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Executive Summary

During the past several decades much has been learned about the effects of nutrient
inputs (e.g., nitrogen, phosphorus, silica) on such important estuarine features as
phytoplankton production, algal biomass, seagrass abundance, sediment nutrient and
oxygen dynamics and oxygen conditions in deep waters. While our understanding is not
complete, important pathways regulating these processes have been identified and related
to water quality issues.

Of particular importance here, it has been determined that (1) algal primary production
and biomass levels in many estuaries (including Chesapeake Bay) are responsive to
nutrient loading rates, (2) high rates of algal production and algal blooms are partially
sustained through summer and fall periods by benthic recycling of essential nutrients, (3)
deposition of organic matter from surface waters to estuarine sediments links these
processes of production and consumption, (4) the relative importance of sediment
processes of oxygen consumption and nutrient release on full water column plus sediment
metabolism is inversely proportional to water depth, and (5) primary environmental
factors regulating the seasonal pattern and magnitude of sediment processes include
temperature, sediment redox conditions, benthic community composition and labile
organic matter supply rates. Many of the results contained in this report use these
findings as points of departure for analysis of Chesapeake Bay sediment oxygen and
nutrient dynamics.

There are a number of goals we wished to achieve in preparing this document. First, we
and others have been making measurements of sediment processes in Chesapeake Bay
and tributary rivers since 1978 and measurements continue through the present time.
During this time about 300 different sites were occupied for sediment flux measurements
and these sites were located in about 27 tributary rivers and the mainstem Bay. A total of
over 6000 individual analyte fluxes were generated during these years. Thus, we had an
opportunity to produce a comprehensive summary of Chesapeake Bay benthic flux work.
Second, given the size of this data set, we had the opportunity to examine the data for
general characteristics of Chesapeake sediment fluxes, region-specific flux characteristics
(e.g., tidal fresh versus mesohaline), and factors influencing the magnitude and seasonal
patterns of these processes. Third, we assembled sediment fluxes from 48 other estuarine
locations around the world (Bailey 2005) and had the opportunity to compare and
contrast these with those from the Chesapeake Bay. Finally, we packaged the
Chesapeake Bay sediment flux data in a database software program (Microsoft Access)
so that these data can be used as needed by the larger community of estuarine ecologists,
sediment biogeochemists, and water quality modelers.
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This Executive Summary lists important results generated from this analysis and these are
provided below, arranged by Report Chapters 2 through 12.

Chapter 2

There has been a multi-decade evolution in scientific thinking concerning nutrient
cycling in estuarine environments in which the importance of sediments has now
been fully recognized. Water quality models have incorporated more or less
sophisticated components to account for sediment processes.

The number of analytes measured in estuarine sediment flux studies has expanded
beginning with just SOC (sediment oxygen consumption) measurements in the
early years and then coming to include dissolved N, P and Si compounds. Even
more recently (but not in this data set) CO,, CH,4, N2 and N,O flux measurements
have become more common but are still not a routine part of most sediment flux
monitoring programs. They should be included both for reasons of increasing our
understanding of these processes and for use as very strong indicators of response
to restoration efforts.

While there were some sediment flux measurements made in Chesapeake Bay
during the 1970’s, routine measurements did not begin until the mid-1980’s and
continued through 2005. There are no sediment flux measurements available for
the Maryland portion of Chesapeake Bay or Maryland tributary rivers before the
Bay and tributary rivers were exhibiting strong signs of anthropogenic
eutrophication.

The data set contains primarily measurements made during a single year with
sampling focused on summer periods. However, there were three sediment flux
programs where time-series flux data were developed and these include work in
the upper Bay, the Maryland Biomonitoring Program work at 8-10 sites in the
Bay and tributary rivers and the NSF-LMER work in the mainstem Bay.

Chapter 3

The majority of the data used in this analysis came from Dr. W. R. Boynton
research group studies funded by Maryland Department of the Environment,
Maryland Department of Natural Resources, National Science Foundation and
Maryland Environmental Services. Data was obtained from electronic storage
where available and directly from raw datasheets and reports when not.

Peer reviewed literature was searched using the Aquatic Sciences and Fisheries
Abstracts (ASFA) database covering articles published in 1978 to 2006.

Non-peer reviewed sources were also searched including the Virginia Institute of
Marine Science’s Bibliography of Chesapeake Bay Grey Literature/ Chesapeake
Bay Reports which includes more than 70,000 pages of scientific papers, reports,
technical notes or other documents produced and published by governmental
agencies, academic institutions and other groups that are not distributed or
indexed by commercial publishers (VIMS Libraries:
http://www.vims.edu/GreyL.it).

Data were also obtained and verified through personal communication with
researchers known to have made sediment oxygen and nutrient exchange
measurements in the Chesapeake Bay region.
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Data were gathered for sediment oxygen consumption (SOC), ammonium (NH;"),
nitrite + nitrate (NO,” + NO3’) and dissolved inorganic phosphorus (PO4) flux
between sediments and overlying waters. Associated site data was also collected
(if available) and all data were converted to standard units.

Only flux data generated using direct constituent measurement (rather than
estimates from pore water profiles or modeling) were used for this review.
Sediment exchange data were included from measurements made using either
shipboard or laboratory mesocosm experiments (intact sediment cores incubated
in a laboratory setting) or benthic chambers (domes or boxes placed on top of
areas of sediment in situ). Only measurements made in the dark and under
ambient conditions (e.g., water temperature, salinity) were used. Data were
arranged according to individual reference and assigned an estuary name and
corresponding source code.

Locations included 290 individual stations throughout the Chesapeake Bay, its
tributaries and Maryland’s Coastal Bays. TMDL sampling (June, July and August
of one year) includes 138 of the stations.

Chapter 4

The flux data set for Chesapeake Bay, tributary rivers and the Maryland Coastal
Bays contains measurements from a high diversity of environments. Included are
high, moderate and low salinity areas, normoxic, hypoxic and near-anoxic sites
and shallow, moderate and deep water sites.

Sediment flux measurements were made in all months of the year but the majority
of measurements (72%) were made during the June - August period. Thus, the
data set focuses on summer fluxes. However, measurements made during cool
and cold periods of the year clearly indicated that sediment fluxes of DO, N and P
compounds were much smaller during those periods.

Descriptive statistics and frequency histograms have been developed using the
entire flux data set for each flux and each environmental variable. Most exhibited
substantial ranges of values, as expected, given widely differing sediment and
water column conditions.

Compared to “new inputs” of N and P compounds, sediment nutrient releases in
Chesapeake Bay are large, comparable to external nutrient loading rates to
moderately to very nutrient enriched ecosystems.

Chapter 5

Among 13 different Bay tributary and mainstem locations there was considerable
diversity in spatial patterns and magnitude of sediment fluxes. Such a result was
expected given the diversity of tributaries sampled and the water and sediment
quality of these systems. However, in most cases, the patterns of flux along
salinity, depth, DO and sediment redox gradients conformed to our conceptual
model of factors regulating sediment flux patterns and magnitude. In most
tributary and mainstem Bay sites, sediment fluxes of oxygen, N and P exerted a
considerable influence on water quality conditions. It is expected that these
fluxes will decrease if nutrient loading to these systems decrease.
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We constructed an index for sediment fluxes. We ranked fluxes from each system
from one to 12 with the highest flux values ranked as one and the lowest flux
values ranked 12. The rankings for the four fluxes (SOC + NH4 + NO, and NO3
+ PO,) were added together to obtain the summer sediment flux index. This
index could range from 4 to 48. The results of this exercise suggest that sediment
conditions largely predict the magnitude of sediment fluxes for this group of
Chesapeake Bay tributaries and mainstem. For example, the Coastal Bays, EIKk,
Sassafras and Pocomoke Rivers rank high in terms of sediment conditions.
Conversely, the Severn, mainstem Bay, Patapsco, Potomac, Corsica and Patuxent
Rivers rank low in terms of sediment conditions. Other sites are intermediate.
The sediment flux index closely corresponded with the sediment condition index.
This result suggests that many of the important features of sediment condition and
flux have been captured in these monitoring efforts. It is useful to have a simple
index that provides first-order indications of sediment conditions and the likely
nature and magnitude of sediment fluxes.

Chapter 6

The majority of sediment flux measurements (72%) were collected during the
summer months (June - August) when sediment processes are most active; about
12% of measurements were made during spring and the same percentage during
fall. Only 5% of all measurements were made during winter.

There were very strong seasonal patterns of flux for SOC, NH,4, PO4 and NO, +
NOsz;. SOC and NO, + NOj fluxes peaked during late spring - early summer and
NH, and PO, fluxes peaked during summer. Winter rates were always low for all
sediment fluxes and low enough to have little influence on water quality
conditions.

There is clear evidence of strong temperature effects on sediment fluxes.
Calculated Qs values were generally in the range of 1.5 to 3.5 with a few higher
values. These values compared well with Q105 computed for other estuarine and
coastal marine environments.

However, it also appears that in some portions of the Bay and tributary rivers the
temperature - flux relationship fails later in summer and fall. Late summer and
fall sediment fluxes are often lower than those observed in late spring and early
summer at similar temperatures.

Analyses of sediment flux time-series data in several areas of the Bay indicate
that the supply rate of labile organic matter to sediments is a master variable
constraining the magnitude of summer and early fall fluxes. Other environmental
conditions (e.g., temperature, sediment redox conditions) modify the timing and
other characteristic of sediment flux but labile organic matter supply rate
ultimately constrains these processes.

