method$@arder and Gran, 1927; Odum morphology and also accounts for longitudinal disper-
and Hoskin, 195Bor in situ, whole (or open) system  sion. However, DORM operates under the two-station
methods Qdum, 1958. In the former method, water methodology (upstream—downstream), so does not pro-
samples are placed in a bottle (or a chamber over sedi-vide spatial information on GPP and R, and cannot be
ments) and some of the samples are exposed to ambientapplied in estuarine environments.
light to get net daytime production (NDP), while others Because it is necessary to measure DO changes in
are kept in the dark to get CR. In whole system meth- the same water mass, estuarine and coastal environ-
ods, in situ oxygen probes are used to measure diurnalments present a challenge for the diel DO method due
changesinthe oxygen at either a single locatibalth, to the complexity of tracking water masses in tidal
1968, or, in flowing systems, at upstream and down- and ocean current&émp and Boynton, 1990Con-
stream locationgdum, 1958. The DO methods have  sequently, most GPP and CR estimates in estuaries are
been widely applied in stream&qlliver and Stefan, based on light-dark bottle incubations, or bottle incuba-
1984c; Marzolf et al., 1994; Young and Huryn, 1999; tions combined witha GPP modéléffrey etal., 1998
Mulholland et al., 200}, lakes fVelch, 1968; Cole so that water masses need not be followed. However,
et al., 2000 and estuariesHopkinson, 1985; Caffrey = Swaney et al. (1999leveloped a statistically based
et al., 1998; Perez et al., 200@While both methods  model to estimate GPP and CR from DO measurements
have their pros and conS\aney et al., 1999; Young by using salinity as a tracer of estuarine water parcels.
and Huryn, 1999 the whole system method is pre- Although their model accommodates vertical gradients
ferred in most situations, as the whole system is typi- in DO profiles, it spatially aggregates the data, so in-
cally the study of interest. The requirement to estimate formation on spatial distributions of GPP and CR are
oxygen gas transfer across the air—water interface, andlost, and their use of a linear regression model degrades
to properly account for advective and dispersive trans- accuracy.
port of oxygen in lotic systems means that computa- In this manuscript, we combine a 1D
tional models are often required to obtain accurate es- advection—dispersion model with a nonlinear in-
timates for GPP, CR, and NEP. verse technique to estimate GPP, CR and NEP from
SinceOdum’s (1956riginal work, several refine-  near-synoptic measurements of DO in the Plum
ments have been made to the whole system methodisland Estuary (PIE), MA. The primary advantage of
(Marzolf et al., 1994; Young and Huryn, 1998n- our approach compared to those discussed above is
cluding means to estimate the gas transfer coefficient that it can be applied in systems with time varying
directly (Gulliver and Stefan, 1984b; Leclercq et al., transport characteristics, typically found in estuaries,
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and provides high-resolution spatiotemporal esti- The Plum Island Sound Estuary is a coastal plain,
mates of GPP, CR and NEP. The methodology is bar-built estuary with extensive areas of productive,
general, so is applicable to other vertically well-mixed tidal marshes. Tides are semi-diurnal with an aver-
systems. age tidal range of 2.9m and a spring-neap range of
2.6—4.0 m. Marshes typically flood only during spring
tides. Estimated tidal prismis about #8.0° m3. Mean
2. Site description depth increases along the length of the estuary from
about 1.4 m at the head of the estuary to about 5.7 m,
The study was conducted in the Plum Island Sound 11km downstream at the head of the sound. Depths
Estuary in northeastern Massachusetts, UGi§.(1). then decrease through the broad shallow sound to about
The estuary and its watersheds lie within the Seaboard 1.8 m prior to increasing to about 4.7 m at the mouth of
Lowland section of the New England physiographic the estuary. The large tides combined with the shallow
province Fenneman, 1938The rivers and estuary dis-  depths and low freshwater inputs results in a vertically
charge into the Gulf of Maine, a semi-enclosed sea off well mixed estuary with type 1A circulatiorHansen
the Atlantic Ocean. The Gulf of Maine coastal cur- and Rattray, 1966 Water body area ranges from 12.8
rent flows to the south along the coast. Coastal salinity to 20.0kn? from low to high tide. There are exten-
varies seasonally inrelation to land runoff and has ama- sive areas of nonvegetated, intertidal flats at low tide
jor influence on Plum Island Sound salini§lmberg (7.2 k). In this estuary where the typical spacing of

etal., 1993 topographic features is considerably less than the tidal
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Fig. 1. Map of Plum Island Estuary located in northeastern Massachusetts, USA. Estuary marsh delimited by uplands (bold lines) and riverbanks
(thin lines). Dotted line represents longitudinal axis of model ticked at half km intervals beginning at head of Parker River. Coordinates are
Massachusetts Mainland State Plane 2001 (m) including geographic coordinates (NAD 83) of map boundaries in parentheses.
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excursion and tidal amplitude is of the same order as with KCI standards at concentrations of 0.5, 0.01, and

average depth, tidal shear dispersionis probably the pri-

mary mechanism contributing to mixing§iith, 1977;
Geyer and Signell, 1992Annual water temperature
range is from—1.0 to 28°C and salinity range is from
0to 32. Vegetation is typical of New England marshes,
the major wetland species beiSgartina alterniflora
ands. patens in brackish and saline regions afighha,
Scirpus and Carex in fresh water regions. Of the total
estuarine area of 59.8, 39.8 kiis occupied by fresh-
or saltwater marsh.

