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1.0 INTRODUCTION

Denitrification in soft-bottom sediments of shallow coastal marine ecosystems produces nitrogen gas
from inorganic nitrogen dissolved in seawater or sediment pore water. In doing so, dissolved
inorganic nitrogen that could be available to photosynthetic organisms as a nutrient for primary
production is converted to a form that is nonnutritive, unutilized, and, thus, exported from the water
to the atmosphere by degassing. Studies in the 1980s (cf. Seitzinger, 1988) suggested that sediment

denitrification may remove a substantial fraction of the nitrogen load to some coastal waters.

Direct measurements of denitrification have not been made in Boston Harbor prior to this study.
Kelly (1991) raised the issue that a large fraction of the very high nitrogen loading to the Harbor may
be exported. An unknown is how much export might occur via denitrification and subsequent loss to
the atmosphere, as opposed to flushing, which provides an indirect source of biologically available
nitrogen to offshore waters. Better definition of the routes and magnitude of nitrogen export from the
Harbor is critical to enable solid understanding of the present coupling of Boston Harbor and
Massachusetts Bay nutrient dynamics, especially relative to the future situation when the
Massachusetts Water Resources Authority (MWRA) discharge of nitrogen will be diverted from
Boston Harbor directly to Massachusetts Bay.

This report presents denitrification (as well as oxygen flux) measurements made for four sediment
types representing different areas of Boston Harbor. A synchronous study (Giblin ez al., 1992)
measured metabolism and dissolved inorganic nutrient (nitrogen and phosphorus) fluxes at the same

stations.

This report has two major parts. Section 2 (Methods and Results) was prepared by Dr. Barbara
Nowicki and Dr. John R. Kelly, based on the measurements made by Dr. Nowicki. The section
presents the methodology used to estimate the flux of dinitrogen gas (N,) from sediment cores taken
from Boston Harbor. Section 3 (Discussion) was prepared by Dr. John R. Kelly and interprets N,
fluxes with respect to the sedimentary environment of Boston Harbor and with respect to other fluxes

of nitrogen in, around, and through Boston Harbor.



2.0 METHODS AND RESULTS
2.1 METHODS
2.1.1 Sediment Core Collection and Transfer to Gastight Chambers

Stations were located by using a Northstar 800 GPS/Loran C system. The Northstar system
automatically chooses between the GPS (Global Positioning System) and Loran C, depending on best
accuracy. The GPS has an absolute accuracy of approximately 100 m, and the Northstar automatical-
ly corrects the latitude/longitude position when the system is in the Loran mode. Latitude/longitude
positions were checked at fixed calibration points in Boston Harbor. Stations for core studies were
occupied during grab sampling conducted from September 16-20, 1991 (Kelly and Kropp, 1992); the

core stations reoccupied four of those for which grab sampling was successful (Appendix).

On September 23, 1991, scuba divers retrieved two sediment cores (0.005 m?) from each of four
stations in Boston Harbor, along with other cores taken for companion flux studies (Giblin ez al.,
1992). Cores were carefully pushed into the sediment to a minimum of 10 cm, then capped top and
bottom. Core locations are shown in Figure 1 and station descriptions are given in Table 1. The
cores were maintained in the dark in a cooler filled with seawater at ambient temperatures (15.1-16.5
°C), and were returned to the laboratory within 2.5 h of meeting the sampling boat and divers at the
dock. A single carboy of water taken by a diaphragm pump from throughout the water column in the
Harbor, filtered nominally to 1.0 um, was also returned to laboratory and used to replace overlying

water in all of the cores used for flux measurements.

The sediment cores were in excellent condition. The surface sediments (1 cm) of cores from Stations
T2, T3, and T7 were light brown and well-oxygenated while lower layers were black in color. The
cores from Station T8 were sandy and light-brown throughout. Live, apparently healthy benthic

organisms were noted in all of the cores.

One of the two replicate cores from each station was chosen and the surface 5 cm of the core was
transferred to a gastight chamber that had the same diameter as the collection core. For Station T2,

both of the collected sediment cores were transferred to chambers, and one was designated as the
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Figure 1: Map of Core Stations in Boston Harbor



Table 1: Boston Harbor Sediment Core Locations for Flux Studies (September 23, 1991).

Station Core No. Depth Lat. TD H,0 Temp Site Desc.
(m) Long. O

T2 3A,3B 12 42°20.59 14037.96 16.5 Fine silt
71°00.04 25857.84 '

T3 4A,4B 7 42°19.79 14026.73 15.1 Fine silt
70°57.69 25836.36

T 1A,IB 6  42°17.32 14045.12 159 Brown sand
70°58.7 25829.39 w/shell

T8 2A,2B 13 42°17.17 14020.24 15.4 Hard sand

: 70°54.73 25799.78

TD: Time delay.



“anoxic control core” (see Section 2.1.3). The transfer to incubation chambers was accomplished

with minimal disturbance of the sediment-water interface (cf. Seitzinger et al., 1980).

A description of the gastight chambers for denitrification measurements is given by Seitzinger et al.
(1980) and Nowicki (1991). Briefly, the chambers were designed to hold an intact sediment layer, an
overlying water column, and an air space above these two. The chambers were constructed of two
sections of glass-walled pipe (total height: = 21.6 c¢m; diameter: = 7.8 cm), joined at the center with

an O-ring and a metal clamp. Three glass stopcocks, sealed at the ends with rubber serum stoppers,

served as sampling ports.

All sediments, once enclosed in gastight chambers, had their overlying waters carefully replaced with
the Boston Harbor water (ca. 800 mL per chamber) that was collected at the time of core retrieval.
The Boston Harbor water used in water exchange was sparged with He/O, to remove 95-99% of the
ambient N, dissolved in seawater. Removal of nitrogen gas in the overlying water is necessary to
detect the flux signal because there is such a large background concentration of N, in ambient
seawater and the atmosphere (Seitzinger et al., 1980). Following the initial water exchange, the air
space (gas phase = 62 mL volume), was replaced with a helium/oxygen (He/O,) gas mixture in the
experimental cores, and with helium alone in the anoxic control core. Flushing with He/O, rapidly
and effectively removed any remaining nitrogen gas introduced with water exchange, but also kept the
oxygen concentration of the overlying water near the intended ambient values (or anoxic, in the case
of the control core). Prior to each incubation (see Section 2.1.3), the gas phase in each chamber was
flushed two to three times daily. This procedure ensured that any N, flux from sediments into the
overlying in the intervening period was removed, establishing desired initial conditions of low N,

concentration in the water/gas phase.

