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EXECUTIVE SUMMARY

Nutrient (nitrogen and phosphorus) inputs from non-point and

point sources are a potent1a1 source of pollution in Barnegat Bay
and other back bay estuaries along the coast of New Jersey.

- font ' lead t b1 includi
eutrophication, decliné of seagrass beds, anoxia and, if
associated with sewage inputs, high coliform levels. Effective
management decisions regarding nutrient control strategies require
a clear understanding of the relationship between nutrient inputs,

nutrient recycling and removal, and eutrophication in the Bay.

The current study (initiated in 1988) is phase I of a longer-
term project designed to address several information needs of the
New Jersey Department of Environmental Protection. These needs
include understanding: the role of the sediments in controlling
algal and seagrass production and possibly the occurrence of
nuisance algal blooms, the ability of different areas of the Bay
to assimilate nutrient loading, the factors controlling which
nutrient, nitrogen or phosphorus, limits algal production in the
Bay, the role that marinas play in nutrient loading to the Bay,
and the importance of pulsed inputs of nutrients, such as from
storm drains, to nutrient loading and eutrophication in the Bay.
Sediments were chosen to study flrst because they are a ma]or

factor in Loncro‘u.xng the dVdL.LdD]..LlCY and assimilation of
nutrients in the Bay.

Sediments can be important in controlling nutrient recycling
nd removal within the Bay, and thus the fate and effects of
external nutrient inputs to the Bay, in a number of ways.
Nitrogen and phosphorus can be recycled from the sediments for
algal production; pulsed inputs of nutrients can be stored in the

sedlmen;s and later released to fuel summer algal blooms;
nutrients can be removed from the estuary by burial in the

.
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can control which nutrient, nitrogen or phosphorus, is most
limiting to algal production.

‘D’

The major purpose of the first year of study (actually a 2.5-
month field season) was to adapt and develop methods to
1nvesc1gace the 1mporcance of the sealments in barnegat uay as an
internal source of and/or sink (removal site) for the nutrients
nitrogen (N) and phosphorus (P). To that end, in situ benthic flux
chambers were designed and constructed for measuring sediment-
water nutrient fluxes. Measurements of sediment-water fluxes of
ammonia, nitrate plus nitrite, phosphate, and oxygen under
different ngnt conditions were made in September 1988 at four
locations in Barnegat Bay: two locations with vegetated (Zostera
and macroalgae), sandy sediments, an unvegetated fine grained
silt-clay sediment (referred to as mud site in the figures), and a
silty-sand location in Long Quay Marina. Light conditions

included full light (clear chambers), 50% ambient light, and dark
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incubations. All study sites, except the marina location, were
located in the northern, more developed portion of Barnegat Bay
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north of the state route 37 brldae near Toms River. The
development of methods to measure the deposition of particulate N
and P to the sediments was also st rted and preliminary
measurements of organic N and P deposition at one of the vegetated
study areas 1n' the Bay, were made. In addition, phytoplankton
primary production measurements were made at each of the sediment-
water nutrient flux sites to compare with the organic matter
decomposition rates in the sediments and with benthic primary
production rates. The measurements made in the present study are
the first in a series of measurements to be made over an annual
cycle in 'the upper Bay. '

Primary production rates in the upper Bay measured on five
separate days between 31 August and 29 September 1988 ranged from
250 to 500 mg O, m~3h~l at mid-day. Oxygen consumption rates in

the dark' chambers demonstrated that the sediments at all four
study sites were active 51tes ‘for decomp051tlon of organic matter.
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740 to -1230 ug-at- m =2p-1 Benthic photosynthe51s was active at

both the vegetated 51te 1 and marina study site, with
photosynthesis exceeding respiration in the light. Benthic gross
photosynthe51s rates were approximately 75 mg O m~4h~! and 30 mg O

m~¢h~l at the vegetated site 1 and marina study site,
respectively, which is considerably 1less than the measured
planktonic primary production rates. There was no measurable
benthic photosynthesis at the silt-clay site or the vegetated site
2.
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in Barnegat Bay sediments in September, essentlally none of the
nitrogen or phosphorus predicted to be released as a result of
that decomposition was returned to the overlying water. This
suggests that at this time of year, at the locations studied, the
sediments in Barnegat Bay are -a sink for both nitrogen and
phosphorus. The sediments are thus retaining/removing nutrients
which would otherwise be released back to the water for
phytoplankton production.
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ons and ph phate concentratlons were less than or equal to
uM except at the marina where the concentration was 1 uM. The
N:P ratio was approximately 3 or less at all four locations,
suggesting that nitrogen is the most 1limiting nutrient for
phytoplankton production in these portions of the Bay.



The measurements made during the present study encompass a
limited time perlod (September 1988) and thus caution is advised
l'ﬁ excrapoxatlng these reSU.LCS to other Locatlons or c1mes \e g.
summer) . Studies are currently in progress over an annual cycle

at the two sites to delineate possible seasonal differences.
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INTRODUCTION

Eutrophication is a potential threat to Barnegat Bay and
other shallow bays behind barrier islands (back bays) that line

ceiving inputs of nutrients from a variety of sources, including
A

raine arinac raunnff aroundwataor eanti~sr cuvetrama and
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di rect discharge. In the future, nutrient inputs are expected to
increase due to continued population growth in the watershed
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use of the Bay by boaters. Barnegat Bay has already shown signs
of eutrophication such as summer algal blooms and reported
——localized areas of anoxia in marinas. High coliform counts, which———
are indicative of nutrient inputs from sewage, result in
approximately 20% of Barnegat Bay being closed to shellfishing (W.
Eisele, Division of Water Resources, Bureau of Marine Water
Classification and Analysis, pers. comm.). Eutrophication can
also decrease seagrass (Zostera and Ruppia) areas, which provide
important habitat for blue crabs and various finfish. All of
these effects of excess nutrients can ultimately lead to a
decrease 11’1 bnth fhe cnmmercnal and recreational uses C)f Rarnpaaf

Bay and eventually to a decrease in property values.

Gauging the effects of increased development on
eutrophication in Barnegat Bay is difficult, however, because
there is little information on historic or current conditions in
Barnegat Bay, as well as a lack of information on nutrient
concentrations or nutrient inputs. In addition, little is known
about the nutrient dynamics \;uu;ﬁdlﬁg the relationship between
nutrient inputs and eutrophication) in Barnegat Bay- - or any of
these shallow, highly productive bays. Previous studies of
eutrophication and nutrient dynamics in estuaries have focused on
relatively deep estuaries such as Delaware Bay, Narragansett Bay,
and Chesapeake Bay (reviews by Boynton et al. 1982; Nixon 1981),
and it is not clear to what extent results from studies of deeper
estuaries can be used to predict the effects of nutrient 1nputs to

challow bave suc e BRBarnegat Rav.
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Once nutrients enter an estuary, internal cycling of those
nutrients within the plankton and between the water column and

sediments can influence the overall effect of the external
nutrient inputs on the system. In particular, processes occurring

within +ha cadimandes ~anm madifu +ha saarnnlue of nitracdan (NY and
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phosphorus (P) for algal production within the estuary.

The release of nutrients from sediments fo llow1ng
decomposition of organic matter has been shown to be a jor
source of nutrients to phytoplankton in estuaries. studles in
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nutrients are often not sufficient to supply the needs of
phytoplankton. The sediments are a major source of nutrients,
providing 2 to 10 times as much N and P to the phytoplankton (bj

1



continual recycling) as the external inputs to the estuary (Nixon
1981; Boynton et al. 1982). In Barnegat Bay and other back bays,
sediment-water exchanges of nutrients may be Dartlcularlv
important as a source of recycled nutrients for algal growth due
to the shallowness of the water column. In addition, the sediments

can act as a short-term storage site for pulsed inputs of

nutrients that enter the Bay from storm drains or during sprlng
runoff. Those nutrients can be recycled back to the water column
later to fuel summer algal blooms.

On the other hand, the sediments may play an important role
in nutrient removal, either through burial or nitrogen removal
through denltrlflcatlon. Denitrification (reduction of NO3;~ to Nj
gas by bacteria) is a major removal process for N in deeper
estuaries; approximately 50% of the external N inputs from natural
and anthropogenic sources in deeper estuaries is removed by
denitrification in the sediments (Seitzinger et al. 1984;
Seltzlnger 1988). Denitrification in Barnegat Bay, and back bays

‘“ ”Anﬂvﬂ’ ™TmAavy k o L 2% od
in Jgenera., may o€ an &ven nore important remova rocess 1Ior o
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column. Ma ny studies in estuaries have shown that N is more

limiting to algal production than P (Durand 1984 for Great Bay,
NJ; Boynton et al. 1982; D’Elia et al. 1986; and others). Thus
the permanent removal of a major portion of N inputs by denitrifi-
cation may be an important factor controlling the ‘degree of
eutrophication of shallow back bay estuaries like Barnegat Bay.