The 608.9kr watershed draining into the estu-
ary has two major rivers, the Parker and Ipswich

Rivers, and eight secondary creeks. The USGS mon-

itors discharge for 55.2 and 323.8 knportions of

0.001 M, which have specific conductances (2% of
58.64, 1.413, and 0.147 mS ct) respectively. Oxy-
gen, salinity, and temperature transects were taken be-
tween dawn and dusk along the Parker River and Plum
Island Sound centerline starting at the estuarine mouth
(24km) and ending at the Parker River dam (0 km)
(Fig. ) on eight occasions between 27 and 29 June
1995. To obtain near-synoptic observations for each
transect, the Hydrolab sonde was connected to a 500 ml
flow through cell that was fed by a 18 mm ram tube
mounted on the boat transom, which provided surface
water samples while the boat was underwisiadden

and Day, 199 At a boat speed of 13 knTH, transects
along the length of the estuary took approximately 1 h

the Parker and Ipswich Rivers, respectively. Discharge to complete, and data and location were recorded every
from ungauged portions of the watershed is estimated 2 min.

from area:discharge relations calculated for the gauged

portion of the Parker RiverMallino and Hopkinson,
1998. Average annual discharge for the Parker River
is 1.0n¥s™1, ranging seasonally from 0.2%871 in
summer to 2.4 mis~ ! in winter. Calculated average an-

4. Model description

To account for transport (and reaction) of salt and

nual discharge for the entire watershed draining into oxygen, the one-dimensional advection—dispersion,

the estuary is 11.0#s 1. Discharge is thus about
67 times lower in volume than a single tidal prism.
Precipitation is evenly distributed throughout the year
and averages 112 cn¥, 44% of which is returned to
the atmosphere via evapotranspiratiaihmel, 196y

Air temperature fluctuates annually between an aver-

age winter minimum of-7°C and an average summer
maximum of about 28C.

Based largely on estuarine metabolic patterns and

tidal excursion lengths, we have identified four regions
of interest in the estuary: upper (0-5.2 km, high tide
volume 0.58 M), mid (5.2-9.3km, 1.5Mr), and
lower (9.3—-14.3km, 4.8 M) portions of the Parker
River and the sound (14.3-24 km, 33 Mm Fig. 1).
Average tidal excursion at the mid-point of these re-

gionsis approximately 4, 6, 14, and greater than 14 km,

respectively.

3. Field methods

Dissolved oxygen, salinity, and temperature were
measured with a Hydrolab water quality sonde (Hy-
drolab Corp.) that was calibrated for DO in air at sea
level just prior to sampling. Salinity was calibrated

tidally averaged model of the form:

de(x, 1) _
ot

de(x, 1)

AG) 9 (DOAD

+Z ( 1i(7)

e r))

Clz

) LA 1)
1)

developed and calibrated for the Parker River—Plum Is-
land Sound systenvallino and Hopkinson, 1998vas
used, where the vecte(x, ¢) is concentration of salt
and oxygen, ds, co,]” (mmolm3), A(x) is the river
cross-sectional area @nat high tide, D(x) the lon-
gitudinal dispersion (fd~1), ¢(x, r) the cumulative
freshwater discharge (ha—1), ¢;(7) the salt and oxy-
gen concentration in lateral inpijthe vectoib(x, ) is

the production rate of salt and oxygen (mmotda—1),
and x the location at high tide (m). Salinity transects
and dye release studies were previously used to deter-
mine the dispersion coefficient in the Plum Island Es-
tuary (Vallino and Hopkinson, 1998It was found that
the mode of transport in the Parker River (0—15km)
is highly dependent on freshwater input, while that
in Plum Island Sound is typically governed by dis-
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10% - ity and oxygen observations obtained from transects to
103k set the right boundary conditions; linear interpolation
: 100 was employed between observation times.
Ll i Observations from the first transect (27 June 1995,
10" - ‘ 20:00) were used to set the initial conditions for EQ.
o 10°L However, since Eq1) is tidally averaged, predictions
& 10k at any time correspond to locations at the virtual high
tide,x. Consequently, it was necessary to run a salt-only
g simulation to determine salinity locations correspond-
108 ing to virtual high tide on 27 June 1995, 20:00, and
104L then map the observations from transect 1 to these lo-
1051 , , A | cations. By beginning the salt-only simulation a month
0 5 10 15 20 25 prior to 27 June, initial salt concentrations did not need
DINtArcs {kmj to be known, as the influence of initial conditions de-