The sediment chambers were maintained in the dark at ambient collection temperatures. Each
chamber was stirred continuously with a magnetic stir-bar positioned at the interface between the
water and gas phases. The stirring rate (approximately 200 rpm) was adjusted to be fast enough to
maintain a constant flow of water and particles across the sediments and to resuspend sediments
slightly. The magnetic stir-bars mounted inside each chamber were rotated by an air-driven magnet
mounted on top of each chamber. The air pressure driving the magnetic stirrers was carefully

controlled to maintain constant and equal stirring rates for all chambers. The purpose of stirring is to



keep water and gas phases homogeneous and equilibrated with respect to the gases of interest
(Seitzinger er al., 1980).

2.1.2 Gas Sampling

Measurements of the concentrations of nitrogen and oxygen in the gas phase of each chamber were
made by withdrawing gas samples through the chamber sampling ports. Replicate 50-uL samples
were withdrawn using a gastight syringe that was preflushed with helium and then inserted through a
rubber serum stopper in the sampling port. To prevent atmospheric contamination of N,, the
sampling port, syringe, and gas chromatography (GC) injection port were flushed continuously with
helium during sampling; additionally, chambers were opened only when a slight positive pressure

from the appropriate gas mixture was applied (cf. Seitzinger et al., 1980).

Nitrogen (N,) and oxygen (O,) were measured by injecting gas samples into a Hewlett-Packard Model
5890A gas chromatograph equipped with a thermal conductivity detector. An 1/8 in. stainless steel
column (2 m) packed with 5-A molecular sieve (45/60 mesh) was operated at room temperature with
a He carrier gas flow of 35 mL/min. Calibration curves were run with each set of samples, using a
certified standard gas mixture (3% N,, 20% O,, balance He). Gas and water phases rapidly
equilibrate in the system; therefore fluxes into the water from the sediments may be calculated
knowing the changes in N, and O, sampled in the gas phase during an incubation and the volume of

gas in each chamber (Seitzinger er al. 1980).
2.1.3 Estimating Denitrification: Correction for a Diffusive Flux Artifact

The method used here to calculate biological denitrification rates followed the method originally
developed by Seitzinger et al. (1980), as slightly modified by Nowicki (in prep). Since the method
involves stripping the overlying water and gas phases of nitrogen gas (see above), an artifact is
introduced. Nitrogen gas dissolved in pore waters degasses from the sediment column because a
diffusive gradient has been created between the overlying water and sediment pore waters. Equilibra-
tion of pore water and overlying water dissolved N, concentrations is not as rapid as equilibration
between water and gas phases, and thus N, continues to “bleed” out of the sediments into the water

over time. The total measured N, flux (F) estimated by increase of N, in the water/gas phase during



a sealed (but aerobic) incubation may be characterized as: F, = F, + F,, where F, is the production
of N, (the flux due to denitrification activity that is if interest) and F, is degassing flux, a physical
diffusion process induced by maintaining a relatively N -free environment in the water and gas

phases.

In theory, F, should decrease over time as the sediment pore waters gradually become equilibrated
with the overlying water/air. Based on several tests and calculations, the original method used a
strategy of waiting to incubate cores for a period of time (about 6 to 10 days) thought to be sufficient
to diminish F,. The assumption was that by waiting long enough, F, will approximate F, (Seitzinger
et al., 1980; Seitzinger, 1987).

Seitzinger (1987) also used an anoxic control to assess non-biological flux of N, (i.e., Fy). Briefly, a
core was treated in the same fashion as an experimental core, except that the gas used for sparging
the overlyiné water, and for filling the gas phase of this chamber was helium alone, without oxygen.
Any residual oxygen in the core quickly became removed by daily gas-phase flushes. Studies of
Seitzinger have shown that nitrate nitrogen (NO,) disappeared from the pore waters and overlying
water of anoxic cores treated in this manner. Any residual N, production observed in the anoxic core
may be assumed to be due to a background physical flux (due to pore-water degassing) since
biological production of N, gas through denitrification has been blocked by anoxia and the lack of an

NO, source. Seitzinger made checks on a core following measurements of F,.

Nowicki (in prep) describes the use of a replicate core as an anoxic control incubated in parallel with
an experimental core. The control core is treated in exactly the same fashion as an experimental core
throughout the measurement period in the laboratory; the only difference is that the gas used for
sparging and for flushing the chamber is helium alone, without oxygen. This modification allows one
to correct for physical degassing ar the same time incubations are made. Simple subtraction of the

anoxic control core flux (F,) from the rate measured synchronously in an experimental core (F)

estimates F,.

The difference between the calculated denitrification rates using parallel control-corrected and
uncorrected methods is not necessarily large and depends on the timing of the incubation relative to

establishment of an N,-impoverished overlying water/gas phase. In general, the parallel correction



method will yield denitrification estimates that are lower than those using the original method if rates
are measured within six to ten days after collection. The advantages of the modification are that it
allows a direct correction for F, and enables measurements to be made with less waiting time

(Nowicki, in prep).
2.1.4 Description of the Incubations for Boston Harbor Sediments

Three incubations were done to measure sediment N, release and O, uptake in experimental cores
from all four stations. In parallel, a replicate control core from Station T2 followed the same series
of incubations, but was kept continuously anoxic. During an incubation a chamber was completely
sealed; no exchanges of either the gas or water phases were made. The first two incubations provided
a) two separate flux estimates of F, from sediments at each four stations under aerobic conditions
similar to those measured in bottom waters of Boston Harbor and b) two separate estimates of F,
under anoxic conditions from one core. Because only five chambers were available, the one anoxic

. control was used as a correction to estimate F, in all cores. All cores started with approximately the
same concentration of N, in water and sediments and minor differences in sediment porosity could
have only a small effect on the rate of degassing (Nowicki, in prep.); thus use of a single control was
deemed sufficient. As a check, however, the third incubation provided a direct measure of F, for all

cores after completion of F, measurements.