The last two conclusions suggest that there is little nutrient memory in the Bay.
Water quality modelers should not take the liberty of using nutrients stored in
sediments to influence water quality conditions much beyond a single year. Our
analyses suggest that the “sediment flux clock” is set each year with the
deposition to the sediment surface of spring bloom organic matter (and
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Chapt

Chapt

supplemented to a lesser degree by summer bloom deposition) with little
influence from deposition events in previous years.

er 7

Despite a relatively small range in depths (1-42 m) strong relationships between
depth and SOC were evident in the full data set and in selected areas of the Bay.
This finding is consistent with several earlier examinations of this issue where far
greater depth ranges were considered. The SOC-depth relationship appears quite
robust

The general explanation for this relationship is that the amount of euphotic zone
organic matter which sinks to the sediment surface to support SOC decreases as
longer water columns increase the transit time (and attendant opportunity for
consumption by heterotrophic plankton) for sinking substrates. In short, in deeper
water columns animals eat most of the sinking material before it gets to the
bottom

Water column respiration rates have been grossly under-measured in the Bay and
tributary rivers. With available data it is clear, however, that water column
respiration is a major term in oxygen budgets and deserves much more attention.
As previously reported for other coastal and estuarine systems the relative
importance of SOC compared to water column respiration is also a function of
depth in Chesapeake Bay and tributary rivers. At depths <4 m SOC dominated
community respiration and the importance of SOC decreased with additional
depth.

Water quality models should be able to reproduce the empirical relationships
between SOC, water column respiration and depth developed in this synthesis

er8

During summer periods sediment P releases can have a large impact on water
quality conditions. It appears that in areas of the Bay and tributary rivers with
some salt content in overlying waters, sediment P fluxes can supply enough P to
support modestly high rates of plankton production. These rates are as large (or
larger in some cases) than input rates of P from terrestrial sources and sediment P
releases are in a chemical form (DIP) ready for immediate utilization by biota.

It appears that sediment P flux is greatly enhanced under poor water quality
conditions of low DO in bottom waters and low sediment redox conditions.

In a few localized areas of the Bay (e.g., upper Potomac River estuary) elevated
water column pH can lead to elevated sediment P releases. We do not think this
IS an important mechanism in most areas of the Bay because waters are well
buffered against large pH changes.

Limited experimental work indicates that sediments are responsive, on short time
scales (hours to a few days) to changes in both pH and sediment DO and redox
conditions. Sediments responded to sharply increased pH in a matter of hours and
to very depressed DO conditions in 2-3 days.

While there appears to be a large stock of P in sediments, experimental studies
indicated that sediments from the mesohaline mainstem Bay could be depleted in
available P in a matter of a month or two when exposed to very low DO
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conditions and no new organic matter or sediments was reaching the sediment
surface. This suggests that the sediment P memory is not long as is the case in
many eutrophic lakes.

Chapter 9

A conceptual model was developed indicating likely linkages between nutrient
loading rates and sediment biogeochemical responses. This is an essential step
for management since one of the primary goals of the Chesapeake Bay Program is
to reduce nutrient loading rates to the Bay system. This model and subsequent
analyses indicate that sediment fluxes should track nutrient loading rates.

Multiple analyses indicate links to sediment processes from distal (inputs) and
more proximal (plankton production, organic matter deposition rates) causative
factors, again as suggested by the conceptual model.

There are strong indications that the magnitude and pattern of sediment processes
respond to causative factors on annual rather than longer time scales. This
suggests responsive sediment process rather than processes that have longer time
constants.

Comparisons of nutrient loads from external sources (e.g., diffuse and point
sources) to sediment nutrient releases indicate they are about equal in magnitude.
Thus, if just these two processes are considered, the load from the land is doubled
because sediments recycle an amount of N about equal to the annual load from
external sources.

Chapter 10

Examination of estuarine nutrient storages indicate that most of the N and P in
these systems are contained in bottom sediments. If there is a reactive nutrient
storage (nutrient memory) then it is clearly located in the bottom sediments.

It is often assumed that there is a long nutrient memory in these shallow estuarine
systems because nutrients loads have been elevated for 4-5 decades and longer in
some cases. The management implication of this is that these systems will not
rapidly respond to nutrient load reductions.

Examination of both water column and sediment flux time series data and
laboratory experimental data suggest that sediment fluxes are maintained by very
recent delivery of labile organic matter. Sediment fluxes appear to respond to
changes in organic matter supply rates on time scale of weeks to months rather
than years to decades. If large changes in nutrient loads occur we would predict
rapid changes in sediment oxygen and nutrient fluxes and rapid improvement in
water quality

Water quality models need to have sediment flux components that are responsive
to changes in labile organic delivery rates to sediments. Models that have non-
responsive sediment components are probably not accurate and should be
replaced.

Sediment Flux Synthesis 2008 E-6



Chapter 11

Bottom water DO conditions have a clear impact on sediment N biogeochemistry.
Indirect methods of analysis indicate that when sediments are exposed to
normoxic conditions nitrogen is lost from the system, presumably via coupled
nitrification-denitrification.

Very limited but direct measurements of both routine sediment N fluxes and
denitrification support this concept wherein N is lost in normoxic sediments.

If bottom water DO conditions improve we would expect a significant decrease in
sediment N recycling efficiency.

Chapter 12

Several statistical analyses suggest a few important water quality variables have
strong influence of sediment flux. These variables include bottom water DO,
temperature, sediment Eh, and water column nitrite plus nitrate concentrations
and these variables appear to be important in all salinity zones of the Bay and
tributary rivers

It is very likely that organic matter deposition rates, particularly during spring, set
the upper limit on sediment flux and further modify the nature of sediment flux.
We do not have estimates of spring deposition at most sites so this important
process is not directly included in these analyses. However, results of other
analyses indicated the importance of organic matter deposition rates to the
sediment surface.

The conceptual model of sediment flux is consistent with results of these
statistical analyses. It also appears that modest improvement in deep water DO
conditions (to > 3-4 mg L™ during summer) would strongly modify sediment flux
such that nutrient recycling rates would decrease and thus contribute to improved
water quality conditions.
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Chapter 1

Introduction

1-0. Overview

During the past several decades much has been learned about the effects of both
natural and anthropogenic nutrient inputs (e.g., nitrogen, phosphorus, silica) on such
important estuarine features as phytoplankton production, algal biomass, seagrass
abundance, sediment nutrient and oxygen dynamics and oxygen conditions in deep
waters (Nixon 1981; Boynton et al 1982; Kemp et al 1983; D’Elia et al 1986; Nixon
1988; Kemp and Boynton 1992; Malone 1993; Cloern 2001; Kemp et al 2005). While our
understanding is not complete, important pathways regulating these processes have been
identified and related to water quality issues.

Of particular importance here, it has been determined that (1) algal primary
production and biomass levels in many estuaries (including Chesapeake Bay) are
responsive to nutrient loading rates, (2) high rates of algal production and algal blooms
are partially sustained through summer and fall periods by benthic recycling of essential
nutrients, (3) deposition of organic matter from surface waters to estuarine sediments
links these processes of production and consumption, (4) the relative importance of
sediment processes of oxygen consumption and nutrient release on full water column plus
sediment metabolism is inversely proportional to water depth, and (5) primary
environmental factors regulating the seasonal pattern and magnitude of sediment
processes include temperature, sediment redox conditions, benthic community
composition and labile organic matter supply rates.

Many of the results contained in this report use these findings as points of
departure for analysis of Chesapeake Bay sediment oxygen and nutrient dynamics.

1-1. Conceptual Model of Estuarine Nutrient and Water Quality Processes

To place the sediment flux analyses presented here in a larger context we use a
conceptual model of estuarine and water quality processes. In this conceptual model
(Fig. 1-1; adapted from Kemp et al 2004) nutrients and organic matter enter the Bay from
a variety of sources, including wastewater treatment plant effluents, fluvial inputs, non-
point drainage and direct rainfall on Bay waters. Dissolved nutrients are rapidly
incorporated into particulate matter mainly via biological processes but chemical and
physical mechanisms are also involved (e.g., P adsorption to sediment particles). A
portion of this newly produced organic matter eventually sinks to the bottom,
decomposes and, if of sufficient magnitude, contributes to the development of hypoxic or
anoxic conditions in deep waters and at the sediment-water interface. This results in a
loss of benthic habitat for important infaunal, shellfish and demersal fish communities.
The regenerative and large nutrient storage capacities of estuarine sediments ensure a
large return flux of nutrients from sediments to the water column that can sustain
continued high rates of phytoplanktonic growth and biomass accumulation. Continued
phytoplanktonic growth and accumulation supports high rates of organic matter
deposition to deep waters and estuarine sediments, creating and sustaining hypoxic and
anoxic conditions typically associated with eutrophication of estuarine systems. It further
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appears that when severe hypoxic or anoxic conditions are established at the sediment-
water interface there are changes in the biogeochemistry of both N and P which act to
further promote eutrophication tendencies.

To a considerable extent, it is the magnitude of these processes which determines
water quality conditions in many zones of the bay. Ultimately, these processes are driven
by inputs of organic matter and nutrients from both natural and anthropogenic sources. If
water quality management programs are instituted and external nutrient loadings
decrease, changes in the magnitude of these processes are also expected and can serve as
a guide in determining the effectiveness of strategies aimed at improving Bay water
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Figure 1-1. A conceptual model of nutrient induced eutrophication for estuaries such as
Chesapeake Bay. Note that there are both degradation and restoration trajectories. Of
particular importance here are the positive feedbacks induced by low oxygen conditions on
sediment-water nutrient processes. This diagram was developed by Kemp et al (2005).
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quality and habitat conditions. The schematic model summarizes this conceptualization
of estuarine eutrophication where increased nitrogen (N) and phosphorus (P) loads result
in a water quality degradation trajectory and reduced nitrogen and phosphorous loads
lead to a restoration trajectory.