. _ , cay rapidly. Although it would have been possible to
Fig. 2. Calculated Peclet Numbé¥{ as a function of location along

the main estuarine axis for different Parker River dischargést(H). run_ sallnlty-oxyge_q Slmmat_“_)ns amonth priorto obser-
Parker River ends and Plum Island Sound begins at 15 km. vations so that initial conditions would not need to be

known, this would have significantly increased compu-
persive transport, as indicated by the Peclet number tation time in the optimization phase discussed below.
(Fig. 2), which is the ratio of advective to dispersive The only unknown in Eg(1) is the oxygen produc-
transport,Pe = (q/A)/(D/L), whereL is a character-  tion rate,¢o,. Oxygen production is affected by water
istic length for dispersion (in this case 24 km). A Peclet column and benthic gross production and community
number much greater than 1 indicates transport is ad- respiration and by exchange across the air—water inter-
vection dominated, whilBe much less than 1 indicates face as given by,
dispersion-dominated transport.

Boundary conditions (BC) on the freshwater side 4. (v 1) = P(x, 1) — R(x) + &(c* (cs. T)
(or left side,xL) of the model domain are specified by h(x) " 2
a time dependent flux (i.e., Robin BC), —co,(x, 1)) (4)
DX)A(X) ac(x_’ ) —q(x, Ne(x, 1) where P(x, 1) is the gross primary productivity (GPP)
dx ¥=xL (mmol m~3d~1), R(x) the community respiration (CR)
= —qer(t)exr () 2 (mmolm2d~1), ko, the oxygen gas transfer velocity

(md1), a(x) the high tide water column depth (m)
while Dirichlet boundary conditions are employed for  gptained from field surveys, ang, (cs, T) the oxy-
the marine end member (or right side), gen saturation concentration at saflirtityand temper-
(%, )limg = r() 3) atureT, as given b_y\Neiss (1970)_Sulfur_hexafluoride

(SFs) tracers studies used to estimagg in the Parker
whereq, (1), e (7), ander(z) are the freshwater dis-  River found values range from 0.5 to 1.5 mid(Carini
charge and concentrations of salt and oxygen in the et al., 1998. Since predictingo, in estuaries is prob-
freshwater and marine end member at timeespec- lematic due to complex hydrodynamic¥afine et al.,
tively. For the left boundary, it is assumed that oxygen 1987, we choose to keey, fixedat 1.0 m d1forthis
is at saturation levels for the observed temperature of study.
the freshwater. The USGS gaging station at Byfield, The primary objective of this study was to develop a
MA (Station 01101000) provided the daily freshwater means to determine the remaining unknowns in(&y.
discharge, which was weighted by relative watershed P(x, r) and R(x). The basic methodology to estimate
areas to obtain freshwater discharge at all seven inputs P(x, r) andR(x) is to set-up an optimization problem in
(Vallino and Hopkinson, 1998 Discharge averaged which aninitial guess is provided fdt(x, ) andR(x),
0.06 m?s~1 during the study period. We used salin- which then allows the integration of E¢{.). Dissolved
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tion. Because the transects were conducted on cloud-

be compared to transect data to generate a residual errotess days/(r) was modeledB&rock, 1981; Baker and

that can be used to improv&x, r) andR(x) estimates,
which are then used in Ef{L) to generate better DO es-
timates. This iteration proceeds until a local minimum
is obtained.

In estuaries P(x, t) and R(x) can have strong spa-
tial gradients andP(x, r) changes over time because

Frouin, 1987.

The optimization to obtain estimates f8(x, ) and
R(x) is as follows. The number of spline points,and
values ofcs, are specified, and initial guesses ﬂd\"
andR; are provided. Using Eq$2)<9), Eq. (1) is in-
tegrated over time and space to provide an estimate

of changes in light intensity, so we chose to express for oxygen concentratiorg, (x, #), corresponding to

P(x, r) andR(x) as functions of location and time, and

times,;, when transect data are available. An iteration

location only, respectively. However, because transects involving i)i'v' andR; commences to solve the optimiza-

were not run at high tide, DO at virtual high tide loca-
tions,x, predicted by Eq(1) at timer do not correspond
to actual observed locations,at timer. To overcome

this problem, model predictions and observations were
compared in salinity space, which is tide independent. ; _

At any time, a function exists to map between salinity,
cs, andx, and becauses is always a monotonically
increasing function of (andx) in the PIE system, the
inverse function exists as well, so that:

cs=¢(x) and x=¢Yes) (5)

To representP(x, r) and R(x), we use the following
cubic B-splines,

3

{es PM)Y, i=1n} -2 my(cs) ©6)
R 3
{fess R}, i =L n} = po(es) W)

where the nomenclature indicates that the interpolating

functionsr,(cs) and p,(cs) are constructgd from two
sets ofn points using cubic B-splines, an‘d"' andR;
are estimates of maximum GPP and CR at salicify

respectively. This approach allows a smooth function
over all salinity space to be generated from a small set of

discrete points. By manipulating™ andR;, arbitrary
functions forP(x, r) andR(x) can be readily generated

by,

PEN =D (@) o Ples.) = (e
®)
RGE) = pu(c(D) OF R(cs) = pulcs) ©

wherel(z) is photosynthetically active radiation (PAR)
and™ is the maximum value dfr) used for normaliza-

tion problem,

mlnlmlze
M R

S @0yt Hes). 1) — Eoyles,. 1))
j ok

i

(10)

whereco,(cs;, %) is the observed oxygen concentra-
tion at salinitycs; and timez,. Linear interpolation was

used to construct the inverse functign(cs).