During days 0-3 following collection, the cores were flushed as described in Section 2.1.1.
Incubation #1 occurred during days 3-5, included a three-point flux measurement, and was terminated
prior to a fourth measurement because oxygen concentrations in the cores were becoming low enough
(5 mg O, L) to perhaps affect N, production rates. After Incubation #1, air and water phases were

flushed to return to initial conditions similar to Incubation #1.

Incubation #2 occurred during days 7-18 following core collection. This was a long incubation
during which oxygen concentrations in the chambers were allowed to decline naturally over time to 0
mg O, L. The chambers were allowed to become anoxic during this incubation and both N, and O,
flux rates were measured during the period of decreasing O, concentration. This additional sampling
was not requested as part of the original contract, but the data are included in the Appendix to

provide a complete time course for concentrations in water over the sediments. The O, and N, flux



regressions to estimate F, for Incubation #2 include only the first four measurements during the
incubation period, taken before oxygen concentrations decreased to a level that may have affected the

linearity of N, production.

For the final flux estimate, the chambers remained sealed and Incubation #3 occurred during days 22-
28 following core collection. All chambers were completely anoxic, and N, fluxes reflect a degassing

of the background nitrogen gas remaining in the sediment pore waters.
2.1.5 Data Analysis, Error Analysis, and Analytical Quality Control

The slope of the linear regression of the amount of N, or O, in the gas phase of the sealed chamber
versus time provides a direct estimate of flux as mass per unit time. Dividing this slope by the
sediment surface area in the chamber yields an area-based rate. Each point in the linear regressions
consisted of two or more replicate samples of the gas phase of the sealed chambers at a given time.
Initial rates of nitrogen gas production and oxygen uptake were always linear over time in all cores.
An analysis of variance was used to calculate 95% confidence limits around the slopes of regressions
of nitrogen concentration over time. The coefficient of variation for the slopes of all of the daily

standard curves obtained during the 30-day course of sampling was +4%.
Observed fluxes of N, gas in experimental cores were corrected for the background flux of N,
observed in the anoxic control core. Since both the experimental core flux and the anoxic control

core flux have an error term [95% CI (confidence interval)] associated with them, the error in the

resulting corrected N, flux was calculated (propagated) according to Ramette, (1981) as follows.

Rir=(A+a)-(Bzb),

r=ya*+b?,

where A and B are N, fluxes for experimental and control cores with their associated error terms (g,

b), and r is the propagated error in the final corrected N, flux.



2.2 RESULTS

Just prior to the core collection, the flux stations were chosen from a larger set occupied in a benthic
survey to be representative sites from different regions of Boston Harbor, but the sites also varied in
depth and in sediment character (Table 1). Measurable fluxes of N, gas from the sediments were
recorded at all four stations for the first two incubations, and rates well exceeded that measured in the
control core (Figure 2). A summary of calculated flux rates for all cores is provided in Table 2,
which also includes control corrected and uncorrected rates for N,; further details are provided in the

Appendix.

The anoxic control core flux declined over time, which was to be expected if sediment pore waters
degassed over time. The control core flux was 58 ymol N, m? h for the 3-5 days following
collection (Incubation #1), 27 pmol N, m? h* for days 7-11 (Start of Incubation #2) and 9 pmol N,
m2 h? for days 22-28 (Incubation #3). In comparison, the anoxic incubations on the experimental
cores at Incubation #3 gave flux estimates of 5 to 17 umol N, m? h'!. Considering the associated
measurement errors and subsequent estimate uncertainties, all four of the experimental core flux 95%
CIs (Table 2) overlapped with that of the control core from Station T2. The results confirm it is
reasonable to correct all four stations using the single anoxic control fluxes over the course of the first

two incuba_tions, and this has been done in Table 2.

Confidence intervals for flux estimates are included only for nitrogen flux. These show larger Cls for
the first incubation than for the second because the regressions for incubation #1 included only three
points in time, whereas the second included four points. The first incubation was cut short after three
measurements to avoid any potential inhibition of flux by lowered oxygen concentration in the
overlying water. However, the results of Incubation #2 suggest that N, flux rates remain linear at O,
concentrations as low as 0.5 mg O, L. Therefore, future incubations could be run over the longer

period to increase the precision of the estimate.

Using corrected rates of Table 2 (used through the rest of this report, unless specified), the denitrifi-
cation rates varied by location. Rates were lowest, about 24 to 30 umol N, m*? h*, for Station T8 in
Hingham Bay. Rates were highest, 95 to 97 umol N, m? h at Station T3 in the northern Harbor off
Long Island. Rates at Station T7 in Quincy Bay were second-highest (80 to 85 pmol N, m? h™) and

10
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Table 2. Summary of Flux Measurements in Boston Harbor

Station Incuba- Days O, Flux N, Flux* Anoxic  Corrected
tion Control N, Flux®
Flux**
(mg O, (umoIN, (umoIN,  (umolN,
m? h') m?hY) m?h') m? h')

T2 1 3-5 -33 9419 5817 36:11
2 7-11 -28 74:2 27:3 47:4
3 Anoxic — 1715 9:2 —_
T3 1 35 -33 15522 58:7 977
2 7-11 -28 122:4 2713 95:5
3 Anoxic — 12:2 9:2 —_
T7 1 3-5 -36 143112 5827 85:14
2 7-11 -38 10722 2713 8014
3 Anoxic — 1615 9:2 -
T8 1 3-5 -32 82:8 58:7 24:11
2 7-11 27 5715 2713 3016
3 Anoxic — 52 9:2 —

*Errors show 95% CIS around slopes of regressions, determined as described
in Section 2.1.5.

*For incubations #1 and #2, this value is from single control core taken at
Station T2. '

12



Station T2 on the flats just outside the entrance to the Inner Harbor were in the range of 36 to 47
pmol N, m? h'. The corrected rates measured for each core were remarkably consistent across

incubations #1 and #2; the 95% ClIs for fluxes at each station overlapped for the two measurements.