1-2. Magnitude of Nutrient Loading to Estuarine Systems

Since nutrient loading to estuarine systems is a focus of restoration efforts and
because the conceptual model of eutrophication of Chesapeake Bay suggests an
important role of sediment oxygen and nutrient processes we have included here a
general description of nutrient loading rates for many estuarine systems, including
multiple areas of the Bay system. Later in this report we present an analysis relating
external nutrient loading rates to sediment processes. Thus, this section provides an
overview of one of the main processes, external nutrient inputs, influencing sediment
oxygen and nutrient dynamics.

Both the scope and detail of information currently available concerning nutrient
inputs to coastal and estuarine waters has changed dramatically since the early work of
Meybeck (1982) who reported strong correlations between N concentrations and features
of drainage basins (e.g., population density) for 30 rivers. During the late 1980s NOAA
organized nutrient load estimates for many estuaries in the USA (e.g., Bricker et al 1999).
More recently, Smith et al (2003) updated the global-scale analysis of Meybeck (1982)
using data from 165 rivers to demonstrate that: (1) N and P loads were statistically related
to population density and runoff per unit land area, (2) N and P loads were closely
correlated to each other despite different biogeochemistries, (3) loads to coastal waters
had increased by a factor of about three since the 1970s. Estimates of future loads to
estuaries and the coastal ocean suggest another doubling by 2050 (e.g., Kroeze and
Seitzinger 1998).

Several recent analyses of nitrogen loads to estuarine systems have been based on
direct measurements of loads from riverine and point sources. For example, Conley et al
(2000) reported N loading rates to 81 Danish estuaries for a 7 year period, Nedwell et al
(2002) reported DIN loads to 93 mainland United Kingdom estuaries and Carmichael et
al (2004) estimated N loads to 15 small Cape Cod estuaries. In addition, estimates of
historical N loads suggest 5-fold or larger increases during the last three centuries for
both Narragansett Bay (Nixon 1997) and Chesapeake Bay (Boynton et al 1995). Recent
estimates for Chesapeake (Hagy et al 2004) and Waquoit Bay (Bowen and Valiela 2001)
suggest more than a doubling of N loads during the previous half-century. Nixon (2003)
estimated Nile River nutrient loads to the adjacent Mediterranean sea coast before and
after construction of the Aswan High Dam and argued that the loss of nutrients inputs due
to damming of the Nile in the 1960s has largely been replaced by anthropogenic inputs
associated with run-off of agricultural fertilizers and sewage discharges.

To examine the distribution of N-loading rates among well-studied estuaries,
Boynton and Kemp (2008) organized a frequency histogram of N loads for 218 estuarine
systems. The distribution that emerged indicated that most N-loading rates fell within the
range of 6-50 g N m? yr, and only about 15% of the systems had loading rates below 5
g N m?yrl. Itis interesting to note that anthropogenic N dosing to major watersheds of
the USA ranged from 0.5 to 3.5 g N m yr* (Jordan and Weller 1996) and from 0.9 to
about 6 g N m? yr' for smaller watersheds of USA coastal areas (Van Breemen et al
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2002; Castro et al 2003). The anthropogenic rates of N-loading to adjacent estuarine
systems are clearly much higher; 37% of the sample organized by Boynton and Kemp
(2008) exceeded 50 g N m™? yr, almost an order of magnitude greater than most adjacent
land areas. Thus, it appears that estuaries, including many portions of the Bay, are among
the most heavily fertilized systems on the planet.

Boynton et al (2008) also assembled data for 34 estuaries where inputs of both TN
and TP (g N or P m?yr) were available (Fig. 1-2). There is a very large range in N and
P inputs among these estuaries. N loads varied by a factor of almost 200 and P by just
over 300; the majority of systems in this sample had N and P loading rates ranging from
5to 50 and 1 to 10, respectively. Despite the different biogeochemistry of N and P, there
was an obvious correlation between loading rates of these elements as reported by Smith
et al (2003). Loading rates for a few systems (e.g., Himmerfjarden, Sweden; Back River,
MD) had especially high N: P ratios because sewage was a major nutrient source and P,
but not N, was removed at treatment facilities. In others, elevated N: P ratios were the
result of diffuse source inputs that were naturally more enriched in N (mainly NOs) than
P. Finally, it is important to note that loading rates alone are not generally sufficient to
predict the trophic status (sensu Nixon 1995) of an estuary. For example, both the

0.1 1 10 100

TP Load, gP m2 yr -1

Figure 1-2. A scatter plot of annual TN and TP loading rates for a variety of estuarine
ecosystems including several from the Chesapeake Bay and Maryland Coastal Bays. The red
squares indicate TN and TP loading rates for a 13 year period in the Patuxent River estuary.
The pale green band indicates the range in N loading rates to a variety of Mid-Atlantic
watersheds and suggests that loading rates to adjacent estuarine systems are indeed high.

Figure was adapted from Boynton et al (2008).
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Potomac River estuary and Narragansett Bay had similar annual N loading rates but the
Potomac exhibited severe eutrophication characteristics while these were far less severe
in Narragansett Bay. Several authors have noted that estuarine morphology, water
residence times, water column mixing rates, light conditions and biological communities
all have potentially strong influences on the impact of loading rates (e.g., Wulff et al
1990; Boynton et al 1996; Valiela et al 2000). A 13 year record of annual TN and TP
loads to the Patuxent River estuary was added to Figure 1-2 to serve as a reminder that
inputs for many estuaries exhibit considerable inter-annual variability. In this example,
TN and TP loads varied by factors of about 2.5 and 3.5, respectively. There was an
indication that the TN:TP load ratio decreased during high load years, probably because
more sediment, and sediment-bound P, were eroded and transported during wetter than
average conditions. Thus, both the quantity and composition of nutrient inputs can vary
due to climate variability.

1-3. Purpose of this Document

There are a number of goals we wish to achieve with the work contained in this
document. First, we and others have been making measurements of sediment processes
in Chesapeake Bay and tributary rivers since 1978 and measurements continue through
the present time, although at a much reduced pace. During these years about 300
different sites were occupied for sediment flux measurements and these sites were located
in about 27 tributary rivers and the mainstem Bay. A total of about 6000 individual
analyte fluxes were generated during these years. Thus, we have an opportunity to
produce a comprehensive summary of Chesapeake Bay benthic flux work. Second, given
the size of this data set, possibly the most comprehensive of any in the world, and the
generally consistent fashion in which data were collected, we have the opportunity to
examine the data in a search of general characteristics of Chesapeake sediment fluxes,
region-specific flux characteristics (e.g., tidal fresh versus mesohaline), and factors
influencing the magnitude and seasonal patterns of these processes. Third, we have also
assembled sediment fluxes from 48 other estuarine locations around the world (Bailey
2005) and we now have the opportunity to compare and contrast these with those from
the Chesapeake Bay. Finally, we have packaged the Chesapeake Bay sediment flux data
in a database software program (Microsoft Access) so that these data can be used as
needed by the larger community of estuarine ecologists, sediment biogeochemists, and
water quality modelers.
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Chapter 2

History of Sediment-Water Flux Measurements

2-1. Global View

Our understanding of nutrient processes in estuaries and the role sediments play in
these processes has witnessed several periods of rapid expansion and elaboration. Over a
quarter century ago Nixon (1981) reviewed available literature and concluded that our
perspective on the importance of various components and mechanisms in the nutrient
cycling scheme had changed remarkably. Earlier conceptual models emphasized the
water column as the sole site of organic matter consumption and nutrient remineralization
(Fig. 2-1a). One of the major changes during the next few decades was the widespread
documentation of the importance of shallow sediments as an important source of recycled
nutrients and oxygen consumption and as a likely site controlling the relative availability
of N and P for photosynthesis. Boynton et al (1980) documented various aquatic
environments where this appeared to be the case (Fig. 2-1b). Since the 1980s estimates
have come available concerning rates of N and P burial in accreting sediments and the
magnitude and factors controlling estuarine sediment denitrification and nitrous oxide
production. There has also been a large expansion in the number of sediment-water
exchange measurements made of the type reported here (Bailey 2005).
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Figure 2-1. Conceptual diagrams of remineralization and nutrient cycling in coastal and
estuarine systems during the pre-1960s and post-1980s periods where the former emphasized
water column processes and the latter was elaborated to include benthic storages and
processes. These diagrams were developed by Nixon (1981).
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More recently, Bailey (2005) compiled sediment-water flux information from the
published literature from about 50 different estuarine and coastal marine systems, again
indicating the increased appreciation of sediment processes in the general functioning of
these systems. In this effort Bailey (2005) reported a total of about 700 sets of fluxes
(some authors reporting just SOC while others reported fluxes of SOC and N and P). As
we shall see, there are many more flux measurements available for Chesapeake Bay and
tributaries rivers than all other sites combined. During the past decade or so there has
been an elaboration in the number of analytes measured (now often including N, and N,O
and CO; in addition to the commonly measured fluxes of O,, N and P compounds), a
strong shift away from in-situ chamber measurements to shipboard incubated sediment
cores and more experimental manipulations of cores.