The sediments may also play a major role in controlling which
nutrient, nitrogen or phosphorus, 1is most 1limiting to algal

production. Differential removal of N or P in the sediments (by
burial or den -tr1f’1r~at1np) can mar'lenr!'lv affect the N:P ratio of

(A P AN N N —aass -alnwass

nutrients recycled for algal growth lSe1t21nger et al. 1984)
thereby influencing which nutrient, N or P, is more limiting to
algal production regardless of the relative amounts of N and P

coming into the Bay from external sources.

Sediment-water nutrient interactions, therefore, are likely a
major factor controlling the response of Barnegat Bay to a given
rate of nutrient 1loading, as outlined above, by: greatly
amplifying the magnitude of the external nutrient inputs by
recycling processes, storing pulsed inputs of nutrients to fuel

summer algal blooms, permanently removing nutrient inputs by
burial in the sediments or via denitrification, and/or controlling

the ratio of N:P available for algal nroductlon. Unfortunately,
few studies of sediment-water nutrient interactions in shallow
back bay estuaries (Durand 1984; Nowicki and Nixon 1985a) like
Barnegat Bay exist. The development of cost-effective management

SLOns regardlng control of present nutrlent 1nputs and
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The multi-year study, as laid out in our original proposal,
was designed to address several informational needs of NJDEP.

Algal Bloonms: .Are the sediments an imperfant source of
nutrients fueling nuisance algal blooms in Barnegat Bay? Are
sediments in some areas of the Bay more important than others as a

source of nutrients? -

Requlating Development: Are certain areas of the Bay

inherently better able to assimilate increased nutrient 1loading
from future development because of such environmental factors as
their degree of vegetation (Zostera) or the composition (grain

i ze) = thei  iment which N f1 ) E

nutrients removed or released from the sediments)?

Nutrient Control Strategv: Does the N:P ratio of nutrients
in the Bay differ from the N:P ratio of nutrients entering the Bay
from external sources? If so, what are the most important factors
controlling the N:P ratio of nutrients in the Bay and how does
this affect which nutrient (N or P) should be targeted for

reduction in a nutrient control strategy for the Bay?

Marina Siting and Operations: Do marinas contribute

significantly to overall nutrient loading to Barnegat Bay? Does
nutrient release and oxygen consumption by marina sediments
oV aw DOOor meem ) d dnae - e 2D .

contribute a.l.gxu.;..u..auv..l.y to poor water qua iLy anq 11teLm.LL.LenL
anoxia in the marinas?

Storm Drains: Would allocation of resources to mitigate
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to result in measurable improvement in Bay water quality?

. _ .
To address these issues our complete multi-year research

program, is designed to prov1de quantitative data on the magnitude
of external (including marinas, storm drains, groundwater, etc.)
and internal (sediments) sources of nutrients to the Bay, the

ImrmAarea anf ahard o abtAarama AF mirea "~ S eha AT mand o~
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which can be released later to fuel algal blooms, long-term
removal of nutrients in the sediments by burial or nitrogen
removal by denitrification, and factors controlling the N:P ratio

. . .
of nutrients available for algal production.

That program will span a number of years and will encompass

several phases. . The first phase focuses on the importance of the
sediments in Rarnpaaf Bay as a source or sink for nutrients. The

major objectives of the flrst year of study (which was limited to
a two-month field season) were as follows:

(1) Adapt a method for using in situ domes to measure
sediment-water nutrient (NH4 , NO37, P043') fluxes in Barnegat
Bay.



)

(2) Use the in situ dome method to measure sediment-water
nutrient fluxes in the late summer/early fall at four locations in

th Bay including vegetated (ggggggg and macroalgae) and
TimirAasataead cadimard o am 1Al -~ T . PO, S S -
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started of the magnitude of N and P release from the sediments and
the relative importance.of various sediment types.

(3) Begin development of methods to measure dep051tlon of
rga anic matter to the sediments and make initial organic N and P

el lllgellLs —-———laeealL Wagla QKas

epo sition measurements.
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This program is also linked to a multi-investigator, multi-
institutional NOAA/Sea Grant funded project that is using coastal
lagoon mesocosms at the University of Rhode Island to study the

P
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;agoens. The results of those bt.uu.l.e::, as dV&.L.LdD.Le, will be used
to help further understand eutrophication processes in Barnegat
Bay. In addition, methods development for measurement of

denitrification in seagrass sediments will be of direct use in
later stages of the Barnegat Bay project.

Basic Theory of Sediment-Water Flux Measurements

In estuaries and other shallow marine systems, a considerable
amount of the organic matter produced by phytoplankton or by
benthic photosynthesis is decomposed (consumed, oxidized) in the
bottom sediments by benthic organisms and bacteria. During the
oxidation of organic matter in the presence of free oxygen,
oxygen 1is consumed and carbon dioxide, ammonia or nitrate, and

phosphate are released. According to Richards (1965) the
decomposition of typical organic matter (carbohydrate) can be
described stoichiometrically by the following egquation:

(CH50) 106 (NH3) 1gH3PO4 + 10605 = 106CO, + 16NH3 + H4PO4 +106H30
(Eq. 1)

According to this equation, 106 moles (212) atoms of oxygen are

consumad . and 18 moles of nitrogen and 1 mole of nhosprhate are
/il Uil - A diNA - AN & & o A ll.b\-&vs\—ll (=P ¥ = AV e N s priiia v

released for every mole of organic matter consumed. This ratio of
C:0:N:P of 106:212:16:1 is referred to as the Redfield ratio for
the decomposition of organic matter (Redfield 1934). °  From
measurements of the rate of oxygen consumption by benthic
sediments, the rate of organic carbon decomposition can be
estimated as well as the expected rate of release of ammonia and
phosphate to the water column from the sediments due to organic
matter decomposition.

The equation for photosynthesis is essentially the reverse of
the one for decomposition:



106C0, + 16NH3 + H3PO4 +106H,0 = (CH0) 06 (NH3)gH3PO4 JZEC11062§

PRSI, Ty 23 -~y v

Thus, for every 106 moles of carbon dioxide that phytoplankton fix
into organic matter during photosynthesis, 16 moles of ammonia and

1 mole of phosphate are consumed and 106 moles (212 atoms) of
amount of ammonia and phosphate required to support measured rates
of photosynthesis (rates of oxygen production). The importance of
benthic processes in supplying phytoplankton nutrient requirements
can be examined from a comparison of measured benthic N and P

effluxes and calculated phytoplankton N and P requirements.



METHODS

Study Areas

During late July and early August 1988 a preliminary survey
of sediment type and ‘extent of Végetated sedlments was carried out
in Barnegat Bay. Grab samples were taken at 15 1locations
throughout the Bay ranging from near the Mantoloking Bridge in
northern Barnegat Bay to south of Barnegat Inlet. Samples were
visually inspected for sediment grain size and presence/absence of
vascular and non-vascular vegetation. Based on the results of

this survey we chose two sandy vegetated and one silt-clay
unvegetated study sites north and west of NW Point in the northern

end of the Bay (Fig. 1la). Long Quay was chosen as the marina
study site to coordinate with additional studies planned by NJDEP
DSR and Dr. Ken Able of Rutgers University. Benthic flux

measurements were made at a location near the mouth of the marina

(Fig. 1b), near the location used for clam/bacteria studies
carried out by NJIDEP DSR during 1988.

Field Measurements

Sediment-Water Nutrient Fluxes

Measurements of the net flux of ammonia, nitrate plus

between sgsediments and overlving

i+ a nhaenhata anAd Tt
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ater were made'during 20-29 September at each of the four study
it a

A series of siy chambers I'E"lﬂ 21 includinag two liaght
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wo dark, and two 51ngle-screened (approximately 50% 1light

. .
transmittance) were placed over the bottom sediments for

approximately 6 h at each location. Chambers were carefully
deployed by divers using SCUBA gear at the three Bay locations and
from an inflatable boat at the marina so that bottom sediments
remained as undisturbed as possible. Incubation times ranged from
approximately 5 to 7.5 h, and were determined based on the rate of
oxygen consumption by the sediments. Oxygen levels were monitored
using a YSI field oxygen meter and probe. Incubation and sampling
times were chosen to prevent oxygen levels within the chambers
from dropping below 4 mg O, per liter. An expansion glove inside
the chamber allowed samples to be withdrawn from the sealed
chambers without admitting surrounding Bay water or sediment pore
waters. The water in the chambers was carefully and thoroughly
stirred manually with a small paddle stirrer located inside each
chamber before each sample was taken.

In addition to chamber incubations, a series of light, dark,
and single-screened glass bottles was filled with Bay water from
the site of chamber deployment. These bottles were incubated on
the bottom near the chambers and served as controls for assessing
changes in nutrient and oxygen concentrations in the chamber water

6
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Locations of sediment-water nutrient flux study sites
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due to water column processes. The control bottles allow

isolation of near bottom planktonic production and sediment
oraganic matter decomreosition (benthic racrmivatricom) =2c dcmiccs
grganile o e KLl plsiTtliln \&Eliviiae Ledplravion), as uxbuubbea

below.