5. Numerical methods

We solved the 1D PDE, Eq1), using the mov-
ing grid routine ofBlom and Zegeling (1994dn a
100-node grid. The conjugate-gradient-based routine
PRAXIS Brent, 1973, which does not require gradi-
ent information on the function, was used to find the
minimum of Eq.(10). Since PRAXIS does not permit
constraints on the parameter search space, simple box
constraints of the form

R |m|n - R |max nd

PiM‘min = PiM = PiM‘max

11)

were implemented by transforming the parameter
space by a sine-squared transfoBoxX, 1966; Vallino,
2000, where all minimum bounds were set to O,
and all maximum bounds to 1500 mmotfd—1. The
PRAXIS parameter values that produced the best per-
formance were tolerance (T0) at 1) maximum step
size (HO) at 0.2 and ill-conditioned problem (ILLC)
set to false. Initial guesses f& andR; ranged from
100 to 500 mmol m3d—1. The routines DBINT4 and
DBVALU from the SLATEC library {/andevender and
Haskell, 1982 were used to construct and interpolate
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the cubic B-splines, respectively. The cubic B-splines 7. Results

were fit through 12 points at salinities 0, 1, 2, 3,5, 7, 9,

12, 15, 22, 27, 31 for both,(cs) andp,(cs). Numeri- The diel variation in oxygen, exceeding
cal quadrature of GPP, CR, and NEP surfaces was con-100mmolnt3, is clearly evident between the
ducted by first interpolating surfaces onto regular grids dawn and dusk transects conducted between 27 and
using routines TRMESHRenka, 1996pand INTRCO 29 June 1995Kig. J). Transects conducted between
(Renka, 1996pand then employing routine ADAPT  15:00 and 20:15 (dusk) exhibit elevated DO, while
of the National Institute of Standards and Technology those conducted between 6:30 and 11:00 of the next
(NIST) Core Math Library (CMLIB) for integration.  day show depressed DO. Dissolved oxygen only
All the above Fortran routines are in the public domain exhibited super saturation near the head (salinity<4
and can be obtained at Netlib RepositoBofgarra practical salinity unit (PSU)) and mouth (salinity > 30
and Grosse, 1987 except for CMLIB, which is PSU) of the estuary. At all other salinities, DO was

available from NIST ftp:/ftp.nist.gov/pub/cmliby. either at or below saturation, which indicates that
Double precession (8 byte) was used for all Fortran respiration generally exceeded primary production
computations. (i.e., heterotrophic) on the observed days. There was

also a reproducible sag in DO mid-estuary, from
approximately 14 to 28 PSU, which was always under
saturated.
6. Model error analysis To examine solution variability, the minimization
problem ¢, Eqg. (10)) was solved 30 times, with each
Although sources of error include those associated run conducted from a different initial guess. Although
with transect measurements (oxygen, salinity, temper- each run produced a unique local minimum, the 10
ature and discharge), model parameterization (disper-best solutions had final costs ranging from 12,400
sion and gas exchange coefficients), and model approx-to 14,660 (mmolm?3)2. PRAXIS required between
imation of true physics, the largest sources of variabil- 1000 and 9000 integrations of E{L) to locate a
ity in estimating GPP and CR reside with solution of minimum, which utilized between 1.3 and 11.5min
the optimization problem, E¢10). In nonlinear prob- of CPU time on an AMD Athlon XP 3000+ pro-

lems, the hyper-surface defined by EtD) often con- cessor operating at 2.16 GHz. For the best 10 local
tains many local optimav@allino, 200Q. Although it

is desirable to locate the global optimum, except for 400 5 o Equlo,
special cases, it is not possible to determine if a par-  __ ¥ —o— s
ticular optimum is the global optimum. Furthermore, E 350 9 e
from a practical perspective, the global optimum solu- < ; ——
tion may not possess properties that make it superior ~ § 300

than other local optima of similar cost. For well-posed d

problems, different local optima should provide sim- § 250

ilar values for the parameters being sought; however, g 300

poorly posed or underdetermined problems may pro- 2

duce vastly different parameter values at local optima 150 |

of similar magnitude. To examine the impact of dif-

ferent local optima of Eq(10) on estimatingP(x, ), 100
Eq. (8), andR(x), Eqg.(9), we examined the solutions Salinity

to Eq. (10) at nine other optima whose cogt, were
less than 20% greater than the minimum value/of  Fig. 3. Dissolved oxygen (DO) concentrations as a function of salin-

found. Local optima were obtained by changing the ity measured along the estuarine axis. Transects were conducted on
. ~M - the 27th, 28th and 29th of June 1995 at the indicated times and are cat-
initial guess fOI’Pl-_ and Rf' as well ?‘S,the_ param.- egorized as either “dawn” (gray lines and symbols) or “dusk” (black
eter values associated with the optimization routine |ines, open symbols) runs. Dotted line shows DO concentration at