2-2. Chesapeake Bay Sediment Fluxes

The exact early history of sediment flux work in Chesapeake Bay is as cloudy as
the water where many of these measurements were made. The reason for this is that
some early measurements were largely exploratory or measured only SOC. Others may
be buried in technical reports that have not seen the light of day for decades and we have
not yet found them. It remains possible that a few have simply faded from memory
although this seems unlikely at this point. However, it is clear that sediment flux work in
Chesapeake Bay began in the late 1970s and the first published works were done in the
Potomac (Callender 1982), Patuxent (Boynton et al 1980) and York River (Pheol 1981,
Rizzo 1990). Boynton and Kemp (1985) reported sediment fluxes from the mainstem
Bay and several tributaries based on measurements made in 1980 and 1981. However,
routine measurements of sediment oxygen and nutrient fluxes did not begin until 1984
(trial measurements) - 1985 (reported measurements) when the Maryland portion of the
Chesapeake Bay Biomonitoring Program began operations with 10 sites distributed
between the mainstem Bay and tributary rivers and visited 4-6 times a year
(encompassing the months of April-November). This measurement program continued
through 1996 and is the longest time-series data set available. In 1988-89 the
Chesapeake Bay Program also supported scattered sediment flux measurements
throughout the mainstem Bay for purposes of calibrating the sediment component of the
Bay water quality model. Also beginning in 1989 the NSF Land Margins Ecosystem
Research (LMER) program supported seasonal measurements at three primary sites along
the mainstem Bay for a five-year period. The Maryland Environmental Services
supported sediment flux measurements in the upper Bay and Baltimore Harbor
throughout the 1990s in support of proposed and on-going channel dredging operations.
Finally, Maryland Department of Environment, beginning in 1999, began supporting
sediment flux studies in all of the major tributaries of Maryland with three measurements
made during the summer period and with 20-25 sites being visited in major tributaries
and 2-6 stations in small tributaries. In all, sites in 22 different Maryland tributary rivers
and the Maryland Coastal Bays were sampled before the program concluded in 2005.
The vast majority of sediment flux measurements were supported by the Maryland
Biomonitoring Program and the Maryland Department of Environment. About 93% of
all flux measurements in the data set were collected by scientists of the University of
Maryland’s Center for Environmental Science.
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2-3. “Take-Home” Summary

= There has been a multi-decade evolution in thinking concerning remineralization
and nutrient cycling in estuarine environments in which the importance of
sediments has now been fully recognized. = Water quality models have
incorporated more or less sophisticated components to account for sediment
processes.

= There has also been a shift from in-situ to shipboard measurement techniques with
the latter being far more efficient in terms of sampling and more amenable to
experimental manipulation.

= The number of analytes measured in estuarine sediment flux studies has expanded
beginning with just SOD measurements in the early years and then coming to
include dissolved N, P and Si compounds. Even more recently (but not in this
data set) CO,, CH4, N, and N,O flux measurements have become more common
but are still not a routine part of most sediment flux monitoring programs. They
should be included both for reasons of increasing our understanding of these
processes and for use as very strong indicators of response to restoration efforts.

=  While there were some sediment flux measurements made in Chesapeake Bay
during the 1970s, routine measurements did not begin until the mid-1980s and
continued through 2005. There are no sediment flux measurements available for
the Maryland portion of Chesapeake Bay or Maryland tributary rivers before the
Bay and tributary rivers were exhibiting strong signs of anthropogenic
eutrophication. In short, there are no non-eutrophic baseline measurements of
sediment flux available.

= The data set contains primarily measurements made during a single year with
sampling focused on summer periods. These measurements, largely supported by
MDE, MD-DNR and the NSF have greatly expanded the spatial coverage of
sediment fluxes. However, there are also three sediment flux programs where
time-series flux data were developed and these include the MES-supported work
in the upper Bay, the Maryland Biomonitoring Program work at 8-10 sites in the
Bay and tributary rivers and the NSF-LMER work in the mainstem Bay.
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Chapter 3

Data Sources, Management and
Quality Assurance / Control Procedures

3-1. Data Sources

The majority of the data used in this analysis came from Boynton group studies
funded by Maryland Department of the Environment, Maryland Department of Natural
Resources, National Science Foundation and Maryland Environmental Services. Data
was obtained from electronic storage where available and directly from raw datasheets
and reports when not. A list of the companion reports for these data sources is included in
section 3.-8 of this chapter.

Peer reviewed literature was searched using the Aquatic Sciences and Fisheries
Abstracts (ASFA) database covering articles published in 1978 to 2006. This database is
the primary indexing and abstracting service for marine science literature. The database
includes ASFA Biological Sciences and Living Resources, ASFA Ocean Technology,
Policy and Non-living Resources, ASFA Aquatic Pollution and Environmental Quality,
ASFA Aquaculture and ASFA Marine Biotechnology (UMCES Libraries:
http://www.cbl.umces.edu/Library/umcesdbs.php3). The database also includes graduate
theses and dissertations and these were included for this review. Non-peer reviewed
sources were also searched including the Virginia Institute of Marine Science’s
Bibliography of Chesapeake Bay Grey Literature/ Chesapeake Bay Reports which
includes more than 70,000 pages of scientific papers, reports, technical notes or other
documents produced and published by governmental agencies, academic institutions and
other groups that are not distributed or indexed by commercial publishers (VIMS
Libraries: http://www.vims.edu/GreyL.it). Data were also obtained and verified through
personal communication with researchers known to have made sediment oxygen and
nutrient exchange measurements in the Chesapeake Bay region. Data source citations are
found in section 3-8 of this chapter.

3-2. Inclusion Criteria

Data were gathered for sediment oxygen consumption (SOC), ammonium (NH,"),
nitrite + nitrate (NO," + NOg3’) and dissolved inorganic phosphorus (PO4) flux between
sediments and overlying waters. Associated site data was also collected (if available) and
all data were converted to standard units (Table 3-1).
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Table 3-1. Data parameters, standard units and database field names.

Parameter Units Database Field Name

Station Name Text Station

Station Location Coordinates DD.dddd (decimal Latitude/Longitude
degrees)

Time hh:mm Time

Date m/dd/yyyy Date

Station Total Depth meters Station Depth

Secchi Depth meters Secchi

Station Sampling Depth meters Sample Depth

Bottom Water Temperature °C BW Temp

Bottom Water Salinity unitless Salinity

Parameter Units Database Field Name

Bottom Water Dissolved Oxygen mg L™ BW DO

Bottom Water NH, Concentration MM BW NH4

Bottom Water NO, Concentration uM BW NO2

Bottom Water NO, + NO3z Concentration BW NO2+NO3

Bottom Water PO, Concentration puM BW DIP

Sediment Redox Potential in Overlying Water (1 cm mV EhOW

above sediment surface)

Sediment Redox Potential at Sediment Surface mV EhO

Sediment Redox Potential at 1 cm below sediment mV Ehl

surface

Sediment Redox Potential at 2 cm below sediment mV Eh2

surface

% Surficial (top 1 cm ) Sediment Carbon % (weight) PC

% Surficial (top 1 cm ) Sediment Nitrogen % (weight) PN

% Surficial (top 1 cm ) Sediment Phosphorus % (weight) PP

Sediment Total Surficial Chlorophyll Concentration  mg m™ Tot Chla

Sediment Active Surficial Chlorophyll Concentration = mg m™ Act Chla

Sediment Oxygen Consumption Rate g O, m? day™ DO Flux

Sediment Dissolved Inorganic Phosphorus Flux Rate = umoles P m™? hour* ' DIP Flux

Sediment Ammonium Flux Rate umoles N m? hour' = NH4

Sediment Nitrite Flux Rate pmoles N m? hour®  NO2 Flux

Sediment Nitrite plus Nitrate Flux Rate umoles N m? hour'  NO2+NO3 Flux

Boynton or Non-Boynton Studies Boynton or Other Source
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Only flux data generated using direct constituent measurement (rather than
estimates from pore water profiles or modeling) were used for this review. Sediment
exchange data were included from measurements made using either shipboard or
laboratory mesocosm experiments (intact sediment cores incubated in a laboratory
setting) or benthic chambers (domes or boxes placed on top of areas of sediment in situ).
Only measurements made in the dark and under ambient conditions (e.g., water
temperature, salinity) were used. Data were arranged according to individual reference
and assigned an estuary name and corresponding source code.

Positive SOC fluxes were replaced with values of 0.00 in the main dataset. Raw
values are still located in the individual spreadsheet files. Positive fluxes of dissolved
oxygen in the dark are not possible under the measurement conditions included in this
database. The data replaced is shown in Table 3-2 below.

Table 3-2. Positive DO fluxes replaced in the database.

Station Date Raw DO Flux

R-64 8/11/1994 0.020
R-78 6/1/1988 0.047
PNPT 8/17/1988 0.120
VIMSDeep 9/12/1990 0.127
EV1land2 1/19/1991 0.144

CHCL 8/11/1997 1.464

3-3. Flux Measurements

Flux rates for Boynton data were calculated using our standard methods for
determining net sediment-water exchanges of nutrients (nitrogen and phosphorus) and
oxygen (SONE). For data collected prior to 1996, a mean of replicate cores was used to
better match Mini-SONE data (Boynton et al. 1997 (Interpretive Report #14)). Averages
were also taken for Non-Boynton data when replicates were available. The protocols used
in the Boynton data include a single sediment core with no blank. An intact sediment core
constituted a benthic microcosm where changes in oxygen, nutrient and other compound
concentrations were determined over a fixed incubation time. Oxygen and nutrient fluxes
were estimated by calculating the rate of change in concentration over the incubation
period and converting the volumetric rate to a flux using the volume to area ratio of each
core. General calculations used in the Boynton data include:

Core Water Depth represents height of water above the sediment surface in the chamber.