Time series qamn1nq for m t analyses were taken from the
- —i T a a2 ain a Ad “wuagyeso P S — CQnTil o L il Wil

chambers and control bottles with 60-ml plastic syringes fitted
with 4-mm diameter tygon tubing. An oxygen probe was inserted
into each chamber through a spec1a1 port at each sampling time to
determine oxygen concentration in the water inside the chambers.

Samples were taken approx1mate1¥ 1, 3 and 6 h after chamber

deployment. While chambers were deployed as carefully as
possible, some sediment disturbance was unavoidable. Therefore,
initial samples were taken approximately one hour after chamber

deployment to allow any sediment resuspeﬁaeu during chamber

deployment to settle and disturbed organlsms to accllmate. All
TiMmFi1l+arad)l wrAara ana"IQraAA 1wwnnA1 Aadaler 1.~v\.~n s-n&-nqs-n 4=~ =t
\Ull& P S A — C\JI Wed S ullu.l.] ~T\A AlUUITCW LA T AL uyuu LS LWLl w\/ Wil
laboratory. Samples for nitrite plus nitrate and phosphate were

filtered immediately upon return to the Nutrient Laboratory at the
Academy of Natural Sciences (vegetated site 1) or filtered on
shore in a temporary lab set-up immediately after collection (all
other sites). The filtered samples were frozen and later analyzed
by the NJDEP Bureau of Marine Water Classification and Analysis
laboratory at Leeds Point.

During an incubation, 1light meter measurements were made
throughout the water column. Temperature and salinity of near
surface waters were also recorded.

Sediment-water nutrient .and oxygen fluxes were calculated
based on the time rate of change in concentration of nutrients or
oxygen inside the chambers after correcting for concentration
changes in control bottles, the volume of water inside the
chamber, and the surface area of sediment as follows:

where C and c are the time rates of change in concentration in

the chamber water (C) or control (c) bottles calculated from

linear regression analysis of the data in units of umole/L/h, V
equals chamber water volume in liters, A equals cross-sectional .

area of chamber in m2.

- ..-J-‘ -~ P s et e

Based on these calculations, rates of oxygen buuaumyu;un in
the dark chambers are a measure of benthic organic matter

decomposition (benthic respiration). Rates of oxygen production
LY =t 13 elnd P Ry e - .o - Mmaacsitivra ~F nadt nhatAacunthacia hy
&1l CILlC LJ.HLL\- CilQllilwelL o are Q HMSAODwWL © J i PR 2 PlivVeUoyiiviiew ao ~y

benthic algae and macrophytes (e.g., Zostera). The sum of oxygen

10
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was measured using sed ment traps. Sediment traps have been used
extensively to measure the vertical flux of particulate matter.
The major problem in the past with the use of sediment traps in
estuaries is that they collect not only newly deposited material
but also resuspended material. Resuspension often greatly exceeds
the newly deposited material.

The quantity of particulate N and P depgsifnd in the sediments

In order to overcome thexresuspension problem, we isolated
columns of water from resuspension of bottom sediments for short
periods of time. The sedimenting material was collected in a
series of sediment traps deployed for 24-h periods over a period
.of approximately 3 to 5 days. The objective of the enclosures was
to isolate a column of water from further resuspension of bottom
sediments long enough to measure new GGpOSlthn of organic P and
N, and orlerly enough to avoid measurably altering the natural
rate of organic sedimentation. The assumption was that the rate
of sedimentation of newly deposited (not resuspended) organic
matter inside the enclosures is the same as that outside the
enclosures, 1f the prlmary productlon rates are 51m11ar ln both

Experiments with various construction materials, methods for
ensuring adequate surface floatation to prevent waves from
breaking over the top, procedures for filling the enclosures with
a column of water, méthods for aﬁCnoriﬁq the enclosure, methods
of uep;@Yiﬁg and recrlé“ﬁq the sediment traps, measurements of
the turbulence regime, and measurements of primary production
rates, light regimes and dissolved oxygen were carried out. The
enclosures are cylindrical (1.0-m diameter) and made of clear,

6-mil plastlc sheetlng with hoop supports at approx1mate1y 0.5-m

e h e o Fr s 1 I WO Y A A
n
1
4

tervals (l‘lg- J). ne ctupes are ancnoreu at cne DOI’.COI“ Witn a
exible ring filled with sand, open to the air at the top, and
float at the surface. A collar extends approximately 20 cm above
the flotation at the surface of the water to prevent outside water

from entering. The enclosures were filled by vertically collapsing

Fh - OV

the enclosure, floating it at the surface and then slowly
al1l1Arrines +ha hatdsam e ainl e +ha cadimanta Trneida ha
Kb iwWww Ll‘g wadite AN e I -\ D Adiin o\ wilS WM AMdiSil v o e d AoD VA s widie

enclosure, near the bottom, a single layer of fiberglass screening
was used to further prevent bottom materials from being
resuspended during storm events while allowing nutrients to
diffuse from the sediments to the water column. Cylindrical traps

with a height-to-diameter ratio of 3 were used to minimize
resusnension in the. trans. The traps were located away from the

S22l - =22 =G weEelE AP akES

walls of the enclosure in approxxmately the center of the

11
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enclosure. Traps were also deployed outside the enclosure for
comparison.

-

Repeated measurements of
(light-dark bottle 0O, measurements), llght intensities, and oxygen
profiles inside and ‘outside the enclosures were made during
August and September. These parameters were tested for enclosure
deployment periods of up to 10 days Visual observations of the

nl-- ~F bha M Ie I e weey mmadiiod 3 A radbras
il L Fet l‘a&] HL VAU - AW LdAVCO

mata Af Aura ATanaraianm Tmeida anmd - i Ada #ha an~alAaciiras werse mada
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- (3 (3

enclosures was 51m11ar.

Measurements of sediment deposition rates were made during
September at the vegetated study site using the water column.

enclosures with csediment trane aes dececrihad above We aleso

LR A A T Vo waa A0 PRt 3 LRy K[ A AP G B @ L0 4 L Ve Y KacsSw

" constructed and deployed (22 September) a water column enclosure
at the silt-clay study site where the water is approximately 2.5-m
deep compared to 1.5-m deep at the vegetated site. However, the
strong wind conditions and stormy weather in late September
damaged the enclosure and thus we were not able to obtain
dpnoq'lt'l on measurements at that or additional locations. The

=22 2022 piti—J=R-2 N B AL - 22 ) - =iic =l A L A A Lo N - wreQ vaTiio s -ea

snortness of the field season this year (basically two months)
resulted in deposition being measured at only one location.

Planktonic Primary Production

Phytoplankton primary production and plankton respiration
rates were calculated based on measured oxygen changes in
duplicate 300-ml1 BOD bottles incubated in situ (two initial
bottles, two final dark bottles, two final 1light bottles).
Samples were incubated at 30-cm depth from approximately 1000 h to
1400 h. Oxygen concentrations were determined. by Winkler
titration (Carritt and Carpenter 1966) with 0.025 N thiosulfate.
All samples were titrated in duplicate. Rates of gross planktonic
primary production were calculated as the sum of oxygen
concentration increases in light bottles plus oxygen consumption
in dark bottles.

.
am A sis

[P 0 IRTS " "N e mon mde $ er (O "R S "y NN V3 Y- SUyeN - £ 2aan o ] do - -~

LoUVLUMVLES Ldeave.live plivopllacLe | (1 IGLCGL LA:L LelileLicu [ as>

phosphate) and nitrate plus nitrite (hereafter referred to as
nitrate) concentrations in water samples collected from the
benthic flux chambers were analyzed by the NJDEP Leeds Point

Laboratory. ' Phpsphate . concentrations were measured by the

maluhdariim hliia madrhad IS V-Y-Y, I DAiInme Matrh~ad #2Nn0\ anAd Nnitrara
ulU.l.IHucllunl MLUG . UT WilWV. \ AHOECWUD EWVAilw VIS Wil IV ' QAiiNa didbhwiQAVve

concentrations by cadmium reduction (Leeds Point Method #201),
both on an auto-analyzer. Sample turbidity blanks were not
analyzed for nitrate or phosphate by the Leeds Point Laboratory.
Turbidity blanks for Barnegat Bay samples taken during Year II of

i3



this study were analyzed by the. Academy of -Natural Sciences

Nutrient Laboratory. We found that turbidity blanks were
insignificant for nitrate, but were a significant fraction of
sample absorbance for phosphate. Thus, the phosphate
concentrations reported in Year I are likely overestimates of the
absolute phosphate concentrations. However, this should not
P e ~almila+ra’d AAarmraAmdrad dam e a s -, el Lo mndal & X
arreCt <CaastluaiacelG LorniCe8ncracion \.«uaugea LLom uLile penciailc 1riux
chambers and thus would not affect caltulated PO, flux rates or
~amecrlnieinne drawn fram +ha hanthis £li3v Aada Nicdil1l1ad wradaa-
CUOlIviAuo aViio ML Qwas & A \JSLE [ ¢34 MTilviiliw LAUA uaovae. vioLvilliTUu walerl

7 t—of
samples. Standard concentrations ranged from 0.16 uM to 1.6 uM

for phosphate and 0.36 uM to 2.14 uM for nitrate.