PRAXIS. equilibrium with air corrected for salinity and temperature.
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optima, the predicted DO transects match the ob- (Fig. 4F)). Although 10 different local minimums of
served DO transects welFig. 4); however, all optima Eqg. (10) were found, all solutions were similar, as
produced DO curves that slightly over estimate ob- shown by the standard deviations éf"' and R; at
served DO at 11:00 28 June 1995d. 4(C)) while each spline knotKig. 5). Consequently, we will fo-
slightly under estimating DO at 7:15 29 June 1995 cus analysis on the best solution=12,400) with-
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Fig. 4. Comparison of all 10 simulated (lines) to observed (symbols) dissolved oxygen concentration following data assimilation as a function
of salinity along estuarine transect at times (A) 20:15 27 June 1995, (B) 6:30, (C) 11:00, (D) 15:30, (E) 20:15 28 June 1995, (F) 7:17, (G) 15:00,
(H) 19:30 29 June 1995. Best local minimum solution is shown as solid line, while others are dashed.
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Fig. 5. Estimated instantaneous gross primary production (GPP, pos-
itive value) and community respiration-CR, negative value) at
12:00 along the estuarine transect obtained from the best local mini-
mum solution of the minimization problem, E4.0). Circle symbols
correspond to location of spline knots, E(.and(7), and error bars
representt1 standard deviation from all 10 solutions.

out loss of generality. The production and respiration
functions obtained from the minimization dfsam-
pled at 12:00 hKig. 5 show very high productivity
(>1000 mmol @m~3d~1) and respiration in the up-
per estuary (0-2 PSU) and a much smaller secondary
peak around 7 PSU. From approximately 16 PSU on-
ward, GPP and CR are relatively constant, except for
a sight increase at the estuarine mougly(5). These
productivities might appear unrealistically high com-
pared to typically reported values; however, rates re-
ported in the literature are average rates over a 24 h pe-
riod, while that shown iffrig. 5are maximuninstanta-
neous rates. To examine daily-averaged rates, it is nec-
essary to add the temporal axis and integrate over the £
surfaces.

Fig. 6illustrates estimated GPFif). 6(A)) and CR
(Fig. 6B)) at any time and location within the estu-
ary during the period when transects were conducted
(shown as lines parallel to salinity axis on surface
plots). The temporal nature of GPP caused by time 79,7 ESact verco 905 P Py ()
Yarymg PAR, Eq(8), is clearly eVId_ent' By Slflb_traCt- asa funct?lon o?salinity along estuarine tr)e/insectpand time il)btained
ing CR from GPP, NEP as a function of salinity and fom pest solution of minimization problem, E€L0). Thin black
time can be generate#if). 6(C)). Depending on loca- lines on surface indicate times when transects were conducted. Time
tion and time, NEP can be either positive or negative; 0 corresponds to 0:00 27 June 1995.
however, in order to determine whether NEP is posi-
tive or negative over a 24 h period, the surface must be
averaged over one dajt, as given by:

(,.p W) ¥D

C
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Fig. 7. Netecosystem production pet imtegrated over a 24 h period
as a function of salinity along estuarine axis fer12,400 solution.

1+At
P(cs, 1) — R(cs) dr

(N(cs))y = A

or

1 t+At _
(N@y = P(x, 1) — R(x) dr 12)

t
where (N())y is daily averaged NEP as a function of
salinity, cs, or, location at high tidey. Daily averaged
NEP (Figs. 7 and Bclearly shows that net autotrophy
(NEP >0) only occurs in the top 1 km of the estuary,

n I =) w
(=] o o o (=]
T T T T 1

Daily Net Production (mmol O, m* d™)
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o
T

1
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IS
o

5
Distance (km)

20

Fig. 8. Net ecosystem production pef integrated over a 24 h pe-
riod as a function of distance at high tide along estuarine axis for
J=12,400 solution.
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or above 1 PSU, and slightly again around 4 km (or ca.
12 PSU). The remaining parts of the estuary are net
heterotrophic (NEP <0).