Core H,0 Depth = (CORE VOL?*/CORE SURFACE AREA®)/100°

Where
a is the measured volume of water in the sediment core (ml)
b is the surface area measurement of the core cylinder (cm?)
c converts measurement units to m

General method for calculating net sediment-water fluxes:
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NET DO FLUX (g0, m? d'%) = [(DO SLOPE) * (CORE H20 DEPTH?) x (1440°]

NET NUTRIENT FLUX (umoles-N m? h™) = [(VARIABLE SLOPE®) x (Core H20
DEPTH?) x (60% x (1000°%)]

Where

converts measurements from volumetric to areal basis

converts time units from per minute to per day and from mg to g
variables are NH,*, NO,, NO,” + NO3” and DIP

converts time units from minutes to hours

converts concentration to moles

D O 0O T D

3-4. Parameter Decisions
In some cases, decisions were made on what data to include or how that data
should be included to keep all data comparable (Table 3-3).

Table 3-3. Dataset decision conditions.

Item Explanation

Water column blanks | Not included (no fluxes are blank corrected).

Flux core replicates Average flux rate used.

Station Location Where stations were sampled over multiple months, June (or
summer) locations were used for each individual year of
sampling.

Time Where possible, times used are those that are as close to when
the sediment core was collected as possible.

Item Explanation

Sediment Chlorophyll | For sediments that are broken into a “surface” and 1 cm sample,
the values from the 1 cm sample were used.

Boynton data prior to 9/17/1985 were multiplied by 4 to
account for loss of thin top layer.

Boynton and Kemp | Used NO3 as NO, + NO3" data.
1985

3-5. Location and Frequency of Flux Measurements

Sampling locations included 290 individual stations throughout the Chesapeake
Bay, its tributaries and Maryland’s Coastal Bays (Figure 3-1). Stations on the map are
coded to represent the type of sampling conducted. TMDL sampling (June, July and
August of one year only) includes 138 of the stations (green squares on map). Yellow
shaded areas denote Maryland watersheds with no data. At this time, we have not
obtained additional datasets for the Choptank River.

There have been two agencies largely responsible for the creation of this data set.
The first was the Maryland Biomonitoring program, a part of the Chesapeake Bay
program. In this effort the measurement emphasis was on inter-annual scales of
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variability at distinctive sites in the MD mainstem Bay and tributaries. The second, and
more extensive effort, was supported by MDE wherein 20-30 sites were occupied three
times per year in many tributary locations in the MD bay and MD coastal bays.
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Figure 3-1. Chesapeake Bay and Maryland’s coastal bays sediment-water oxygen and
nutrient flux measurement site locations.
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3-6. Data Management
Data for this synthesis was organized into spreadsheets (Microsoft Excel) in the
following format (Figure 3-2).

Figure 3-2. Example of data spreadsheets.

Prepared by Eva Bailey 11/15/2007 Page 1
Station Date Time Stat. Dpth | Secchi | Samp. Dpth| BW Temp | Salinity | BW DO NH4 | NO2 NOZ+NO3 DIP EhOW EhO Eh1
BUD1 |6/19/2005| 9:54 3.4 04 | 30 251 250 | 1110 | 230 | 032 | 10.80 0.07 285 288 209
BUO1 |7/24/2005| 9:44 35 0.6 3.0 28.9 245 | 957 [ 1090 | 040 | 9.91 0.36 343 190 57
BUOT |&/14/2005| 9:38 | 31 | 06 | 30 200 | 312 | 648 | 820 | 038 | 827 | 008 | 306 | 114 | 101
BUO2 | 6/7/2005 | 9:36 2.7 0.6 20 23.9 068 | 10.06 | 107 | 025 | 313 012 123 -205 -199
BUO2 17/19/2005 8:29 23 0.4 15 29.7 135 | 725 | 056 | 011 | 051 0.07 301 378 388
BUO2 [8/15/2005| 751 2% 04 | 20 30.4 158 | 676 | 021 | 016 | 036 0.10 350 268 224
BUO3 | 6/7/2005 | 12:14 15 02 | 15 257 015 | 856 | 221 | 0.78 | 17.50 0.16 -20 323 -329
BUO3 |7A9/2005| 924 | 15 | 04 | 15 | 301 | 032 | 620 | 046 | 003 | 011 | 008 | 374 121 226
BUO3 |8/15/2005| 8:43 1.2 04 | 10 30.4 073 | 669 | 021 [ 012 | 018 | 015 281 151 119
GUO1 | 6/19/2005| 11:54 19 05 | 20 243 165 | 1210 | 074 | 027 | 1530 0.06 365 418 371
GUD1 | 7/24/2005| 11:21 25 0.8 25 285 380 | 912 | 705 | 047 | 11.90 012 381 361 363
GUOT [8/472005| 1141 | 21 | 06 | 20 | 298 [ 372 | 679 [ 521 [ 046 | 541 | 041 | 3% | 106 | o7
GUD2 |6/19/2005| 13:03 17 04 | 15 24.9 0.83 | 1220 | 160 | 043 | 19.30 0.06 346 332 111
GU02 [7/24/2005] 12:13 2.2 0.7 20 28.5 184 | 989 | 287 | 030 | 11.70 012 377 308 257
GUD2 |8/14/2005| 12:04 1.9 0.7 1.5 30.5 200 | 815 | 029 [ 015 | 0.34 0.08 348 88 95
GUO3 | 6/7/2005 | 14:29 1.5 03 | 10 245 014 | 688 | 627 | 097 | 6520 0.08 115 122 -170
GUO3 |7/19/2005| 11:24 0.9 03 | 10 28.7 034 | 919 | 572 | 097 | 39.10 0.15 355 320 326
GU03 | 8/15/2005| 10:23 0.9 06 | 05 30.7 1356 | 678 | 186 | 024 | 150 0.09 209 94 82
MAO1 [ 6/8/2005 | 11336 | 35 [ 12 | 30 [ 207 | 770 | 372 | 249 [035 | 2150 | 006 | 3177 [ 197 [ 284
MAO1 |7/20/2005| 10:19 29 0.8 25 28.4 839 | 750 [ 1055 | 024 | 398 0.05 386 N 89
MAO1 |8/16/2005| 10:03 36 05 | 30 288 | 1000 | 568 | 021 | 014 | 030 0.09 106 28 57
MAO2 | 6/8/2005 | 1044 | 43 | 12 | 40 204 | 849 | 400 | 420 | 051 | 2440 | 006 | 151 169 173
MAO2 |7/20/2005| 9:30 42 07 | 40 28.5 862 | 518 [ 1725 | 046 | 3.04 0.18 295 66 7
MAD2 |8/16/2005| 9:19 42 05 4.0 262 | 1054 | 063 | 1586 | 059 | 0.70 0.82 202 7 54
MAO3 | 6/8/2005 | 9.47 46 1.3 4.0 20.4 745 | 277 | 148 | 029 | 2430 0.06 182 184 120
MAO3 |7/20/2005| 8:36 47 0.8 4.0 282 836 | 392 | 1716 | 030 | 271 0.43 211 14 26
MAO3 | 8/16/2005| 8:35 45 0.6 4.0 29.3 9.45 6.88 | 2836 | 003 | 038 3.33 156 23 24
MAO4 | 6/8/2005 | 8:23 48 19 4.0 19.4 7.21 102 | 075 | 041 | 1380 0.08 132 96 166
MAO4 |7/20/2005| 7:33 47 1.1 4.0 275 845 | 037 [ 1896 | 003 | 089 2.4 66 -203 -181
MAO4 |8/16/2005| 7:35 45 08 | 40 28.1 938 | 071 [5114] 002 | 164 6.21 40 -1 -109
MIO1 |6/13/2005] 10:38 31 08 | 30 27.2 344 | 876 | 520 | 026 | 21.20 0.08 378 382 318
MIO1 [7/19/2005| 15:24 2.9 0.9 25 29.6 399 | 695 [ 938 [ 012 | 654 0.31 374 228 0
MIO1 |8/15/2005] 1417 2.8 0.9 25 305 481 578 | 850 | 014 | 251 0.31 271 112 116
MI02 |6/13/2005| 52 | 20 | 06 | 20 | 279 | 207 | 98 | 182 | 033 | 1210 | 006 | 358 18 o1
MIO2 |7/19/2005| 14:44 1.5 0.5 1.5 30.6 323 | 821 | 401 | 009 | 039 0.10 -16 -44 28
MIO2 | 8/15/2005| 13:37 17 05 | 15 31.2 400 | 742 | 143 | 012 | 053 0.07 300 104 112
MIO3 | 6/13/2005| 857 2.4 05 | 20 277 181 | 1035 | 500 | 047 | 9.08 0.06 320 208 -32
MIO3 | 7/19/2005| 13:56 21 04 | 20 296 344 | 726 | 317 | 007 | 1.03 0.09 89 57 69
MIO3 |8(15/2005| 12:49 | 21 07 | 20 307 3.72 7.02 | 021 | 009 | 013 0.06 37 167 128
RHO1 |6/13/2005| 15:02 2.0 09 | 20 28.2 8.41 967 | 299 | 016 | 255 0.10 390 402 290
RHO1 | 7/21/2005| 13:43 23 05 | 20 31.4 1015 | 830 | 389 164 108
RHO1 [8/17/2005] 14:12 21 0.4 2.0 298 | 1164 | 980 | 021 | 004 | 022 0.18 180 124 83