Ammonia, particulate N and particulate P samples were
analyzed in the Nutrient Laboratory at the Academy of Natural
Sciences. Analysis of all samples was carried out according to
our standard laboratory protocols. Ammonia concentrations in water
samples collected from the benthic flux chambers were determined
by the phenol hypochlorite method of Solorzano (1969). Turbidity-

VTeprmr nad € e

3 N - mnem 1 - 2 cen o v b Ao ae o - e ana =)

vlanks were ana o n T
PlaAllAS wETliT ailialycscud LOUL cacvil Salpie. DEuLulcll\- \—Ldp materlal was
£31 —~ = s medn Y ~1 < - o - PRy, - -

filtered through precombusted (500°9C) glass fiber filters-  and

analyzed for particulate N and P. Particulate P was determined by
persulfate digestion according to Martin and Knauer (1973) and
colorimetric analysis using the method of Murphy and Riley (1962).
Particulate N was determined by persulfate digestion followed by
colorimetric analysis of nitrate using the cadmium reduction
method (Technicon 1977). All samples analyzed for ammonia, total
N and total P were analyzed in dupllcate. Sample turbidity
blanks were analyzed for each NH;" sample. Turbidity blanks for
ammonia were significant. Dlstllled water blanks (reagent blanks)
and standards (at 1least four different concentrations) were
analyzed in triplicate with each set of samples. Reagent blank
for ammonia, total N and total P were small compared to sample
absorbances. Standard concentrations covered the range of
concentrations found in the samples.

-
]

W

a
m

n

Changes in Original Stu Design

The proposed study as outlined in the Schedule of Project
Tasks was scheduled to begin with methods development in May with
actual measurements beglnnlng 1n July and contlnulng through

m_e:_: ods dpvn]nnmant a_nd fi,eid measurement_s :gr
m o r nutrient ition
measurements was compressea into essentially two months. This
resulted in the following changes in the study design.
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During our survey of bottom types in Barnegat Bay we located
areas in the northern Bay with silt-clay unvegetated sediments,
sandy vegetated and sandy unvegetated sediments for the sediment-
water nutrient flux measurements. The sandy unvegetated areas
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were difficult to locate as the seagrasses covered a much more
extensive area of the Bay than we had anticipated.  When we

returned in September to the area previously 1located as an
unvegetated sandy area we could no longer find an area that was

mat vamatrarad caverad by danca matas af dacomnosing vegetation
live V::kJ!’:\_G\_t:u oY <covered LD 4 daense macts O1f USLVilpUo Ly VoY wldwiWile

Because of the rapidly deteriorating weather conditions at the end
of September and the difficulty of coordinating boats and SCUBA
divers, we made the decision to proceed with sediment-water
nutrient flux measurements at that location, which was now a
vegetated site.

The second change in the study related to the sediment

that we have successfully developed a method to measure, for the

first time, organic matter deposition rates in shallow estuaries.
As outlined above, this method uses water column enclosures (or

- aas e Karw ¥V S e N was e we s e wRIa sawa VR wa T \ ¥~

resuspended sedlment exclosures) . As part of the methods

development phase we had originally planned to make measurements
of primary production rates, phytoplankton composition and
nutrient concentrations inside and outside the enclosures to check
for differences in organic matter production rates. We also had
planned to test variability between replicate traps. However,
again because of time constraints we had to cut back on some of
the analyses. We chose to concentrate on comparing measurements
of primary production rates inside and outside the enclosures as
the best measure of organic matter production rates in both areas.
We also made some measurements of N and P concentrations inside
and outside the enclosures. We were preparing to add measurements
of phytoplankton compos1tlon, more extensive nutrient
concentration measurements, and to compare variability between
traps when the weather conditions forced an end to the field

season. We plan to include these in next year’s program.
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The sediments at all four sites examined during the late
summer/early fall in Barnegat Bay are active sites for
decomposition of organic matter as shown by the oxygen consumption
rates under dark condltlons (Table 1; Figs. 4a, 5a, 6a, 7a; at the

PR, 1 o~ demla 2

ena Or tcTnis sectlon). nlqnesc rates of oxygen consumbtlon in the
J o vals voemona e eeasma P~ - - - -

dark were measured at the vegetated site 1 (average -3660 ug-at m~
2h‘l). Average oxygen consugPtlon rates in the dark at the other
sites were =-2270 ug-at m 2n= (vegetated site 2), -1015 ug-at m~
2p-1 (marina), and =740 ug-at m =2p-1 (silt-clay site).
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chambers (D1) showed a dramatic drop in oxygen at the second
sampling interval and then an increase in concentration for the
third sample (Fig. 6a) resulting in a calculated oxygen
consumption rate of approximately =250 ug-at m~2h"~ 1, (The 1low
concentration measured at the second sample lnterva] was likely
due to the expansion glove inside the chamber covering the O,
probe. Nitrate, phosphate and ammonia concentrations measured at
the second sample interval do not show unusual behavior, which is
as expected: if the oxygen value 1is erroneous due to glove
obstruction of the oxygen probe.) The O, rate in chamber D2

197" T le eV er = __J-.'_-.L_-

. - ) "N - Py — -— -
{-1230 ug-at m~“h~") is likely a better estimate of the true rate

o cf
o]

gilt-clav

silt-clay site may be r

There was net photosynthesis in the daytime by benthic algae
and/or sea grasses at both the vegetated site 1 and the marina
location, as demonstrated by the net increases in oxygen
concentration in the full 1light chambers at those locations. At

the vegetated sgite 1, the water in one of the light ‘chambers (L1)

waise e AR A= S —dde wiave Miiw wiiRanarta \

was very turbid, 1likely due to the stlrrer mixing up
sediment/detritus or due to animal activity. A The decreased light
level inside that chamber probably accounts for the net oxygen
consumption in that chamber (-520 ug-at m~ 2n~ ) compared to the
other light chamber w1§p a relatively large net oxygen production
rate (+1060 ug-at O m™“h™*). At the silt-clay site and vegetated
site 2, there was no benthic photosynthesis as oxygen consumption
rates were similar in the light, intermediate and dark incubated
chambers (Figs. 5a, 7a; Table 1). \ :

It should be noted that the marina site was not in the deeper
channel area of the marina, but on a shallow Saﬁuy-bLLb bar at the
mouth of the marina, and thus may not be typical of the deeper
sediments in the marina. The location for the benthic flux
studies in the marina was chosen to be near the location used for

clam/bacteria studies carried out by NJDEP DSR during 1988.

There were only a few systematic increases or decreases in
the concentrations of ammonia, nitrate or phosphate inside the
I €
benthic flux chambers at any of the four locations in the ‘light,

intermediate, or dark incubations (Figs. 4b-d, 5b-d, 6b-d, 7b-d).
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Linear regression analysis of the nutrient concentration data
demonstrated that in only a few cases were the changes 1in
concentration versus time significantly different from zero (at
alpha = 0.10) (Table 2,'at the end of this section). If the slope
of the regression 1line was significantly different from =zero,
sediment-water fluxes were calculated (Table 2). Minimum levels
of detection of sedlment-water fluxes were estimated to be
approximately 4 ug-at NHy m~2h~1l, 2 ug-at NO; m~2h~1l, and 2 ug-at
POy m “2n-1 'pased on minimum detectable concentration changes,
water volume in chambers, and incubation times. In a number of
cases (e.g., silt-clay site nitrate fluxes in L1 and M2 and
nhosnhate fluxes in D1 and D2). the calculated sediment-water

f i ~a LA ---mdaT= -—aa - - QLD L, 5. 2 2 A oLl Sl lAlltle waolLe

fluxes were less than the estimated minimum detectable fluxes and
are therefore rpnnrfed as arpafpr than zero but less than the

1529 P -FNES S R L= S 4 =21222 Lo -2 e A

‘minimum detectable flux.

Phytoplankton net primaryvproduction rates measured between

31 August and 16 September 1988 at the vegetated site 1 ranged
from 250 to 500 mg n- m—3n-1 (Tah1n 1\ Phvtonlankton net nr1mary

A Al iy an sa saay reKRaiinN v T | e R

productlon rates measured durlng the benthlc fluxes at the silt-
clay, marina and vegetated site 2 locations were 250, 400 and 250
mg Oy m~3h~1l, respectively (Table 3).