Depth integrated rates)p, converted to carbon
equivalents (g Cm?d—1) are obtained by integrating
as follows,

wc t+At 1 d
(Plesho = Toarige | Ples DHE el
(13
wcO t+At
(Riesio = jocpe: | Rleale e
_ och 1
= 2 R o) (14
(N(es))p = (P(es))p — (R(cs))p (15)

where wc is the molecular weight of Cpp the
photosynthetic quotient (moles;@volved/mol CQ
consumed) andr the respiratory quotient (mol
CO produced/mol @ consumed), both assumed
equal to one hereWilliams and Robertson, 1991;
Laws, 1991; Robinson and Williams, 1999Be-
cause depth does not vary greatly over the length
of the estuary, depth integrated ratdsg( 9 are
spatially similar to the volumetric-based rates, and

Daily Averaged Rates (g C m* d™)

PRI I L P
0 10 20 30

Salinity

'
o]

Fig. 9. Depth integrated gross primary production (GPP), commu-
nity respiration ¢ CR, plotted as negative value) and net ecosystem
production (NEP) integrated over a 24 h period as a function of salin-
ity along estuarine axis fof=12,400 solution.
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arine locationyxp, is given by,

-
o
1

o
T

©

‘EN wc 1 Xp  pt+At

S P(xylxp))y = oo P(x, 1)A(¥) dr d’

= -10F (P(xulxp)) s 1000A7 QP/;U/, (x, ) A(x) dr

£

~ -20r o

o - - wCHR b —

w R = — R(x)A

2 s (R s = 2208 / KA

a -o- (N(xulxp)) > = (P(xul*p)) > — (R(xul*D)) s

S (17)

@ 50+

g

< 80 5 10 15 20 25 Integration of this equation shows that even the top
Distance(km) 5km of the estuary is net heterotrophic and that the

majority of heterotrophy (NEP <0) in the estuary oc-
Fig. 10. Longitudinal net ecosystem production integrated over a curs in Plum Island Sound (15_24 km)'a@le ])
24 h period as a function of distance at high tide along estuarine axis Furthermore. the presence of several local minima
for 7=12,400 solution. do not significantly degrade the estimation of NEP,
as evident by the small NEP standard deviations

) ~ (Table 3.
the auto- and heterotrophic status of the estuary is

unaltered.

Volumetric (Eq.(12)) and depth integrated (Eq. . .
(15)) daily averaged NEP estimates give a biased per- 8- Discussion
ception to the overall trophic status of the estuary be- .
cause they to not account for the fact that the cross-  OUr 0xygen metabolism model, Eqe)«4), ac-
sectional area of the estuary greatly increases from the 0UNts for advective and dispersive transport processes,
freshwater to the marine end-member. Longitudinally ©XY9€n exchange with the atmosphere, oxygen input

based daily averaged NEP (ma}®~1d~1) is given from lateral sources, and oxygen production and con-
by. sumption by biological processes. To determine the rel-

ative importance of each of these processes at a partic-
1 A ular location and time, it is necessary to analyze each
(N = 7/ (P(x, 1) — RG)A(X)dr (16) term in Eq.(1) separately. By far the dominant terms
At J; in the oxygen balance are gross primary production,
P(x, 1), and community respiratiorR(x). To examine
By accounting for estuarine cross-sectidi(x)). the contribution of the other terms, a cubic spline was
shows the overall estuary is highly heterotrophic per fit to the simulated oxygen concentratiaty, (x, #,),
meter ig. 10. Finally, cumulative average daily NEP  then the following respiration-normalized terms were
between an up estuarine locatiaf, and down estu-  calculated at timez=1.25 d,

Table 1

Cumulative, daily averaged gross production, community respiration and net ecosystem producti{dfg){&ger whole estuary and subsections
for best optimal solution

Section (km) (P(xulxp)) 5 (R(xulxp)) x (N(xulxp)) »
0-5 0.87 (0.04) 0.94 (0.04) —0.076 (0.006)
5-10 1.7(0.1) 2.2(0.1) —0.48 (0.02)
10-15 6.1(0.7) 6.8 (0.7) —0.77 (0.04)
15-24 39(7) 43 (7) -3.5(0.5)
Whole estuary 48 (7) 53 (7) —4.8 (0.5)

Rates are in Mg Cd! with standard deviation from all 10 local optima solutions in parentheses.
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lateral inputs :
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gasinvasion :
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The analysis shows that the two dominant terms are gas

invasion and dispersion, accounting for approximately
21 and 14% of oxygen accumulation or loss relative to
R(x), respectively [Fig. 11). Not accounting for these
terms would introduce significant errors in estimating
P(x, t) and R(x). Both advection and lateral inputs are
small, but these terms would be larger during higher
freshwater discharge periods. Indeed, analysis aféhe
number Fig. 2) indicates these terms should dominate
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Analysis of Egs.(18)+21) indicates which terms
are important in Eq(1) at a particular instant, but they
are not in proper form to assess the fate of oxygen in
the estuary. To understand the latter, we can look at the
net accumulation and input of oxygen in the estuary
integrated over the time transect data were collected,
as given by,

T=t+At

—/ fo, (. AR 67

=t

t+At  rxp
[,w@o—mmmaam

t+At
+ —_— / koz (C02 (x T)

—2o,(x, t))ﬂ drdr

6
1 t+At _ _
g <d%mmw0—D®Mﬂ

Bcoz(x r) & ¥=xy
ox

/z

;Utl

X=XD

(Cozz( )8% (x, t)>

(22)

under highdischarge inthe upper reaches of the estuary.