In contrast to the range in N, flux, oxygen metabolism (uptake of O, by the sediment) had markedly
less variability across stations (Table 2). Rates ranged from about 27 to 38 mg O, m? h? and were
consistent across measurements at each station. Station T7 in Quincy Bay had the highest oxygen
metabolism, but only slightly higher than the other three stations (Table 2). As discussed in Giblin et
al. (1992), oxygen metabolism rates measured in these denitrification studies were similar to rates

measured on separate cores incubated in companion nutrient flux and metabolism studies.

At the end of the flux studies, the Boston Harbor water being used for replacing overlying water of
the cores was analyzed for nutrients (Table 3). Values were slightly higher than the original concen-
trations at collection in the Harbor (see Giblin et al., 1992), as expected, because of decomposition
from being held in the dark for a month. Even so, the nutrient concentrations (specifically NH,,
NO,, NO,, and PO,) in replacement water were within the range observed in Fall in the Harbor
(Robinson et al., 1990) and, notably, NO, concentrations were not sufficient to alter denitrification in
the sediments.

13



Table 3: Nutrient Concentrations in Filtered
Boston Harbor Water Used for Incubations.®

Nutrient M
NO,,, 5.6

PO, 1.72
Sio, 4.02
NH, 11.18
NO, 0.66

“Concentrations were measured at end of studies and, thus,
are slightly higher than are the in situ concentrations at
collection.

14



3.0 DISCUSSION
3.1 DENITRIFICATION RATES IN BOSTON HARBOR SEDIMENTS
3.1.1 Boston Harbor Compared to Other Coastal Marine Areas

Denitrification rates measured in Boston Harbor sediments were within the range of values reported in
the literature for coastal marine sediments. The benthic flux of N, at Stations T3 and T7, respectively
averaged 96 and 82.5 ymol N, m? h (or 192 and 165 pmol m™ h" as N, i.e. when doubled to |
account for the diatomic nature of the gas). These rates are at the high end of rates estimated for
many of the coastal sediments that have been examined (by the direct technique used here, or by other
techniques), although there are reports of rates in the range of 200 to slightly over 1000 pmol N m?
h* (Seitzinger, 1988). Seitzinger (1988) reported rates (not parallel-control corrected) as high as 109
pmol N m? h! for silt/clay sediments in Narragansett Bay, which is the nearest estuary for which
direct denitrification rates are available. Narragansett Bay receives less nutrient loading than Boston
‘Harbor (Kelly, 1991).

The rate of sediment denitrification apparently increases with nutrient loading (Seitzinger, 1988).
Nowicki and Oviatt (1990) reported (uncorrected) denitrification rates in the Marine Ecosystem
Research Laboratory (MERL) experimental mesocosms. One control set of tanks only Narragansett
Bay water, and another set received daily nutrient additions to bring total nutrient loading to a level
comparable to Boston Harbor. The relative change in denitrification rates between nutrient enriched
and control situations was about a factor of four, which is similar to the relative range observed

across sites in Boston Harbor (see Table 2).

At the four Boston Harbor stations, sediment metabolism and nutrient cycling were measured by
Giblin er al. (1992). They have reported that nitrous oxide gas (N,O), a possible endproduct of

nitrification/denitrification activity, was measurable but very small and of no significance to the total
N flux from the sediment.

Giblin et al. (1992) compared predicted denitrification from their measurements, applying a stoichio-

metric model, to the rates measured directly, as reported here. Denitrification rates by the direct

15



method were higher than one would predict from using the measured O/N flux ratios, as compared to
expected aerobic organic matter decomposition stoichiometry. However, when total metabolism
(including oxygen uptake and an estimate of anoxic metabolism) was considered, their model
predicted fluxes only slightly lower than the rates of N, flux reported here. Given these findings,
using O/N flux stoichiometry to infer denitrification is unwise; furthermore, additional comparisons of

the methods are advisable.
3.1.2 Spatial Variation of Benthic Fluxes

Benthic nutrient fluxes in September 1991 varied at the four stations in the Harbor (Giblin et al.,
1992). However, the spatial variation in dissolved inorganic nitrogen (DIN) flux (DIN = ammonium
+ nitrate + nitrite) did not coincide with the pattern of denitrification. For DIN, rates were highest

at T2, which had relatively low denitrification rates.

The pattern of fluxes relative to total organic carbon (TOC) content of the sediments was revealing.
Station sediment chemistry data (surface 2 cm) was gathered by grab sampling during the week prior
to core collection at points within 150 m of each the flux core collections (see Appendix and also
Kelly and Kropp, 1992). These data show a factor of four variation in percent TOC across the
stations. Station T8 had the lowest percent TOC in the grab sampling. The location for Station T8
core collec;tion was slightly to the south of the grab station; by the visual sediment descriptions, the
core station was sandier than the grab station and may therefore have had lower organic content.
Flux Station T2 was slightly to the East of grab Station T2, and in deeper water. Denitrification
fluxes have been plotted versus percent TOC using the grab station data (Figure 3). The result shows
a strong linear relationship between N, flux and organic content, the sediment organic content and
denitrification both decreasing in the order T3 > T7 > T2 > T8. To our knowledge, this is the

first evidence that shows a strong correlation of sediment organic content and denitrification in nature.

16
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As shown in Figure 4, where all N fluxes are expressed in the same units, DIN fluxes did not follow
the denitrification pattern with enrichment but seemed to increase to an intermediate carbon content,
then decrease with higher carbon enrichment. Kelly ez al. (1985) observed this same type of pattern

of DIN flux when it was plotted against nitrogen loading in experimental mesocosms.

The consequence of the two flux patterns, i.e., of denitrification and DIN, is that total N flux from
the sediments approached a maximum at a TOC content between 2% to 3% dry weight (Figure 4). In
sediments with higher organic content, the N flux as N, equaled or exceeded the DIN flux, and thus
constituted more than 50% of the total N flux (up to 58% at Station T3). In contrast, in sediments
with lower sediment TOC content, the majority of the flux was as DIN. For Station T8, about 31%
of the flux was as N, and for Station T2 about 28% of the flux was as N,. Seitzinger’s (1988)
summary suggests that a range of 15% to 75% of the total benthic N flux may occur through
denitrification for the dozen coastal marine sites where she was able to find data. All the sites in

Boston Harbor lay within this range.