Planktonic primary production rates measured inside the water
column enclosures at vegetated site were not significantly

1
Al ffarant ID—n 01; nairad #-bne#\ from those measured ocutside the
N ode de b v de wrdd AL I ru‘l. A Y de de WAL - o d S nli—uoua. Gu A S wdile

enclosures at that site.

Particulate organic nitrogen deposition rates measured using
sediment traps inside the enclosures ranged from 2.3 to 9.2 mmol N
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from .1 to 0.48-mmol P m~2d" (Table 4). The N:P ratio of
mmaede s mizs) Aadea wmadawms: al TrmmtAdAa dlhha aadimanda dvariea asmarad € o~ 19 =~
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32.
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Table 1. Sediment-water dissolved oxygen fluxes at four locations in Batnegat

Bay, September 1988. Measurements made in situ with clear benthic

chambers' (L1, L2), chambers with 50% light transmittance (M1, M2) or

with dark chambers (D1, D2). A negative flux represents a net uptake
——————————of oxvaen by the sediments (i.e., net respiration); a positive flux —

DX VUel z =SD1lIationy: a PDO31Llve 11U1X

fépresenté 'a net release of oxygen from the sediments (i.e., net
photosynthesis).

Moar—

DAt & Am
Water  Mid-Day Light Levels 02 Flux

Site/Treatment Date Depth (m) (uE m~“sec™ ") {ug-at m~*h”%) Comments

VW abead Ciba 1
L1 20 Sept. 1.5 4 -520 turbid water in chamber
L2 +1060
M1 -980
M2 -2200
D1 -3530
D2 -3790

ilt-c] .
-
o Li 22 sept. 2.3 10 -558

L2 -500
M1 -915
M2 260
D1 -250 only two points
D2 =1230

Marina
L1 26 Sept. 0.8 30 +840
L2 -770 turbid water in chamber
M1 160
M2 450
D1 -1310
D2 . -720

Vegetated Site 2
L1 29 Sept. 1.2 5 -2670
L2 -15870 expansion glave fell off
M1 -2690
M2 - -2830
D1 -1890 only two points

D2 -2650
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AMMONIA CONCENTRATION VS TIME
BENTHIC CHAMBERS AT VEGETATED SITE 1
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Figure 4b. Measured (top) and measured and predicted (bottom)

ammonia concentration (uM) versus time in in situ
benthic chambers at vegetated site 1 in Barnegat Bay,

September 1988. The 1line connecting triangles
represents predicted ammonia concentration in the
dark chambers based on the measured O, uptake in the
dark and an O:N ratio of 17.25 (atoms), see egs. 1
and 3 in text.



NITRATE CONCENTRATION vs TIME

BENTHIC CHAMBERS AT VEGETATED SITE 1
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Figure 4c. Measured (top) and measured and predicted (bottom)

nitrate concentration (uM) versus time in jin sjitu
benthic chambers at vegetated site 1 in Barnegat Bay,
September 1988. The 1line connecting triangles
represents predicted nitrate concentration in the
dark chambers based on the measured O, uptake in the
dark and an O:N ratio of 17.25 (atoms), see egs. 1
and 3 in text.

21



a— e 2 e e A & wwm iy < = -—

PHOSPHATE CONCENTRATION VS TIME
BENTHIC CHAMBERS AT VEGETATED SITE
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dark and an O:P ratio of 212 (atomS), see eq. 1 in
text.
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OXYGEN CONCENTRATION vs TIME
BENTHIC CHAMBERS AT VEGETATED SITE 2
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Figure 5a. Oxygen concentration (mg 0,/L) versus time in in situ
benthic chambers at vegetated site 2 in Barnegat Bay,

September 1988.
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- AMMONIA CONCENTRATION vs TIME
BENTHIC CHAMBERS AT VEGETATED SITE 2
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Figure 5b. Measured (top) and measured and predicted (bottom)
' ammonia concentraticn (uM) versus time in in gitu
benthic chambers at vegetated site 2 in Barnegat Bay,

September 1988. The 1line connecting triangles
represents predicted ammonia concentration in the

dark chambers based on the measured O, uptake in the

dark and an O:N ratio of 17.25 (atoms), see egs. 1

and 3 in text. T
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NITRATE CONCENTRATION vs TIME
BENTHIC CHAMBERS AT VEGETATED SITE »2
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nitrate concentration (uM)

September 1988. The 1line
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dark and an O:N ratio ef 17.25 (atoms),
and 3 in text.
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versus time in jin situ
benthic chambers at vegetated site 2 in Barnegat Bay,
connecting triangles

in the
dark chambers based on the measured O, uptake in the

see egs.

1



- I
O
(02,
U
) I
>
m
@)
O
pd
@
m
| Z
_*
lm
E
O
» Z

o Hils CHARMDEDCG AT VVEMRCTATLCEND QITE A
(o J g THW WIIiNAWvineEnNY Mi v UL 1AL OliICE 2
» |
P . |
S |
4 08r
c
O 06r i
N '
E 04f & . o
N - * & @
Qo + Q '
+ X |
0.2 o *
u |
M o) L | ! | | | L |
0. 1 2 3 4 5 6 7 8
ELAPSED TIME, HRS
P 14r- -
O
4 1.2
¢ 1 _—
O
N 08 .
c
E 06 _—
N
0.4 L @ / D.x
-4 o "0
u 0.2r 8 *
M N I 1 L L L ! L
0 1 2 3 4 5 6 7 8
£l ADQEDN TIN HRS ’
b\l \Jiksk/ § 11VIiEmy § 30 I
LIGHT-1 + MEDIUM-1 *  DARK-1
@ LIGHT-2 X MEDIUM-2 : ¢ DARK-2
Figure 5d4. Measured (top) and measured and predicted (bottom)

phosphate concentration (uM) versus time in jin situ
benthic chambers at vegetated site 2 in Barnegat Bay,
September 1988. The 1line connecting triangle;
represents predicted phosphate concentration in the
dark chambers based on the measured O uptake in the
dark and an :P ratio of 212 (atoms), see eqg. 1 in

text.

26



OXYGEN CONCENTRATION v
A

BENTHIC CHAM

mozoo o

z
(o)
1
Ji
S

ﬁ

C

g
/
L
4 r- *
3 | | ! ' ] I | |
0 1 2 3 4 5 6 17 8
Cl ADCQEDN TIAME LIDCQ
kAT Vi’ 11V, 1INW
—— LIGHT-1 —+— MEDIUM-1 * DARK-1
—=— LIGHT-2 —— MEDIUM-2 —— DARK-2

Figure 6a. Oxygen concentration (mg O,/L) versus time in in situ
benthic chambers at the silt-clay (mud) site in
Barnegat Bay, September 1988.
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AMMONIA CONCENTRATION vs TIME
BENTHIC CHAMBERS AT MUD SITE
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tration (uM) versus time in jin situ
r
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represents predicted ammonia concentration in the

dark chambers based on the measured O uptake in the
dark and an O:N ratio of 17.25 (atoms), see egs. 1
and 3 in text.
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NITRATE CONCENTRATION vs TIME

BENTHIC CHAMBERS AT MUD SITE
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Figure 6c. Measured (top) and measured and predicted (bottom)

nitrate concentration (uM) versus time in in situ
benthic chambers at the silt-clay (mud) site in
Barnegat Bay, September 1988. The line connecting
triangles represents predicted nitrate concentration
in the dark chambers based on the measured O, uptake
in the dark and an O:N ratio of 17.25 (atoms), see
egs. 1 and 3 in text.
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~ PHOSPHATE CONCENTRATION vs TIME

BENTHIC CHAMBERS AT MUD SITE
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Figure 6d.‘ Measured (top) and measured and predicted (bottom)

phosphate concentration (uM) versus time in jin situ
benthic chambers at the silt-clay (mud) site in

BRarneaat Bav an?nmhnr 1988. The line connecting
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triangles represents predicted phosphate
concentration in the dark chambers based on - the
measured O, uptake in the dark and an O:P ratio of
212 (atoms), see eq. 1 in text.

30



ZmOzZ00 nOo

XYGEN CONCENTRATION vs TIME
BENTHIC CHAMBERS AT MARINA SITE
i |

i
|
i |
- ?
T T
i Zx'// o
%\\
NN
e
0 1 2 3 4 5 6 7 8
ELAPSED TIME, HRS
—— LIGHT-1 —— MEDIUM-1  —%. DARK-1
~8— LIGHT-2 —— MEDIUM-2 —%— DARK-2

r~a3i -

(0]

o

Ovrrsram oammar eeads $ Arm
VayySii CUICEIIvIaviOin

o~

(mg

benthic chambers at the

September 1988.