Dispersion
Advection

— ——~ Gas Invasion
Lateral Inputs

015

01

005

Transport Terms Relative to Respiration

Distance(km)

Fig. 11. Contribution of dispersion, advection, gas invasion and lat-
eral inputs to oxygen accumulation rate as a function of location
along estuarine axis relative to community respiration evaluated at
6:00 28 June 1995 fafk= 12,400 solution.

The left-hand side of Eq(22) is the oxygen accu-
mulation in the estuary over timar and the four
terms on the right-hand side are oxygen imports over
At due to net ecosystem production, exchange with
the atmosphere, water transport across the boundaries,
and lateral inputs, respectively. Solution of Eg§2)
over the whole estuary for the 2 days transect data
were collected gives an oxygen net accumulation (in
kmoIOzd‘l) of —404, which balances an NEP of
—398, plus a net @ invasion of 34.3, plus—56.2

net longitudinal import, plus 15.9 from lateral inputs.
Since Q inputs (34.2 +15.9 kmold') approximately
balance net transport-66.2 kmold 1), the NEP of
—398kmold ! leads to a net decrease in estuarine
oxygen concentration, which indicates the estuary is
not at steady state. For the York RivBaymond et al.
(2000) found that gas evasion could account for be-
tween 50 and 100% of NEP; however, they assume the
river was at steady state, which is not the situation for
PIE when sampled. In a Chesapeake Bay stdynp
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and Boynton (1980found gas exchange to be a small and tracking areas of high primary productivity, it may
component of the oxygen budget%%) and horizontal be possible to better assess impacts of freshwater dis-
transport accounted for approximately 40-50% of the charge on secondary consumers.

change on @ However, their analysis was not tidally Although the fit between observed and predicted DO
averaged (as is this study), which could account for the concentration is good=g. 4), it is likely a better fit
large horizontal transport terms. If we look at net O could be obtained by accounting for the following ap-
changes at their stations @@nd KB4, we find that @ proximations. Our current model fa?(x, 1), Eq. (8),
estuarine accumulation often dominates theb@dget does not account for light saturation, which has been
and is balanced largely by horizontal transport, which observed to occuRortielje et al., 1996 and may ex-
also indicates that the system was not at steady stateplain the weaker model fits at 11:06i¢. 4C)) and
during their study. In the Ems-Dollard Estuary, an an- 7:15 (Fig. 4F)). We choose not to include light satura-
nually averaged oxygen balance shows that the largetion because it would introduce another parameter. We
negative NEP observed is balanced almost entirely also used a fixed value for the gas exchange parameter,
by gas exchange across the air—water interfaee ( ko,, that was estimated by other methods. Itis possible
Es and Ruardij, 1982 Perhaps not surprisingly, our  to treatko, as an unknown, or an unknown function of
work in combination with these others shows that the location,ko,(x), and to include this parameter, or pa-
dominant terms of the oxygen balance equation are sys-rameters, in the minimization search, E&0). Analy-

tem dependent and that the estuary may or may not besis of Eq.(1) shows thako, (x) is observable from DO

at steady state conditions when sampled. measurements only; however, estimatioR@f(x) was
The sag in dissolved oxygen concentration between not investigated in this study.
14 and 28 PSUKig. 3) with a minimum at 22 PSU is Negative NEP in PIE {able ) means a signifi-

due mostly to a decrease in NBHd. 7) thatis caused  cant amount of carbon is being respired within the

by a large decrease in GPP, with only a small decreaseestuary. There are three possible sources for this
in CR. Water column depth does not appear to be a allochthonous carbon: (1) terrestrial organic carbon
significant factor, because water depth increases con-(OC) in freshwater inputs, (2) OC from the marsh

tinuously from 1.4 mat0 PSUto 5.7 m at 28 PSU, then platform, or (3) marine OC. The average freshwater
decreases to 3.7 m at 31 PSU. If depth were a signifi- discharge at the Byfield USGS gaging station dur-
cant contributor to the DO sag, then we would expect ing the period when transects were conducted was

the DO minimum to occur at 28 and not 22 PSU. 0.058n¥s~1 (or 5040 n¥d~1). Using watershed-size
Except at a few limited locations, PIE is net het- weighting factors on the Byfield discharg¥aflino
erotrophic over the period of studydble 1 Fig. 10, and Hopkinson, 1998 gives a total freshwater in-