3.1.3 Denitrification As Sensitive to Harbor Recovery

It has been known for some time that benthic nutrient and denitrification fluxes are sensitive to
changes in nutrient loading and organic deposition, including both decreases (Smith et al., 1981) and
increases (Kelly and Nixon, 1984; Kelly et al., 1985; Seitzinger, 1988). The relationship between
sediment TOC and denitrification in Boston Harbor confirms that the direct measure of denitrification
may well be a good indicator of changes in nutrient discharge practices. The prediction from Figure
3 would be that a decreased sediment denitrification rate would ensue in the Harbor as loading

deceases.

Figure 3 shows denitrification as related not to loading but to organic content. What is not known at
present is whether denitrification is really coupled with the concentration of carbon stored in the
surface sediments, or whether it is linked primarily to the variation in the flux of carbon to the
sediments (cf. Kelly and Nixon, 1984). The distinction on controlling mechanisms (concentfation
versus flux) might be important with regard to the pace of recovery. For example, if denitrification

were controlled by carbon flux, the denitrification response might be faster than if it were controlled
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by stored carbon, for it can take some time for the stored reservoir to be metabolized. Importantly,
the pace of denitrification response could affect the recovering Harbor’s nutrient budget and its

apparent conversion of input nitrogen to N, gas loss.

At the upper end of the gradient of enrichment (greater than 2% TOC), DIN fluxes might not be as
sensitive to change as denitrification (Figure 4). In contrast, at lower enrichment levels one might
look for simultaneous decreases in denitrification and DIN flux as an indicator of response to decrease
in nutrient inputs. Thus, the patterns seen here suggest that data on all forms of benthic nitrogen flux

could provide valuable information on the progress of Harbor recovery.
3.1.4 Extrapolation of Denitrification to an Annual Value for Boston Harbor

The most appropriate timeframe for comparing different processes and rates for a nutrient budget is
over an annual cycle. Denitrification has been measured only during September 1991; DIN flux has
been measured during September of 1991 and 1992 only. We need to measure these rates at different
seasons and temperaturés to arrive at a better annual value. However, an extrapolation, as is often
done for such flux data, is made here so that rates can be seen in the cohtext of the Harbor nutrient
budget. The extrapolation requires both spatial and temporal considerations, because the other

elements of the Harbor budget have been examined as average Harbor-wide values.

The spatial consideration takes advantage of the Harbor-wide sediment sampling (Kelly and Kropp,
1992), from which Harbor averages are derived. The average surface sediment TOC content for 32
stations through the northern and southern Harbor areas (including the four of this study) was about
2.5%, with the range from 0.28% to 3.7%. Station T3 of these flux studies had the second highest
value, 3.69%. From Figure 3 and the average TOC value of 2.5%, the average denitrification rate
would be about 67 umol N, m? h™* (or 134 umol N m? h). Since the areas sampled were biased to
silt/clay and soft-bottom depositional areas and the simple average does not weight the relative
proportion of the Harbor covered by different sediment types, the average TOC value derived here is

most likely to be maximal and thus lead to maximal estimates of denitrification.

A common procedure to average across time uses a relationship between flux and temperature (Nixon

et al., 1976, 1980). Denitrification usually is slower at colder temperatures, but there appears to be
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insufficient data to describe a flux/temperature relationship in nature (Seitzinger, 1988). Data
generated in the MERL experiment discussed previously (Nowicki and Oviatt, 1990) are suitable,
however. From the experiment, there were data across a temperature range from 4 to 18 °C.

Fluxes (uncorrected, n=11) showed the common strong exponential relationship to temperature =
0.78), where the Q,, (relative flux increase for each 10 °C rise in temperature) was 3.8, similar to
that seen for metabolism and nutrient flux (e.g., Nixon et al., 1976, 1980). Using the slope of the
flux/temperature relationship, along with the average September flux for Boston Harbor as a whole
(above), combined with a month-by-month temperature distribution for the Harbor (Robinson et al.,
1990), monthly denitrification fluxes were calculated. The sum of all months gives the annual value -
of 666 mmol N m? year!. As an average rate, this represents 76 umol N m* h*, which is 57% of

the estimated Harbor average for September 1991 (134 pmol N m,, h.,).

This preliminary estimate is based on few data and tentative extrapolations. We anticipate refining

the estimate through additional measurements at these stations at different seasons of the year.
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3.2 PRESENT STATUS OF THE BOSTON HARBOR NUTRIENT BUDGET

Several important aspects of the Harbor nitrogen budget either have been measured, estimated, or can
be calculated from data in the literature. Accordingly, one can construct a rough budget of nitrogen
flow and examine the relative importance of sediment denitrification as a sink for nitrogen in the
context of other rates. A tentative nitrogen budget is compiled here and presented on an annual basis.

Rates are also expressed as a fractions of the known annual nitrogen input to the Harbor (Figure 5).
3.2.1 Input

Menzie er al. (1991) recently estimated the annual total nitrogen input to Boston Harbor at about
13,086 metric tons, about 74% of which (~9663 metric tons) is delivered to the northern Harbor

area north of a line of division extending along the length of Long Island (Figure 1). The area-based
loading for the whole Harbor is 8643 mmol N m? year” (Figure 5), with the northern Harbor
receiving more on an area basis than the southern Harbor [i.e., about 13,500 versus 4286 mmol N
m? year” (see Kelly, 1991)]. For both the northern and southern areas of the Harbor, over 90% of
the estimated load is from the MWRA discharges to the Harbor (as effluent, plus sludge in the case of
the northern Harbor). On either a subdivided or a whole basis, Boston Harbor receives very high
nitrogen loading as compared to most coastal marine areas, more even than some of the most

intensivel); fertilized agricultural fields (Kelly and Levin, 1986; Nixon et al., 1986).
3.2.2 Internal Cycling

Phytoplankton production has been estimated to be on the order of 325 to 350 g C m? year! in the
Boston Harbor area and immediately offshore (Michelson, 1991; Cura, 1991). The estimate is low as
compared to some other highly enriched coastal waters, but there may be limiting factors other than
nutrients (Kelly, 1991). Assuming a probable maximum of 350 g C m* year” and Redfield
stoichiometry (6.625 atoms C per atom of N) implies an uptake requirement of 4403 mmol N m?
year for the Harbor. The input is well in excess of this, and primary producers appear to incorpo-

rate a maximum of only 51% of the input into net production (Figure 5). Commonly, in eutrophic
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Figure 5: Tentative Nitrogen Budget for Boston Harbor.