When Non-Boynton data were entered, values were first entered as raw data taken from
the publication (Figure 3-3) and then converted to the standard units and formatted as
above (Figure 3-2). Boynton data was stored in a separate spreadsheet from non-Boynton

data.
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Raw Data from Reay et al. 1995 (Sediment-water column oxygen and nutrient fluxes in nearshore environm ents of the lower Delmarva Peninsula, USA (MEPS 118:215-220

umoles m-2 h-1 g 02 m-2d1 mg m-2 {top 1 cm)
Station Date depth (m) | Water Temp(C) | Chamber Type | DO Flux | NH4Flux | MO3 Flux | NO2 Flux | DIPFlux | DO Flux | NO2+MO3 Flux TotChla | Act.Chla
EV1and2| 5/7/1990 1.0 236 dark -2161.0 | 103.0 -2.0 1.0 -03 | -1.66 -1.0 175 145
EV1and2 | 711711980 1.0 290 dark -17040 | 101.0 1.0 -1.0 1.4 -1.31 0.0 140 130
EViand2| 9/12/1990 1.0 260 dark -949.0 | 620 0.0 -1.0 9.6 | -0.73 -1.0 140 80
EV1and2 | 1/18/1991 1.0 65 dark 188.0 | 300 12.0 =20 -1.1 | 014 10.0 210 125
EViand2 | 4/14M1991 1.0 145 dark -180 | 430 -23.0 0.0 -15 | -0.01 -23.0 160 80
SCiand2| 5/28/1990 1.0 19.0 dark -2514.0 | 184.0 5.0 0.0 13.8 | -1.93 5.0 60 45
SCland2| 8f3/1950 1.0 20.7 dark -38440 | 377.0 4.0 0.0 207 | =295 4.0 110 60
SC1and2| 10/11/1990 1.0 24.7 dark -1535.0 | -4.0 -2.0 0.0 1.4 | -1.18 -2.0 70 20
SC1and2| 2/10/1991 1.0 78 dark -1596.0 76.0 -14.0 -1.0 22 -1.23 -15.0 85 B85
SCland2 | 4/29/1991 1.0 238 dark -1559.0 | 150.0 -12.0 -4.0 3.4 | -1.20 -16.0 20 40

Figure 3-3. Example of raw Non-Boynton data spreadsheets.

Station locations were stored in a spreadsheet and assigned to a tributary (Table 3-4).
Latitude and longitude were expressed as decimal degrees (Datum NAD 83).

Table 3-4. Station locations and tributary assignments.

Station Latitude Longitude Tributary

ANO1 38.8613 -77.0142 Anacostia
ANA-24 38.8635 -77.0162 Anacostia

ANO2 38.8696 -76.9929 Anacostia
ANA-21 38.8713 -77.0097 Anacostia
ANA-19 38.8720 -76.9978 Anacostia

ANO3 38.8952 -76.9618 Anacostia

ANO4 38.9153 -76.9472 Anacostia

ANO5 38.9279 -76.9392 Anacostia
WCPT 39.2627 -76.4441 Back

MDGT 39.2710 -76.4420 Back

DPCK 39.2862 -76.4621 Back

BAO1 38.0500 -75.8583 Big Annemessex
BA02 38.0583 -75.8250 Big Annemessex
BAO3 38.0667 -75.7900 Big Annemessex
BMO1 39.4691 -75.8753 Bohemia

BMO3 39.4780 -75.9222 Bohemia

BM02 39.4801 -75.8939 Bohemia

BUO1 39.3828 -76.2602 Bush

BUO2 39.4195 -76.2393 Bush

BUO3 39.4583 -76.2375 Bush

SCland2 37.3100 -76.0000 Cherrystone Inlet
EVl1and2 37.3200 -75.9900 Cherrystone Inlet
CR19 38.9989 -76.2016 Chester

CR20 39.0037 -76.2639 Chester

CR18 39.0285 -76.1849 Chester

CR17 39.0833 -76.1955 Chester

CR16 39.1031 -76.1421 Chester

CRO09 39.1100 -76.1277 Chester

CR15 39.1192 -76.1679 Chester

CRO8 39.1282 -76.0966 Chester

CR14 39.1404 -76.1808 Chester

CR13 39.1474 -76.1494 Chester

CRO7 39.1528 -76.0720 Chester
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CRO06 39.1652 -76.0459 Chester
CRO0O5 39.1840 -76.0581 Chester
CRO4 39.1935 -76.0681 Chester
CRO3 39.2238 -76.0353 Chester
CRO2 39.2391 -76.0080 Chester
CRO1 39.2420 -75.9482 Chester
HNPT 38.6202 -76.1335 Choptank
T2 38.6272 -76.2167 Choptank
WDHL 38.6908 -75.9717 Choptank
CRa 39.0572 -76.0769 Corsica
CR10 39.0738 -76.0870 Corsica
CRb 39.0786 -76.0979 Corsica
CR12 39.0811 -76.1358 Corsica
CR11 39.0831 -76.1127 Corsica
CRc 39.0848 -76.1498 Corsica
EK09 39.4372 -75.9841 Elk

EKO08 39.4617 -75.9602 Elk

EKO07 39.4824 -75.9355 Elk

EK06 39.4975 -75.9250 Elk

EKO05 39.5111 -75.9067 Elk

EK04 39.5273 -75.8836 Elk

EKO03 39.5402 -75.8752 Elk

EKO02 39.5543 -75.8680 Elk

EKO01 39.5612 -75.8622 Elk
GuU01 39.3389 -76.3139 Gunpowder
GU02 39.3750 -76.3250 Gunpowder
GU03 39.3905 -76.3473 Gunpowder
MAOQ2 39.0681 -76.4597 Magothy
MAO3 39.0734 -76.4875 Magothy
MAOQ4 39.0853 -76.5229 Magothy
MAO1 39.0865 -76.4542 Magothy
YKST 37.2687 -76.1505 Mainstem
CPCH 37.2833 -76.0917 Mainstem
NPCT 37.2955 -76.2148 Mainstem
B5 37.5000 -76.1667 Mainstem
RPST 37.5900 -76.1610 Mainstem
SMPT 37.9117 -76.1685 Mainstem
104-D1 38.0068 -76.3492 Mainstem
PNPT 38.1332 -76.2522 Mainstem
PRBY 38.3367 -76.3367 Mainstem
MB12 38.4333 -76.4237 Mainstem
MB13 38.4382 -76.3925 Mainstem
MB14 38.4417 -76.3658 Mainstem
MB15 38.4475 -76.3450 Mainstem
MB16 38.4492 -76.3308 Mainstem
B3 38.5022 -76.4597 Mainstem
PKCK 38.5462 -76.5098 Mainstem
MBOQ7 38.5535 -76.5032 Mainstem
MBO08 38.5549 -76.4940 Mainstem
MBO09 38.5563 -76.4342 Mainstem
R-64 38.5586 -76.4264 Mainstem
MB11 38.5632 -76.3672 Mainstem
MB10 38.5651 -76.3710 Mainstem
Sediment Flux Synthesis 2008 3-9




B4 38.5772 -76.4042 Mainstem
TPBY 38.5920 -76.3365 Mainstem
BDPT 38.8167 -76.4333 Mainstem
DT-1 38.8977 -76.3933 Mainstem
TMPT 38.9013 -76.4077 Mainstem
DT-4 38.9160 -76.3912 Mainstem
DT-7 38.9385 -76.3988 Mainstem
DT-10 38.9458 -76.3940 Mainstem
R-78 38.9635 -76.3937 Mainstem
UB17 38.9667 -76.3612 Mainstem
UB16 38.9667 -76.3667 Mainstem
104-D2 38.9938 -76.3583 Mainstem
104-DR 38.9952 -76.3727 Mainstem
104-S2 39.0240 -76.3425 Mainstem
104-SR 39.0342 -76.3554 Mainstem
104-S1 39.0372 -76.3388 Mainstem
UB15 39.0567 -76.3333 Mainstem
CHCL 39.0585 -76.3916 Mainstem
CHSL 39.0585 -76.3868 Mainstem
DCO07 39.0950 -76.3000 Mainstem
UB14 39.0978 -76.2880 Mainstem
UB13 39.1017 -76.3333 Mainstem
DCO06 39.1216 -76.3966 Mainstem
UB12 39.1217 -76.3800 Mainstem
BECL 39.1598 -76.3724 Mainstem
BESL 39.1621 -76.3710 Mainstem
UB11 39.1717 -76.3333 Mainstem
DC04 39.1779 -76.2885 Mainstem
UB10 39.1850 -76.3200 Mainstem
B2 39.2000 -76.3672 Mainstem
HTMR 39.2000 -76.3667 Mainstem
UB09 39.2155 -76.2778 Mainstem
UB08 39.2203 -76.3715 Mainstem
TCCL 39.2646 -76.2363 Mainstem
NACL 39.2646 -76.2363 Mainstem
PLIS 39.2713 -76.2903 Mainstem
GCNT 39.2755 -76.2603 Mainstem
UBO07 39.2777 -76.2190 Mainstem
GC-2 39.2783 -76.2537 Mainstem
GW-3 39.2788 -76.2560 Mainstem
GE-1 39.2791 -76.2550 Mainstem
GC-1 39.2798 -76.2535 Mainstem
GW-1 39.2798 -76.2585 Mainstem
92-1 39.2836 -76.2450 Mainstem
GW-2 39.2863 -76.2500 Mainstem
GE-2 39.2864 -76.2522 Mainstem
92-2 39.2895 -76.2414 Mainstem
UBO06 39.2895 -76.3413 Mainstem
GTST 39.2917 -76.2527 Mainstem
GWST 39.2925 -76.2518 Mainstem
B1 39.3083 -76.1950 Mainstem
WNCK 39.3083 -76.1950 Mainstem
DCO03 39.3417 -76.1833 Mainstem
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UBO5 39.3450 -76.1917 Mainstem