31

N_ /T erawers Eimea v $nm
8 /u; versus Time in jin w

marina site in Barnegat Bay,



AMAMANNANIIA ANANIACAITDATINAAN . TIANAC
MAIVIIVIUNIA VWUVINVEINITTYATINVIN VO TIVIED
BENTHIC CHAMBERS AT MARINA SITE
4'r ;
N |
H
4 ak
C
O
N »L
C =)
E 0
N
. 1F
+
[y x + *
u o S~ *®
M ,.LA 3 L ! | | |
v
o 2 3 4 5 6 7
ELAPSED TIME, HRS
12
N
H 4oL
4 10
C 8r
o .
N 6
C
E A
u B v
M / + ¥ ; -+ -
0 b od 1 I . 1 A L -~ kil
30 1 2 3 4 5 6 7 8
ELAPSED TIME, HRS
LIGHT-1 -+ MEDIUM-1 * DARK-1
o LIGHT-2 X MEDIUM-2 © DARK-2
Figure'7b. Measured (top) and measured and predicted (bottom)

ammonia concentration (uM) versus time in jin sgitu
benthic chambers at the marina site in Barnegat Bay,
September 1988. The 1line connecting triangles
represents predicted ammonia concentration in the
dark chambers based on the measured O, uptake in the
dark and an O:N ratio of 17.25 (atoms), see egs. 1
and 3 in text.
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nitrate concentration (uM) versus time in jin gituy
benthic chambers at the marina site in Barnegat Bay,
September 1988. The 1line connecting triangles
represents predicted nitrate concentration in the
dark chambers based on the measured O; uptake in the
dark and an O:N ratio of 17.25 (atoms), see egs. 1

and 3 in text.
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represents predicted phosphate concentration in the

dark chambers based on the measured O, uptake in the

dark and an O:P ratio of 212 (atoms), see eq. 1 in
text.



Table 2. Measured (M) and predicted (P) sediment-water fluxes of
ammonia, nitrate plus nitrite, and phosphate at four
locations in Barnegat Bay, September 1988. Measurements
made in situ with clear benthic chambers (L1, L2),
chambers with 50% light transmittance (M1, M2) or with
dark chambers (D1, D2) Fluxes are reported as 0 if

concentrations ver-

.
the slope of t rearession line of
A BiIlS LATYALTOOLAVIL L4l Ve VLIV SLELERRvavLo
csnle tima wae nat cisani Ficantly Al ffarant from zero at
- Ao LR it — wiaw AiNJ W BL\’AILLLVGLI\-LX N ode de de o e dd -l A A —P S & -
N. 10 laval Predicted nutrient flux rates were calcu-
Ve oWV ATV CL FLASCUuLC.TU iUl LTl A Un AQ oo Neao wadiwaw

lated based on measured oxygen consumption rates in the
dark and the Redfield (1934) ratio for the decomposi-
tion of organic matter O:N:P = 212:16:1 (by atoms) for
NHy and PO4 or 276:16:1 (by atoms) for NO3 (assuming N
mineralized released as all ammonia or all nitrate).

-

NH, NO;, PO,
Site/Treatment (M) (P) (M) (P) (M) (P)
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220

=

[\8]
~fOOOOO

A
ocoNvOOO
cooo00O

O
N
!

Silt-Clay Site
Ll
L2
Ml

ar~

Mmae

~a

A

N

[« NeoNeolNoNoNeo

QONOON
A

NMNNOOOO

O C
N -
QO
w 0
~ e
=
A

O

Marine
L1l
L2
M1
M2
D1
D2

99
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<2 refers to slope significantly different from 0, but calculated flux
between -2 and +2.
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Table 3. Planktonic net primary production rates in Barnegat Bay outside and inside water
column enclosures. Rates are calculated from 1light/dark bottle oxygen
concentration changes; bottles were incubated in gitu at 30 cm below water
surface for approximately 4 h _

Date Total .
Primary Date Water Net 0, Production-
Production Enclosure Depth Incubation (mq o/m3/h)
Location Measured Deployed (m) Period Outside Inside
Vegetated Site 1 8/31/88 8/30/88 1.5 1030-1420 h 500 475
5,/01/88 8/30/88 1000-1410 h 500 425
9/02/88 8/30/88 1030-1430 h 250 450
9/15/88 9/13/88 ~1000-1400 h 275 250
9/16/88 9/13/88 1000-1345 h 400 475

Silt-Clay Site 9/22/88 2.3 1330-1730 h 250

Marin it 9/26/88 0.8 1015-1440 h 400

Vegetated Site 2 9/29/88 1.2 1100-1500 h 250




Measured particulate N and P deposition rates and N:P

Table 4. .
ratio at vegetated site 1; data are from sediment trap
collections in water column enclosures. Particulate C
deposition rates were calculated assuming a C:N ratio
of 106:16 (Redfield 1934). See text for a detailed
description of methods. ‘

(ug-at m~2h~1) - mmol m~24-1

Date N P C N P C N:P

09/01/88 94 8 623 2.3 0.19A 15 12

09/02/88 196, 12 1299 4.7 0.29 31 16

09/16/88 125 4 828 3.0 0.1 20 31

09/20/88 97 4.5 643 2.3 0.11 15 22

09/22/88 383 20 2537 9.2 0.48 61 19

10/03/88 158 5 1047 3.8 0.12 25 32

Average 176 8.9 1163 4.2 0.21 28 22

Avg. w/o0 134 6.7 888 3.2 0.16 21

09/22/88
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External inputs of inorganic
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nutrients needed to support annual primary production rates; rapi
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decomposxtlon supplles a major portion of the nutrients used by

the algae and acuatic vegetation (NivAan 1091 Boynton et al

el Keagas Jeasva K=l vas - A S B A At \svanwii SO A WIS J dA e vad - - A4l e

.1982). Both the water column (Harrison 1978, Caperon et al. 1979;
Glibert 1QR7\ and the sediments (Rowe et al 1975:; Niwon et al.
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1976; Blackburn and Henriksen 1983) are important sites for
nrnan'lh matter decomnosition, and fhnc nitracdan and nhaenharie
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recycllng As outlined in the Introduction, the sediments can

also be important in removina N and P throua armanaent burial
portan vying 1 £
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and/or denitrification.

The major objective of the present study was to begin to
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or 51nk (removal site) for nutrients (N and P). To that end,
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and compared to predicted flux rates based on rates of organic
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detailed explanatlon below). In addition, rates of organic matter
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matter deposition to the sediments from the water column
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pellets, detritus, etc.). Rates of organic matter deposition were
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-.compared to -organi mactcter Pproqucclidn in ne wacer (primary
production rates). Finally, phytoplankton nutrient requirements
were compared to the recycling of nutrients from the sediments.

During the decomposition of organic matter in the presence of
dissolved oxygen, ammonia (and nitrate) and phosphate are released
and oxygen is consumed. According to Richards (1965) the
decomposition of typical organic matter can be described
stoichiometrically by the following equation:

(CH,0) 195 (NH;) 1gH3POg4 + 1060, = 106CO5 + 16NHy + H4qPO4 +106H50
(Eq. 1 from Introduction).

According to this equation 106 moles (212 atoms) of oxygen are
consumed and 16 moles of nitrogen and 1 mole of phosphate are
released for every mole of organic matter consumed resulting in a
ratio of C:0:N:P of 106:212:16:1 by atoms. This ratio is referred
to as the Redfield ratio for the decomposition of organic matter
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(Redfield 1934). Although there 1is some variation in the
environment, this ratio has been shown to be a good estimate of
the average C:N:P ratio of planktonic and sediment organic matter
in estuaries.

The NH3 produced .may be further oxidized by nitrifying
bacteria according to the equation:

16NH3 + 3205 = 16HNO3 + 16H,0 ‘ (Eq. 3).