Units are mmol N m? year?. Brackets around advective transport highlight that the estimate was derived by difference.
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systems, nitrogen input exceeds the nitrogen demand for net primary production (Kelly and Levin,
1986). Water-column nutrient recycling has not been estimated, but several measurements now have
been made of benthic nutrient flux (Giblin et al., 1991 and 1992). DIN flux at the four denitrifica-
tion stations during September 1991 ranged from 118 to 210 gmol N m™ h* (Giblin et al., 1992). In
September 1990, at 3 stations in the northern Harbor, the average DIN flux was about 264 pmol N
‘m? h (Giblin ez al., 1991); water temperatures in 1990 were 18 to 20 °C, compared to 15 to 16.5
°C in September 1991. The two northern Harbor stations of the present (1991) study had an average
of about 172 pmol N m? h™* as DIN. The difference in nutrient flux rates between 1990 and 1991
could be accounted for by the difference in temperature, but there may be other factors that contribute
to the interannual differences (Giblin et al., 1992).

DIN flux data for Boston Harbor across a wide temperature range are presently lacking. Similar to
the extrapolation for denitrification, one can extrapolate to a rough annual value by using temperature
data for Boston Harbor from Robinson ef al. (1990). Following Kelly (1991), assuming an exponen-
tial relationship based on Nixon ef al. (1976), and an average Harbor benthic DIN flux of 155 pmol
N m? h* at 15.5 °C (four station average for 1991), the extrapolated estimate of annual DIN flux is
roughly 700 mmol N m year’. This estimate places Boston Harbor in the mid-range for benthic
DIN fluxes observed for coastal areas; it would represent roughly 15% to 18% of implied phyto-
planktbn uptake (if production is 350 g C m? year™), a percentage that is on the low side but within
the range measured in other systems of similar depth and having similar phytoplankton primary

production rates.

Compared to the input of nitrogen to Boston Harbor, the extrapolated flux of DIN to the water from
the sediments of the Harbor is small (Figure 5). It represents only 8% of the loading, a percentage
~ that may be typical of highly nutrient-enriched coastal ecosystems (Kelly et al., 1985).

The estimated annual DIN and denitrification fluxes are similar, suggesting on the average that loss as
N, represents about one-half of the total inorganic N flux from the benthos. However, stations
differed with respect to the relative proportion of total N flux as N, (Figure 4), and the extrapolated

annual estimates should be used with care to make such a comparison.
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3.2.3 Internal Sinks

Many researchers have grappled with getting estimates of the net sediment accumulation rate for
Boston Harbor. The estimated suspended loads from land sources to Boston Harbor (9.8 x 10" g
year?; Menzie et al., 1991) amounts to roughly 900 g m? year™, which can be converted to about 0.1
cm year! as an accumulation rate if spread evenly across the whole Harbor. However, some of the
suspended load is organic and substantial mass must be lost before burial. Solids input estimated by
Menzie et al. (1991) does not include possible input from marine erosion (Knebel et al., 1991) or
possible import of marine muds from Massachusetts Bay. The most reliable estimates for recent
accumulation Harbor-wide roughly match the estimated solids-input value and range from about 0.05
to 0.2 cm year?, mough some small areas may accumulate at the rate of centimeters annually (cf.
Knebel er al. 1991). Accumulation estimates from core-based studies, in the above range, may be
considered “apparent,” and, thus, maximum estimates of the actual rates because bioturbation has not
been fully considered in the modeling and normally its inclusion lowers the estimate from that of the

apparent sediment accumulation.

The value of 0.1 cm year™ is assumed and used here; it represents about 900 g dry solids m? year™
using appropriate porosity. The average TOC content measured for surface (2 cm) sediments
measured in depositional areas throughout the Harbor in September (Kelly and Kropp, 1992), was
about 2.5% of dry weight. Assuming a C/N (atoms) ratio of 8, this converts to 187 mmol N m?
year™. This rate of accumulation into the sedimentary environment represents a small fraction of the

nitrogen input to the Harbor, about 2%.

Retention in sediments usually is far less than the amount of N flowing through the benthos because
deposited ofganic nitrogen is rapidly utilized and recycled primarily as ammonium (but also as nitrite
or nitrate) — the inorganic endproducts of metabolism (Kelly and Nixon, 1984). In the case of
Boston Harbor, the flow through the benthos, represented by the combined réleases of DIN and N,
gas, appears to be about 1366 mmol N m? year'. In contrast, the flow to the benthos (flow through
+ accumulation) appears to be on the order of 1553 mmol N m? year?! (i.e., 1366 + 187) spatially
averaged over the Harbor. Using these numbers, the amount annually retained in the sediments is

12% of that being deposited, a value in line with other coastal areas.
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Accumulation of the added nitrogen within the water column cannot be significant. To begin, the
flushing is fast (days to weeks; Signell, 1991) and N concentrations seem in part determined by
flushing (cf. Kelly, 1991). Recent nutrient data of Robinson et al. (1990) suggest no substantial
change in water-column nutrient concentrations over about 1987 to 1989, a period over which loading
has been fairly constant, if not slightly decreasing. If water-column accumulation were on the order
of sediment accumulation (2%), then it should be detectable. For example, at 187 mmol N m? year”,
this would represent 32 mmol N m® year™ using an average depth of 5.8 m for the Harbor (Robinson
etal. 1990), or 32 uyM N as a watér column concentration. The average N concentration (as DIN +
particulate N) in the Harbor is on the order of 11 to 12 uM N (Kelly, 1991). Thus, retention of even
as small as 2% of the input would more than triple the existing water column concentration and would
be highly detectable. Since little change over a number of years has been seen, there must be very

small water-column retention.
3.2.4 Export

There are several possible routes of nitrogen export from the Harbor. These include removal by
fishing, removal through dredging, loss as N, gas from sediment denitrification, and transport to
offshore through advective water exchange (flushing). Each route is considered separately below,

although flushing loss can be estimated only by difference.