SLPD 39.3478 -76.1812 Mainstem

DCO02 39.3833 -76.0900 Mainstem

UB04 39.3867 -76.1067 Mainstem

UB03 39.3975 -76.1183 Mainstem

DCO01 39.4246 -76.0187 Mainstem

UBO02 39.4250 -76.0250 Mainstem

UBO1 39.4283 -76.0433 Mainstem

MNO3 38.1217 -75.8667 Manokin

MNO1 38.1367 -75.7967 Manokin

MNO2 38.1383 -75.8250 Manokin

NBO1 38.1786 -75.2335 MD Coastal Bays
NBO02 38.2001 -75.2317 MD Coastal Bays
NBO4 38.2099 -75.2036 MD Coastal Bays
SP04 38.2223 -75.1775 MD Coastal Bays
MCO01 38.2327 -75.2503 MD Coastal Bays
NBO3 38.2376 -75.2152 MD Coastal Bays
TCO1 38.2659 -75.1792 MD Coastal Bays
IWQ7 38.3521 -75.1299 MD Coastal Bays
IWO08 38.3552 -75.1458 MD Coastal Bays
IWO09 38.3639 -75.1041 MD Coastal Bays
IW04 38.3690 -75.0774 MD Coastal Bays
IWO06 38.3750 -75.1264 MD Coastal Bays
W01 38.3774 -75.1030 MD Coastal Bays
IWO05 38.3943 -75.1238 MD Coastal Bays
AS06 38.4004 -75.0937 MD Coastal Bays
IWO03 38.4035 -75.1449 MD Coastal Bays
IW02 38.4113 -75.1723 MD Coastal Bays
AS02 38.4245 -75.0797 MD Coastal Bays
AS05 38.4280 -75.1046 MD Coastal Bays
ASO03 38.4393 -75.0777 MD Coastal Bays
AS04 38.4415 -75.1194 MD Coastal Bays
MI01 39.3048 -76.4042 Middle

MIO3 39.3151 -76.4302 Middle

MI02 39.3236 -76.4028 Middle

NR0O4 39.5252 -75.9856 Northeast

NRO3 39.5388 -75.9775 Northeast

NRO2 39.5643 -75.9731 Northeast

NRO1 39.5874 -75.9530 Northeast

CTBY 39.1727 -76.5000 Patapsco

BWCL 39.1910 -76.4766 Patapsco

BWSL 39.1939 -76.4752 Patapsco

RVBH 39.2230 -76.5417 Patapsco

HMCK 39.2324 -76.4965 Patapsco

FFOF 39.2338 -76.5543 Patapsco

FMCL 39.2371 -76.5510 Patapsco

INHB 39.2748 -76.6027 Patapsco

FYBR 39.2540 -76.6027 Patapsco

PX32 38.3763 -76.5127 Patuxent

PX33 38.3763 -76.5127 Patuxent

T1 38.3783 -76.5028 Patuxent

STLC 38.3803 -76.5011 Patuxent

BRIS 38.3933 -76.5511 Patuxent
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PX23 38.4048 -76.5743 Patuxent
PX25 38.4198 -76.5760 Patuxent
PX21 38.4250 -76.5850 Patuxent
PX15 38.4338 -76.6220 Patuxent
MRPT 38.4461 -76.6317 Patuxent
PX07 38.4895 -76.6588 Patuxent
BUVA 38.5185 -76.6637 Patuxent
T3 37.9006 -75.7992 Pocomoke
PS01 37.9100 -75.8000 Pocomoke
PS02 37.9500 -75.7167 Pocomoke
PC10 37.9650 -75.6483 Pocomoke
PC09 38.0033 -75.6200 Pocomoke
PCO08 38.0333 -75.6600 Pocomoke
PCO7 38.0550 -75.6233 Pocomoke
PCO06 38.0683 -75.5867 Pocomoke
PCO05 38.0883 -75.5417 Pocomoke
PC04 38.1100 -75.5033 Pocomoke
PCO03 38.1400 -75.4667 Pocomoke
PCO02 38.1617 -75.4250 Pocomoke
PCO1 38.1783 -75.4000 Pocomoke
PTO1 38.0097 -76.4249 Potomac
PTO02 38.0415 -76.4125 Potomac
PTO3 38.0613 -76.3927 Potomac
V-3 38.0800 -76.5000 Potomac
PTO4 38.0846 -76.5328 Potomac
PTO5 38.1014 -76.5167 Potomac
V-PP 38.1100 -76.5400 Potomac
V-SM 38.1400 -76.4500 Potomac
RGPT 38.1622 -76.5893 Potomac
PTO8 38.1681 -76.6635 Potomac
PTO6 38.1774 -76.6082 Potomac
PT09 38.1864 -76.7408 Potomac
PTO7 38.1890 -76.5974 Potomac
V-BB 38.1900 -76.7000 Potomac
PT10 38.2583 -76.8736 Potomac
V-PC 38.3400 -77.2700 Potomac
PT11 38.3555 -76.9889 Potomac
MDPT 38.3562 -77.1915 Potomac
PT13 38.3572 -77.1773 Potomac
V-16 38.3700 -77.2400 Potomac
PT14 38.3831 -77.2864 Potomac
PT15 38.3904 -77.2622 Potomac
PT12 38.3930 -77.0856 Potomac
Eight 38.4136 -77.2765 Potomac
V-PT 38.4200 -77.1200 Potomac
V-Q 38.4600 -77.3000 Potomac
PT16 38.4741 -77.2917 Potomac
PT17 38.5489 -77.2485 Potomac
Seven 38.5805 -77.2118 Potomac
Six 38.5821 -77.2388 Potomac
PT18 38.6113 -77.1775 Potomac
Five 38.6538 -77.1240 Potomac
GNCV 38.6592 -77.1400 Potomac
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PT19 38.6640 -77.1307 Potomac
Four 38.6665 -77.1320 Potomac
V-26 38.7000 -77.0500 Potomac
PT20 38.7077 -77.0469 Potomac
Three 38.7108 -77.0423 Potomac
HGNK 38.7390 -77.0392 Potomac
One 38.7705 -77.0338 Potomac
Two 38.7781 -77.0333 Potomac
PT21 38.8054 -77.0336 Potomac
PT22 38.8423 -77.0268 Potomac
PT24 38.8679 -77.0334 Potomac
PT23 38.8708 -77.0217 Potomac
PT25 38.8832 -77.0493 Potomac
RHO1 38.8797 -76.5176 Rhode
RHO02 38.8870 -76.5375 Rhode
SF01 39.3663 -75.9225 Sassafras
SF02 39.3756 -75.9575 Sassafras
SF03 39.3780 -75.9954 Sassafras
SF04 39.3780 -76.0353 Sassafras
SEO1 38.9957 -76.4902 Severn
SEO02 39.0094 -76.5108 Severn
SEO03 39.0355 -76.5400 Severn
SEO04 39.0679 -76.5729 Severn
SO01 38.9288 -76.5180 South
S002 38.9542 -76.5611 South
S0O03 38.9580 -76.5799 South
WEOQ02 38.8403 -76.5361 West
WEO1 38.8516 -76.5310 West
YKSS 37.2500 -76.5100 York
Sweet Hall 37.5667 -76.8333 York
Goodwin Islands 37.2167 -76.3833 York
VIMS Shoal 37.2483 -76.4965 York
Claybank SH 37.3242 -76.5900 York
Claybank Deep 37.3242 -76.5933 York
Mumfort Island 37.2622 -76.5109 York
VIMS Deep 37.2408 -76.4863 York

YR 37.2687 -76.1530 York

YR Mouth Deep 37.2555 -76.3530 York
York Mouth 37.2554 -76.3572 York
PRPR Deep 37.4275 -76.7002 York
PRPR Shoal 37.4300 -76.7000 York
LE4CH 37.2340 -76.4498 York
LE4SH 37.2513 -76.4505 York
RET4CH 37.5094 -76.7897 York
RET4SH 37.5114 -76.7817 York
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3-7. Database Design

A database titled “Chesapeake Bay Flux Synthesis Database” was created in
Microsoft Access 2003 from three spreadsheets: Boynton Data, Non-Boynton data and
Station Locations. Two tables were created:
Flux Synthesis Data
Flux Synthesis Station Locations

A form was created to facilitate querying the database (Figure 3-4). It allows the
user to construct multiple parameter queries and exports desired data to a Microsoft Excel
spreadsheet (Figure 3-5).

Get Data
(Gonzo it!)