Using equations 1 and 3, and knowing the amount of oxygen
consumed, one can estimate the amount of organic matter consumed
and the amount of nitrogen (ammonia plus nitrate) and phosphate
released in a system. In addltlon, if there is photosynthesis
occurring in a system, the amount of nitrogen and phosphorus
assimilated for production of new organic matter can be estimated
from the oxygen production rate according to the equation for
photosynthesis:

106C0O, + 16NH3 + H3POg +106H0 = (CH30) 106 (NH3) 16

P04 +
(Eq. 2 I

168
from

In shallow coastal 1agoons,"such as Barnegat Bay, not only is
th osynthesis occurring in the water column, but where sufficient
ight reaches the surface sediments, benthic algae and rooted

macrophytes (e g., Zostera) can also contribute to photosynthetlc

HTI

production of uxgau;u matter. In sediments such as Luoae, oxygen
consumption in the dark 1is a measure of organic matter
decomposition. In the light the sediment-water oxygen flux is
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production of oxygen during photosynthesis.
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The measurements of benthic oXygen \.«uu:ump\..&.uu ratés in twne
dark at the four 1locations in Barnegat Bay demonstrated that
significant amounts of organic matter are being decomposed at all
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uncertainty in drawing conclusions about differences between sites
based on only one sampling period, oxygen consumption rates appear
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marina sites. Rates of sediment oxygen consumption in Barnegat
Bay are within the range of rates reported for other estuarine

sediments at gsimilar times of the vear !'T'ah’ln ]S)
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Benthic photosynthesis was active at two 1locations, the
veagetated site 1 and the marina (Fiags. 4a and 6éa:; Table 1). At

veEg+T-+aLTs - - - wear silna i N =g=: =3 QLS > S i -t e - L] sl

both 1locations, there was net photosynthesis in the 1light
chambers, as illustrated by a net increase in oxygen in the light
chambers. ° Rates of benthic gross nhotosvnthes1s (sum of net

oxygen productlon in 1light and oxygen consumptlon in the dark)
were approx1mate1y 4720 u%rat 0 m™“h™* (75 mg O m"“h™*) and 1860
ug-at 0 m~ 2p-1 (30 Mg O m ) at the vegetated and marina sites,

respectlvely These rates are considerably less than the measured
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measured under dark

Location Sediment Type Date Oy NHq + NO345 Reference
Potter Pond, RI mud and sand annual ~-749 42 Nowicki and
(coastal lagoon) average Nixon 1985hbh
mrnd crrImma v ANN AN WNaArri ~1-3 -~
aunuaa Sunuuca e AV AVS 2V IWWWJLALAL Qllu
Nixon 1985b
sand summer 50 5 Nowicki and
Nixon 1985b
Absecon Bay, NJ mud 9/20/79 515 Durand 1984
s 10/18/79 334 Durand 1984
South River silt-clay 9/77-12/78 =-3540 114 Fisher et
Estuary, NC al. 1982
Neuse River silt-clay 9/77-12/78 =3020 227 Fisher et
Estuary, NC al. 1982
Ochlockonee Bay, silt-clay 6/84 -1083 82 Seitzinger
FL 1987
Narragansett Bay, silt-clay 9/72 -3125 190 Nixon et al.
RI 1876, 1980
Barnegat Bay, vegetated, silty- 9/20/88 -3660 <4 this study
NI sand 9/28/88 -2270 <4 this study
silt-clay 9/22/88 -740 <4 this study
sandy-silt (marina) 9/26/88 -1015 <4 this study




pla""toi}c primary production rates at the1ve?etated site (250-500
mg O m~°h™*) or the marina (400 mg O “h™*) (Table 3). Water
depths at these two sites were approximately 1 m. Thus, a

T
comparison of phytoplankton primary groduction rates (m~ 3) with
benthic primary production rates (m~¢) can be made directly by
assuming that the phytoplankton rate m~3 over 1 m depth is
appgoximately equivalent to a rate m~2 (i.e., a m™3 is 1 m deep by
1 mé).

: . . : . .

decomposed in the sediments in Barnegat Bay, very 1little if any
measurable nitrogen or phosphorus was released from the sediments

to the water column (Figs. 4b-d through 7b-d; Table 2). Based on
the amount of oxygen e_nsumedi substantial increases in phosphate
and ammonia or nitrate concentrations would be predicted (based on

egs. 1 and 3) inside the benthic dark incubation chambers. The
expected concentration increases in the dark chambers . are
indicated on the bottom graph in Figures 4b-d through 7b-d. For
example, at the vegetated site 1, the average oxygen consumption
in the dark chambers was =-3660 ug-at m~ 2h-1; the predicted N and P
- release based on the Redfield ratio would have been 276 ug-at NH,

m~2h~1l (or 212 ug-at NO3 m~2h~l) and 17.25 ug-at P m~2h~I (Table
2). This would have resulted in an increase of 11.5 uM ammonia

(or 8.8 uM nitrate) and 0.72 uM phosphate over the approx1mately
A G=h incubhatrian narind atravayr as the bottom aravh in Figures
T e aa AU AWVl Mok dWa e avwe VoL Py — W W\l \, GHI 41ii 4 AYuULITO
Ah=Ad +hroua 7Thed demanctrat+a N or P concentration changes were
= a - wd s wu\,‘& i & -a VAW I wd Uy av o b £ WwwilweoillilwvwiAWwdhWil \dllullscg WCL T
insignificant relative to predicted changes. In fact, in all but
a few cases, there was no signiflcan (alpha = 0.10) change in

ammonia, nitrate or phosphate in the benthic chambers, and in the
few cases in which there were measurable fluxes, they were small
relative to predicted fluxes (Table 2). ’

Based on the available data, during the late summer/early
fall, the sediments in Barnegat Bay do not appear to be a source
of nutrients for phytoplankton in the Bay, but rather, they appear
to be a sink (removal or retention 51t e) for both nitrogen and
orus. This conclusion is based on benthic flux measurements

phosph
which show 1little or ﬁc release of either N or P compared to
release rates p‘r‘ecu.écéé’x based on orgaﬁic matter uecompos.l.c.x.on

rates as discussed above. We do not have sufficient data to say
whether the sediments are a long-term sink for N and P or a short-
term storage site for N and P which may be released to the water
at a later time. To our knowledge no other estuarine sediments
have been reported to be such an efficient sink for N or P. Some
examples of N and P release rates from estuarine sediments are
presented in Table 5 for comparison. Further studies over an
annual cycle are now underway to clarify the temporal scales over
which Barnegat Bay sediments are sinks for N and P. Specific

studies examlning ‘the mechanisms responsible for N and P removal
{({e.g., denitrification, N or P burial, etc.) are warranted.



There are a number of mechanisms that could be responsible
for the lack of N or P release from the sediments including: (1) N
and/or P may be assimilated by actively growing benthic algae and

oo LIL L =21l e QL1Q

macrophytes (this N and P could be released to the water later
during decomposition) (2) P may be buried in the sediments in an
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inorganic mineral form, (3) N may be 1lost as N through

denitrification. . We have no direct evidence concerning the
mechanism(s) involved in this wunusual pattern. However, some
insight into the mechanism(s) involved may be obtained by a
comparison of the data at the various locations. If the reason

that N and P were not measurably released from the sediments
following decomposition of organic matter was due to uptake of N
and P by actively growing benthic algae and/or macrophytes, then N
and P should have been released at the two sites that did not
exhibit benthic photosynthesis, i.e. the silt-clay site and the
vegetated site 2. (The "vegetated" site 2 was covered with mats
of macroalgae and seagrass which appeared to be decomposing.) We
can not rule out denitrification as a sink for N released during

hamdis ~ madalial 3 mm Yok o A~ wra Ihasra - o e ~smap S en € mrmm o de 3 - ~
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burial of N and P in the sediments. Investigation of the

machaniame invalvad ie ~laariv naadad i€ anaiiramand e AYvAaY  am
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annual cycle indicate continued removal of N and P in the
sediments.

Plankton priﬁary production rates ranged from 250 to 400 mg O

-3h- Anrine late Sertember at +the four locations I'T‘:h1a 2\
All A A A “Is A ybc‘lwc& “d wddSw Ao W A A AWVWQA wALWViio \ &~ A J, .

These rates are similar to those reported by Mountford (1971) in

Barnegat BRBavy at a Tararinn annravimataly § bwm acant+h of OQvyster
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Creek during 1969-1970 (11 September - 7 October 1969, 177-387 mg
O m~°h~+; 18 September - 6 October 1970, 69-247 mg O m~°h™!) using
similar techniques as in the present study. No other previous
' measurements of primary production rates were found for Barnegat

Rav
Hul .

Ammonia, nitrate and phosphate concentrations in the water
were low at all locations studied (Table 6). Concentrations of

ammonia were less than or equal to 0.6 uM, nitrate plus nitrite
concentrations were 1.0 uM or less and nhnenhafn concentrations
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were 0.5 uM or less except at the marina where the concentration
was 1.0 uM, The ammonia and nitrate plus nitrite concentrations

are similar to the mean concentrations "petween 13 June 1973 and 4
November 1974 reported for a station in lower Barnegat Bay by
Durand (1984). He reported mean ammonia concentrations of 0.7 uM
and mean nitrate plus nitrite concentrations of 0.6 uM. No
phosphate concentrations were reported. Phosphate concentrations
measured in samples collected 7 October 1986 near the Point
Pleasant Bridge were approximately 0.5 uM (Key et al. 1988). The
low nutrient concentrations found in Barnegat Bay during the
current study suggest that there are significant sinks for
nitrogen and phosphorus in the Bay. The sediment-water nutrient
flux data indicate that the sediments may be an important removal
site, at least during the fall, in the Bay. Future studies of the
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Table 6. Water column nutrient concentrations (uM) in Barnegat
Bay. See text and Figure 1 for station locations.
Numbers are average values for three replicate samples.
Minimum detectable concentrations are NHg: 0.3 uM; NOj
+ NO3: 0.1 uM; PO4: 0.08 uM. Our NH4 detection limits
are typically <0.125 uM. However, there were
_.considerable ~amounts of diss®lved substances in
Barnegat Bay water which abscrbed at 640 nm, resulting
in high turbidity blanks and an increase in the minimum
detection limit.