Fishery harvest. The poundage of fish or shellfish caught in coastal marine waters can be visually
impressive. However, on a theoretical basis, removal of nitrogen by harvest must be a small term in
Boston Harbor’s nitrogen budget, as it is elsewhere. Nixon (1988), for example, suggests that the
fisheries yields (fin and shellfish) of coastal areas are usually less than 0.5% of the net primary
production (on a carbon basis), which in this case would amount to, converted to nitrogen, <22
mmol N m? year! (<0.25% of N input). Using 1987-1989 data for the commercial filter-feeding
bivalve harvest (Mya arenaria, the soft-shell clam), which is regulated and tabulated by the Massa-
chusetts Division of Marine Fisheries (DMF) (J. Kennedy, Newburyport, personal communication),
and appropriate conversions to nitrogen, one can calculate that bivalve harvest may represent on the
order of 10° mmol N m? year’. DMF data on the harvest of lobster, the other major commercial
shellfish species, more difficult to use since the lobsters migrate in and out of the Harbor, neverthe-

less suggests a harvest removal of N of similar magnitude to the soft-shell clam harvest. Thus, the
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unsurprising conclusion is that nitrogen export through fish and shellfish harvest can only remove a
fraction of a percent of the input. The estimates are too uncertain but also too small to include in

Figure 5.

Dredging. The MWRA (1988) cited a Harbor-wide dredging estimate based on the United States
Army Corps of Engineers data as about 0.2 cm year'. Using more recent compilation on dredging
and disposal to the Massachusetts Bay Disposal Site (EPA, 1989), one can estimate the long-term
solids removal from Boston Harbor as on the order of 8.2 X 10 g year. Spread across the Harbor -
area (1.08 x 10° m?), it represents an average of about 760 g m? year” as dry solids, or slightly less
than the annual sediment accumulation values estimated above. Using a range of 0.25% to 0.31% N
as dry weight of sediment (values similar to the average Harbor value converted from TOC above) as
recorded at the dredge material disposal area in deeper waters of Massachusetts Bay (EPA 1989), this
amounts to 136 to. 168 mmol N m? year?. Thus, some 1.5% to 2% of the annual nitrogen input may

be dredged and exported farther out into Massachusetts Bay.

Dredging and sediment accumulation, as calculated here, appear to be of similar magnitude with
respect to N fluxes (Figure 5). However, it is unknown to what degree dredging removes sediment
accumulation; the estimates are reached in very different ways, and it is difficult to know if the areas
dredged capture only material not accumulated in undredged depositional areas, or whether some
periodic (e.g., high wind events) postdepositional resuspension and redistribution occurs. There could
be some double-counting in a budgetary sense if dredging and accumulation are considered to be

independent, but in reality are not.

Denitrification. As calculated in Section 3.1.4, assuming a temperature-dependent flux rate, an
annual estimate for export from the Harbor as gaseous N, loss to the atmosphere may be about 666
mmol N m? year”. The value could be underestimated if fluxes at high midsummer temperatures are
unusually high and do not follow the assumed exponential relationship. The denitrification value is
similar to the present DIN flux estimate (Figure 5). The'present denitrification estimate, based on the
only direct evidence of the rate of denitrification, represents less than 8% of the nitrogen input. This

pathway is important and certainly one of the larger terms of the internal budget.

Advective exchange. The main mechanism for Harbor export would appear to be advective exchange

27



and transport to Broad Sound and western Massachusetts Bay. Unfortunately this export can be
estimated only by difference. The sum of retention and export fluxes — sediment accumulation,
dredging removal, and denitrification — amounts to 1003 mmol N m? year™. It is unclear if
sediment accumulation estimates do or do not incorporate the dredging removal, and, thus, whether
there is double counting. Given the small size of the estimates, even with their considerable
uncertainty, this is a second-order concern with respect to the purpose of this budgeting exercise. A
factor of 2 or more modifications of sediment accumulation or dredging estimates for these pathways

have very little impact on the overall budget.

With only 1003 mmol N m? year” otherwise lost, the remaining 7640 mmol N m™ year™ of the input
(88%) is not directly accounted for. There may be some minor additional sinks, but primarily this
must exit the Harbor in the strong and regular tidal flushing. Thus, even when these new direct
measurements of denitrification loss, a previously unknown part of the budget, are included in the
accounting, the conclusion is that the majority of the present input to Boston Harbor could exit into
western Massachusetts Bay. If one also adds the dredged solids that are discharged some 20 miles to
the east of Boston at the Massachusetts Bay Disposal Site (MBDS), then the present budget suggests
roughly 90% of the input (Figure 5) could be passed to Massachusetts Bay. The new direct estimates
for denitrification in the overall input/output budget give empirical evidence to support the notion by
Kelly (1991) that transport offshore of nitrogen delivered to the Harbor is very efficient and thus
supports an observed nitrogen enrichment of the water column in Broad Sound and western Massa-

chusetts Bay as far as 5 to 10 miles offshore from the Harbor entrances.
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3.3 CONCLUSIONS:
DENITRIFICATION MEASUREMENTS AND NITROGEN BUDGET IMPLICATIONS

Denitrification rates measured in some parts of Boston Harbor are quite high, but comparable to rates
estimated in a few other highly enriched coastal sediments. Denitrification-mediated flux of N, gas
represented roughly 28% to 59% of the total benthic flux of inorganic nitrogen recycled by the
sediments, varying with location in Boston Harbor. This range is in line with other studies (cf.
Seitzinger, 1988).