which is consistent with the general finding regarding put to PIE of 0.64rAs™1 (or 55600 i d~1). During
metabolic status of most marsh-dominated estuariesthe summer period in the Parker and Ipswich Rivers,
(Howarth et al., 1996; Smith and Hollibaugh, 1997; particulate organic carbon (POC) and dissolved or-
Cai et al., 1999; Raymond et al., 2000"he depth ganic carbon (DOC) average 74 and §39, respec-
integrated rates of metabolisrfig. 9) are also well tively (Peterson et al., 1995; Raymond and Bauer,
within those found for other similar estuariéi(son, 200)) (also sednttp://ecosystems.mbl.edu/BlBased
2002, indicating that PIE is typical. However, our on these values, total freshwater carbon loading was
transect-based inverse modeling approach does provided.62 Mg C d 1, of which perhaps 15% could be de-
for greater spatial resolution than standard methods graded in the estuary based on bioassay studies and
and does reveal locations where net autotrophy occurs.water residence timeJhlenhopp et al., 1995Likely
Standard approaches to estimating NEP would likely respiration of the instantaneous terrestrial OC inputs
miss these features, which can shift in location due to would amount to only 0.092 Mg Cd, or only 2% of

the variability in freshwater discharge and the transport the observed NEPTable ). Consequently, terrestrial
characteristics of PIEHg. 2). For example, estuarine  OC inputs cannot account for the magnitude of NEP in
fisheries are subject to freshet events that can displacePIE.

or wash out phytoplankton blooms, which planktivores Above ground marsh productivity at PIE has been
depend on for foodOrinkwater, 198%. By locating measured at 20gCnr2y~1 (Ruber et al., 1981
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which falls within the range 200-6@y C y- measured
at other sites if we assume 50% dry weight is car-
bon @Blum et al., 1978; Reidenbaugh, 1983; Morris
and Haskin, 1990 Given that growth occurs over a
4-month period at PIE, this gives a potential marsh ex-
port of 24 g Cnr2d-1. This would amount to a total
production of 95.5 Mg C d? from the 39.8 krf of PIE
marsh. Even if only 5% of this carbon were respired
in the estuarine water column, it would be more than
enough to support the observed NEP over the whole
estuary Table 1. Hence, marsh exports, or respiration
directly on the marsh platfornQai et al., 1999, 2000
appear to be a likely candidate for explaining the NEP
observed in PIE. Stable- and radioisotope surveys in
PIE also support significant marsh expoifgaymond
and Hopkinson, 2003

As for the marine OC, this is more difficult to esti-

mate, butwe canuse the age of marine OCintheestuary 5, advection

combined with its expected decomposition rate to es-
timate the marine OC contribution to total respiration.
The average age of saltwater in PIE at the observed
freshwater discharge is approximately 3 dayall{no

and Hopkinson, 1998 The volume of saltwater in the
estuary is given by

1 24,000 _
Vow = —— / cs(AQ) dt (23)
€Sy Jo

wherecs, is the salinity of the marine end member,
which was 31 PSU. From the predicted high tide salin-
ity distribution from Eq(1), Vsm equals 38.8< 10° m?
during the study period. Bioassay studies on the degrad-
ability of marine OC on the continental margin indi-
cates DOC decomposition can be accurately assesse
using a three pool model, consisting of very labile,
labile, and refractory componentsligpkinson et al.,
2002. Using this model and assuming a marine OC
concentration of 10Q.M consisting of 16% very labile,
13% labile and 71% refractory with decomposition rate
coefficients 0f 0.219d! (k1) and 0.018 d* (k,) for the
very labile and labile pools, respectiveldgpkinson

et al., 2002, we estimate that 8 4M of marine DOC
would be respired over a 3-day period (or 21 d—1).

This decomposition rate combined with the saltwater
volume, Vsw, gives a C respiration of 1.3MgCd
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from the marine end member. Since only 2% of estu-
arine respiration can be attributed to terrestrial inputs,
71% of the respiration must come from marsh inputs
to the water column.

This analysis is only applicable for the days stud-
ied, 27-29 June 1995. More transects studies must be
conducted throughout the year before we can be defini-
tive in regards to the auto- or heterotrophic state of the
estuary, and whether or not this state changes over the
year. It is also likely the dominant sources of respired
carbon will change over the year, especially during
high spring discharge when terrestrial inputs are much
larger.

9. Conclusions

—dispersion model combined with
near-synoptic DO sampling method and nonlinear
inverse technique is able to produce detailed spatial
estimates for gross primary production, community
respiration and net ecosystem production in Plum
Island Estuary. The approach is generally applicable to
any vertically well-mixed estuary, and can be extended
to stratified estuaries provided spatially appropriate
transport models are available. Analysis of the transport
equation at any given time slice reveals that air-water
gas exchange and longitudinal dispersion can account
forup to 21 and 14% of local DO accumulation relative
to respiration, respectively. However, analysis aver-
aged over a 2-day time period shows that the negative
estuarine NEP is balanced almost entirely by a decrease
in estuarine oxygen storage. The results obtained from
O transects conducted in June 1995 indicate that PIE
is a net heterotrophic system-4.8 Mg Cd™1) with
the majority of allochthonous C inputs originating
from the extensive tidal marshes (71%), followed
by marine organic carbon (27%) and terrestrial
inputs (2%).
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