Location Date NHy4 NO; POy N:P

Vegetated Site 1  9/20/88 <0.4 1.0 0.5 <2.8

Silt-clay Site 9/22/88 <0.3 0.4 0.5 <1l.4

Marina Site 9/26/88 © <0.6 0.2 1.0 <0.8

Vegetated .Site 2 9/29/88 - <0.3 0.7 ~ 0.3 <3.3




magnitude of external nutrient inputs from point and non- po
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Monthly nutrient concentration data during 1972 reported by

Makai /1Q77\ for four stations between the Mantoloking Br
FIQ NG 4 -~ STaticns petween ne flQiivvivnalily DLLUBC dna

the Toms Rlver Bridge prov1de a different historical picture of
nutrient concentrations: in the Bay. Ammonia concentrations
ranging from 0.84 to 1.2 ppm NH4 (47-67 uM), no detectable nitrate
or nitrite, and ortho-phosphate concentrations ranging from 0.06
. to 0.18 ppm (0.6=1.9 uM or 1.9=-5.8 uM depending on whether the
units were ppm PO4 or ppm P) were reported for the September 1972
sample period (Makai 1973). It is somewhat difficult to interpret
the data reported by Makai at this point because the report in
hand is an incomplete copy and details of the analytical procedure
have not been 1located. We are currently trying to locate this

The N:P ratio of inorganic nutrients in the Bay in September
1988 was low, 3.3:1 or less (Table 6) relative to the 16:1 ratio
considered to be required for phytoplankton production. The N:P
ratio of inorganic nutrients is often used to infer which nutrient
is most 1limiting for algal production (e.g. if the N:P ratio is
considerably less than 16:1, nitrogen is considered to be most
limiting). Based on the 1limited data available at this time,
nitrogen appears to be the nutrient 1limiting phytoplankton
production in the Bay. Plankton N and/or P nutrient enrichment
studies would be useful to clarify this point.

The data from this study were used to develop a preliminary
evaluation of nutrient processes in the Bay. To that end, a
preliminary budget of C, N and P was constructed for the vegetated
site 1, based on the planktonic and benthic primary production
data, particulate N and P deposition rates, and benthic metabolism
data from this study (Table 7). Construction of budgets at this
time is useful for checking internal consistency or reasonableness
of data, for guiding future research, as well as for beginning to

nravida incicghte intan ha nracacecae ﬁﬂnf‘?‘h111hﬂ nutriant rivnaﬂnﬂ:
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and possibly eutrophication in the Bay. However, it MUST be kept

in mind that this is a preliminary budget as only data from one
point in time (September 1988) were used. Once data are available
over an annual cycle, a more accurate picture can be constructed.
Assumptions used in the construction of these budgets are listed

in Table 7.

The budgets presented in Table 7 suggest the following: The
measured deposition of organic N and P to the sediments is
approximately 20%-25% of the rate of organic matter production by
phytoplankton. This implles that approximately 20-25% of

mherde men ] o lrde - wnamom oDy y omde 3 Anmmamitad +a +ha aaldimandea Fnr nea hvy
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benthic organisms (as dead algae, zooplankton, faecal pellets,

detritus, etc.). The amount of organic matter (C, N and P) being
decomnocsed in the sedimente is about twice as great as the amount
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Table 7. Preliminary budgets for C, N and P at vegetated site 1
in Barnegat Bay, Qpnfemhar 1988. See text for
measurement and a lcul af- ion details. Note that units

in contrast to units in other parts of

1
texE of ug-at m~2h~! (mmol m~2d~! x 103/24 = ug-at m"”

C N P
plankton Primary Prod.l 90 : 14 0.8
(C, N and P assimilated)
Deposition2 21 3 0.2
Benthic Prlmary Pro d.3 19 ' 3 0.2
(C, N and P assimilated)
Benthic Metabolism4 (gross) 44 7 0.4
Predlcted Release® (net) 25 4 0.2
Measured Release 0 0

1The calculated C, N and P assimilation rates were based on the

average measured primary production rates (05 production) and
an assumed ' C:0:N:P ratio of 212:106:16:1 by atoms (Redfield
1934, eq. 2); Measured 0, production rates were assumed to occur
for 8 h per day throughout the top 1 m.

Can Mahlae

3Based on gross primary producticn measurements from light/dark
benthic chambers and a C:0:N:P ratio of 212:106:16:1 (Redfield
1934).

4Organlc matter decomposed over 24 h calculated based on dark 0O,
_consumption and Redfield O:C:N:P ratio (eq. 1).

5calculated as difference between predicted N and P release from
benthic metabolism and N and P assimilated by benthic primary
production.
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of organic matter dep051ted to the sediments at this time. This
may be a result of time lags in the system, e. g., organic matter
deposited earlier in the year when planktonic primary production
rates were higher may be being decomposed at this time along with

newly depos1ted organic matter. However, it is also llkely that
benthic prlmary productlon is supplylng the additional organic

matter. Benthic prlmary proauCtlon at this site was suppiylng
approximately equal amounts of organic matter as .was: supplied
(deposited) from planktonic production.. In fact, the sum of the

measured dep051tlon of organic matter and the measured production
of organlc'matter in the sediments was equal to the measured rate
of metabolism of organic matter in the sediments. What continues

4-;\ kﬂ MMmavnlainmnad ] = ln o de e smm  mea m  m oawaw e e alle Al an
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nitrogen or phosphorus from the sediments. Some of the N and P may
be assimilated by benthic algae and seagrasses. However, the
estimated N and P requirement for the measured benthic primary
production was only about half of the amount that should have been
released from benthic metabolism leaving considerable amounts of N

and P unacecnuntad for

QKaaa AR W W MILIvSw awa e

The amount of N and P mineralized in the sediments (gross
benthic metabolism) was approximately half of the estimated
planktonic primary production N and P requirement (Table 7). The
plankton are 1likely nutrient-limited as nutrient concentrations
were very low in the water column (Table 6). Thus, if the N and P
mineralized in the sediments were released to the water, primary
production in the water would be expected to increase.
Investigation into the mechanism(s) responsible for this efficient
sink for N and P in the sediments is warranted, as it is likely
important in maintaining low nutrient concentrations in the water
column in the Bay. To understand the potential importance of this
sink for N and P, the following comparison is useful. The release
of 7 mmol N m~2d~! and 0.4 mmol P m~2d~1 from the sediments
(expected due to benthic metabolism; Table 7) would be equivalent
to an increase in concentration of N and P in the water of
approximately 5 uM N/day and 0.3 uM P/day (assuming a 1.5-m deep
water column and assuming no uptake by the algae), which is
relatively large, especially for N, compared to the measured
concentrations at this time of <1.5 uM ammonia plus nitrate and

0.5 uM phosphate (Table 6).

While external N and P input rates to Barnegat Bay have not
as yet been measured, we can gain some insight into the minimum
rates of input at this time from the N and P removal rates in the
sediment. Water column N and P standing stocks are not sufficient

avmad T wmawmmeras Lol e P P R P P Y-Y-%e]

to sustain the rate of N and P removed in the sediments, as seen
from the previous calculation. This suggests, then, that
external inputs to the Bay from point and non-point sources are at
least 4 mmol N m~4d~t and 0.2 mmol P m~4d~L. These rates are
similar to those reported for a number of other estuaries that
receive considerable inputs of nutrients from pollution sources,

and include Narragansett Bav (a nnrnv1mafn1v 2 mmol N m~44"4)
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pelaware Bay (approx1mate1y 5 mmol N m-24~ 1), and Chesapeake Bay
(1 mmol N m~ 2q- ) (Nixon 1981).

Future Studies
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planktonlc and benthlc primary production, organic matter
deposition; benthic metabolism and sediment-water nutrient fluxes
at two locatlons in the upper Bay, the vegetated site 1 and silt-
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net burial rates at two locations in the Bay. In addition, water
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column nutrient concentrations and primary production rates at
four locations throughout the Bay are being measured by NJDEP DSR

v\av'ﬂf\nﬂﬂ1 Tocathear thegse sgtudies will nravida conei derable
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addltlonal insight into the temporal pattern of nutrient cycling
in Barnegat Bay and 1nto the importance of the sediments as a sink
for N and P.

Future studies are warranted that will more fully address the
mechanisms responsible for N and P removal in both the vegetated
and silt-clay unvegetated sediments, as well as the potential for
the sediments to continue to remove N and P as nutrient inputs to
the Bay increase as a result of continued development of the
surrounding watershed. Quantification of the current rates of
external inputs of N and P to the Bay from the major point and
non-point sources is also necessary in order to understand the
effect that a given rate of increase in N and/or P inputs to the
Bay may have on the water quality and biological production of
Barnegat Bay.
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