Within the Harbor, a strong relationship between denitrification and organic content of the surface
sediments is evident. Even though rates appeared especially high in some high organic areas,
denitrification does not produce an nitrogen loss that is large in comparison to the input of nitrogen.
This statement comes with the caveat that spatial and temporal extrapolations of the existing
denitrification data have been made to make the comparison. Additional studies should provide data
to improve the confidence of the extrapolations. Clearly, the seasonal variation of sediment
denitrification should be assessed to validate/improve the tentative budget. Additionally, sediment
stations with intermediate organic carbon content or sandier sediments should be considered for
sampling. Because of the strong relation between fluxes and sediment quality and the known respon-
siveness of benthic fluxes to nutrient loading changes, denitrification could provide a valuable
indicator of the pace of Harbor recovery with sludge abatement (December 1991) and effluent
diversion (1995).

The provisional budget of nitrogen constructed here suggests that Boston Harbor, although receiving a
very high load of nitrogen, may inefficiently trap or metabolize it. The present information indicates
that as much as 90% of the input could be passed to Massaéhusetts Bay and slightly less than 8% may
be lost to the atmosphere as N, gas from denitrification in the sediments. The consequences of a
hypothesized strong nutrient coupling of Boston Harbor and Massachusetts Bay need to be kept in
mind in the continued monitoring, forecasting, and interpretation of ecological changes in the Harbor
and Bay over the next few years as the MWRA makes major changes to sludge and effluent disposal

practices.
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Appendix

Part 1.
Flux data and concentration—time plots
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120

UMOLES<N2 IN GAS PHAS

110 1 ANOXIC CONTROL
w 100 - INCUBATION #2
90 -
80 - N2 Flux = 27 umoles/m2/hr
70 - (first four pts only)
60 -
50 -
40 -
30 -
. B
20 - s "
: =
10 . 1
o = T T T T I
0 40 80 120 160 200 240 280
TIME (hrs)
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110 - CORE T-2 .
w 1004 INCUBATION #2 .
< 90 -
E 80 - N2 Flux = 74 umoles/m2/hr .
g 70 - (first four pts only) -
Z 60
S 50-
@ 40-
O 30- -
s
D 20 - "
10 - =
0 '
0 40 80 120 160 200 240 280
TIME (hrs)
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UMOLES N2 IN GAS PHAS

CORE T-8
INCUBATION #2

N2 Flux = 57 umoles/m2/hr

(First four pts only)
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UMOLES N2 IN GAS PHASE

UMOLES N2 IN GAS PHASE

ANOXIC CONTROL
INCUBATION #3

N2 Flux = 9 umoles/m2/hr

I T 1 T T ! 1 I

20 40 60 80
TIME (hrs)

100 120 140 160
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Appendix

Part 2.
Station locations and sediment quality data






Station locations [from Kelly and Kropp, 1992].
Note small differences in latitude/longitude relative to core Stations (Table 2) as well as differences in depth as noted in text.
A difference of 0.01' equals about 18 m.

Station | Date and{ Grab| Latitude | LORAN | Depth Comments
Time Longitude Time (m)
(EDT) Delays _
T2 09/18/91 7 1 42°2057°N {14038.6 (74 3/4 full grab. No worms. Strong odor.

71°00.12°W |25858.4 Sediment level flat.

2 42°2057°N  |140384 |7.1 Same as Rep. 1.
71°00.12°W |25858.1

3 42°2058°N | 140382 |74 Identical to Reps. 1 and 2.
: 71°00.12°W |{25858.0

4 42°2058°N |140385 7.1 Grab cleaned with DCM and acetone. Level

71°00.11°W | 258582 surface. 3/4 full. 0.04 m? grabs with bio screens.
T3 09/17/91 {1 42°1981°N [14026.8 {81 - |Full grab. Surface undisturbed and level.
70°57.72°W |25836.6 Brown floc over anoxic mud. Much detritus,
light silt.

2 42°19.80°N |14026.7 |7.7 Full grab. Same as Rep. 1
70°57.71°W | 25836.5

3 42°19.80°N | 140265 |78 Same as Reps 1 and 2.
70°57.710°W |25836.4

4 42°19.80°N |14026.8 |79 Same as Reps. 1, 2, and 3. Decon grab with

70°57.72°W | 25836.6 acetone and DCM. Using 0.04 m* grab with
bio screens.
TIA |o9/i6/91 |1 42°1736°'N [140449 (52 Good grab 34 full. Undisturbed — brown floc
70°58.71°W |25829.6 overlying anoxic mud.

2 42°1737°'N 1140449 ({50 Good grab 3/4 full. Same as Rep 1.
70°58.70°W | 25829.6

3 42°1737°N | 140449 |52 Same as Reps 1 and 2.
70°58.69°W |25829.6

4 42°1738°N 140449 (50 3/4 full grab. Undisturbed surface. Decon grab
70°58.70°W | 25829.6 using acetone and DCM. Using 0.04 m? grab

- with bio screens. _

TS o9n7P1 |1 |42°17.12°N |140206 127|172 to 3/4 full grab. Undisturbed surface

70°54.75°W | 25799.6 sloping on all sides. Much detritus. Fine silt.
Snails.
2 42°1712°N  [140206 |12.7 |1/2 to 3/4 full grab. Acceptable. Sediments
70°54.75°W | 25799.6 undisturbed and sloping on all sides. Fine silt.
Spails.
3 42°17.12°N  {14020.6 |123 |Full grab (removed foot pads). Slightly
70°54.75°W | 25799.6 overpenetrated. Sediments undisturbed sloping

on one side. Same as Reps. 1 and 2.

4 42°17.12°N 140207 {126 |Full grab. Same as Reps 1,2, and 3. Decon
70°54.75"W | 25799.7 grab using acetone and DCM. Using 0.04 m?
grab with bio screens.
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Sediment characteristics measured at grab stations
[from Kelly and Kropp, 1992].

Station TOC C. perfringens % Gravel % Sand % Silt % Clay

T2 1.75 22900 0.2 63.6 27.8 8.5
‘T3 3.69 207000 0 4.1 39.1 16.8
T7 2.73 13700 1.8 57.3 27.3 13.6
T8 0.87 7330 0 12.1 52.2 35.7
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