Figure 3-4. Database form created as interface for queries.
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Tributary: [ Longitude: | Lafitude: |  Station: Date: [ Time: [ StationDepth: |  Secchi: | Sample Depth: [ BW Temp: |
Mainstem 76.195 3930833333 WNCK 30-Ju-80  0.493055556 4 35 28.1
Mainstem ~76.36666667 39.2 HTMR 07-May-81  0.708333333 4 35 14
Mainstem 76195  30.30833333B1 07-May-81 0361111111 4 04 35 14
Mainstem 7629033333 30.27133333 PLIS 17-Apr-88  0.725694444 34 0.4 3 11.1
Mainstem -76.29033333  39.27133333 PLIS 28-Jul-98  0.384027778 45 0.4 3 26.45
Mainstem -76.25  30.28633333 GW-2 14-Jun-94  0.743055556 4 0.4 35 25.1
Mainstem -76.29033333  30.27133333 PLIS 18-Jul-96  0.583333333 33 05 25 269
Mainstem 7620033333 30.27133333 PLIS 12-Jun-96  0.350694444 42 05 3 239
Mainstem 7629033333 30.27133333 PLIS 13Jun-95  0.733333333 36 06 3 226
Mainstem 76.25  39.28633333 GW-2 14-Jun-95 0348611111 4.8 0.6 4 22
Mainstem -76.25  30.28633333 GW-2 18-Jul-94  0.495138889 45 06 4 285
Mainstem -76.195  39.30833333 B 01-Aug-80  0.493055556 4 06 35 282
Mainstem 7620033333 30.27133333 PLIS 16-Aug-96  0.322916667 39 06 3 261
Mainstem 76.25  39.28633333 GW-2 18-Jul-96  0.354166667 45 06 4 265
Mainstem -76.26722222 39.2B2 01-Aug-80  0.291666667 46 0.7 4.1 27.2
Mainstem -76.36722222 39.2 B2 07-May-81  0.678472222 46 0.7 41 14.4
Mainstem -76.34133 39.2895 UBOG 28-Jul-98  0.329861111 45 0.7 4 267
Mainstem 7620033333 30.27133333 PLIS 15-Aug-88  0.720833333 4 07 3 30.1
Mainstem 7629033333 39.27133333 PLIS 18-Jul-94  0.709027778 39 0.7 3 286
Mainstem -76.29033333  39.27133333PLIS 12-Aug-94  0.440972222 4 0.7 3 256
Mainstem -76.25  39.28633333 GW-2 10-Jul-95  0.564583333 45 0.7 4 255
Mainstem -76.25366667  39.27833333 GC-2 19-Aug-93 0.375 45 08 4 267
Mainstem -76.11833 39.3975 UBO3 27-Ju-08  0.541666667 4 0.8 35 27.8
Mainstem -76.25  39.28633333 GW-2 17-Jul-97 0.40625 45 09 4 284
Mainstem -76.25  39.28633233 GW-2 12-Aug-94  0.384027778 43 0.9 3 257
Mainstem -76.25  39.28633333 GW-2 29-Aug-95  0.409722222 45 09 4 2538
Mainstem 7625  39.28633333 GW-2 12-Jun-97  0.438888889 4 0.9 35 207
Mainstem 7620033333  30.27133333 PLIS 15-Jun-94  0.350722222 3 0.9 25 243
Mainstem 7625 39.28633333 GW-2 14-Aug-97  0.392361111 42 1 3 263
Mainstem -76.29033333  39.27133333 PLIS 14-Jul-92 0.6875 35 1 3 273
Mainstem -76.29033333  30.27133333 PLIS 11-Jul-95  0.568055556 3 1 25 259
Mainstem -76.29033333  39.27133333 PLIS 18-Aug-93  0.534722222 35 11 3 27.1
Mainstem 7620033333  30.27133333 PLIS 14-Jun-93 0657638889 35 11 3 235
Mainstem 7629033333 30.27133333 PLIS 12-0un-97  0.336805556 35 1.1 3 206
Mainstem -76.29033332  39.27133333 PLIS 22-Jul-92 0.35625 35 12 3 262
Mainstem 762535  39.27983333 GC-1 18-Aug-93  0.473611111 35 13 3 268
Mainstem -76.29033333  39.27133333 PLIS 17-Jul-97  0.322916667 39 13 3 286
Mainstem 7620033333 30.27133333 PLIS 10-Aug-92  0.666666667 3 14 25 259
Mainstem -76.29033333 3027133333 PLIS 28-Aug-95  0.743055556 3 15 25 26.4
Mainstem -76.33083333 3844916667 MB16 06-Jul-98  0.647222222 3 16 25 26.36
Mainstem -76.29033333  30.27133333 PLIS 14-Aug-97  0.317361111 39 19 3 265
Mainstem 7629033333 39.27133333 PLIS 04-Nov-88  0.319444444 3 26 25 9.8

Figure 3-5. Example of a portion of the Excel table generated as query output from the

following search parameters:
[Tributary] = "Mainstem™ And [Station Depth] < 5 from the Flux Synthesis database.

Additional data can be added to this database provided it is in the formats described

above.
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Chapter 4

Broad Characterization of Chesapeake Bay Sediment Flux Data

4-1. Background

In this section we present, describe and interpret broad characterizations of
sediment flux data and associated environmental variables based on all observations
made in the Bay region. This is the broad brush assessment of sediment nutrient and
oxygen fluxes and associated variables. We have divided this section into four units
including physical, chemical and biological variables known to influence sediment flux
characteristics, the flux measurements and a series of summary conclusions. This broad
characterization will be especially useful in comparing and contrasting results from
specific areas within the Bay system.

4-2. Physical Variables

Measurements of sediment fluxes were conducted at 289 different sites and 1520
station depths were recorded (many stations were occupied repeatedly).

Sediment fluxes were made at depths that encompassed virtually the entire depth
distribution of important Bay habitats. Station depths ranged from about 1 to 42 m; the
median station depth was about 6m (Table 4-1; Fig. 4-1). The majority of measurements
(60%) were made in waters <8 m in depth. It was an appropriate decision to favor
shallow sites for flux measurements because the influence of sediment processes is
inversely proportional to water depth (see Chapter 7). Secchi depths ranged from about
0.1 to 5.0 m based on a total sample of 1409 measurements. The median value was 1.0 m
(Table 4-1; Fig. 4-1). With a median Secchi disk depth on 1.0 m the depth of 1% light
penetration is approximately 2.7 m. Thus, with a median depth of 6 m and Secchi depth
on 1.0 m the vast majority of sediments sampled were aphotic. In addition, all sediment
core incubations were conducted under dark conditions. Hence, these fluxes represent
processes associated with aphotic sediments. Bottom water temperature ranged from 4 to
31 °C, a very large range. However, the median temperature at the time of flux
measurements was 25 °C and this indicates that the majority of fluxes were conducted
under temperature conditions above the annual average temperature (Table 4-1; Figure 4-
1). About 80% of all fluxes were made at >20 °C. However, previous work (Boynton et
al 1980) clearly indicated that the sediment processes routinely measured in monitoring
programs were highest at temperatures > 20 °C. Thus, effort was expended during the
warmer portions of the year.

4-3. Chemical and Biological Variables

Bottom water salinity ranged from 0.0 to 30, again encompassing the full range of
salinities encountered in the Chesapeake Bay and Maryland Coastal Bays. The median
salinity value was about 11, representing low mesohaline conditions (Table 4-1; Fig. 4-
2). Bottom water dissolved oxygen concentrations ranged from 0.0 to 17 mg I and the
median value was about 6 mg I"*. The median value for DO indicates that most sediment
fluxes were made under normoxic conditions, at least at the time of measurement.
However, there were a substantial number of flux measurements made under
hypoxic/near-anoxic conditions (31% at DO < 4 mg I™"; Table 4-1; Fig. 4-2) and this is
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important because of the strong effect DO conditions have on the pattern and magnitude
of flux (see Chapters 8 and 11). Bottom water ammonium concentrations exhibited a
huge range (0.02 to 112 puM) and this was not expected. It seems that we had become
accustomed to surface water ammonium concentrations which are often very low (<1
UM) especially during summer periods. However, even the median value of 5.0 uM for
ammonium indicates the importance of sediments as a source of recycled ammonium
(Table 4-1; Fig. 4-2). Bottom water nitrite and nitrate plus nitrite concentrations ranged
from 0.01 - 27.0 and from 0.01 - 207 uM, respectively. Most elevated nitrite
concentrations occurred during fall periods and are thought to be generated by incomplete
sediment nitrification. The very large range in nitrate concentration reflect the important
influence of rivers draining the Chesapeake watershed and, as we will show later, have a
strong effect on sediment nitrate plus nitrite fluxes (Table 4-1; Figure 4-2; see Chapter 4).
Bottom water phosphorus concentrations ranged from 0.02 to 13 uM with a median value
of about 1.0 uM. As with ammonium, deep water concentrations of DIP were elevated
compared to surface water values and again emphasizes the importance of sediments as a
recycled source of this essential element.

Table 4-1. Site characteristics for the sediment water flux database.

Variahle Median Range |
Stations 289
Water Depth (m) & 1to 42 1530
Secchi Depth (m) 1 D1tk 1409
Battam Water Temperature (°C) 25 4 to 31 1516
Bottorm Water Salinity 11 0to30 1505
Bottom Water Dissolved Ciygen (mg LY =3 0to 17 1482
Bottom Water NH, (ph) 5 0.02 to 112 1483
Bottom Water MO, (ph) a 0.01 to 27 1363
Bottom Water MO, + MO, (i) 4 0.01 ta 207 1487
Bottom Water PO, (ph) 1 002t 13 1492
Owetlying Water Eh (Corrected m) 353 -264 to 458 1347
Sediment Surface Eh (Corrected m') 307 -323 to 462 1331
Sediment Eh @ 1 cm (Corrected m') 177 -329 to 539 1360
Sediment Eh @ 2 cm (Corrected m') 140 -325 to 502 1350
Surficial Sediment Particulate Carbon [%wt) 3 003 to 22 1430
Surficial Sediment Particulate Mitrogen (%owt) 0.3 0.01to1 1370
Surficial Sediment Particulate Phosphorus (Yowt) 0.1 0.007 to 1 1352
Surficial Sediment Total Chlorophyll-a (mg me2) 72 4 to 541 1395
Surficial Sediment Active Chlorophyll-a {(mg m3) 21 1to 441 1367
Sediment Oxygen Consumption (g O, 2 d1) 1.0 0003 to 7 1509
Sediment DIP Flux (umoles P m2 kel B 137 t0 229 1480
Sedirment Flux NH, (proles N m2 bty 193 =148 to 2169 1495
Sediment Flux MO, (prnoles M m? h'") a -138t0 129 1232
Sediment Flux MO, + MO, (prmaoles N m? k) a -B07 to 288 1490
Surface Water Respiration (g O, m? d-1) 20 011013 186
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Figure 4-1. Variable frequency histograms for water depth (m), bottom water
temperature (°C) and secchi depth (m) for the sediment flux database.
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Figure 4-2. Frequency histograms of bottom water conditions: salinity, DO (mg L™),
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Figure 4-3. Frequency histograms of sediment conditions: surficial (top 1 cm)
particulate carbon (%), particulate N (%), particulate P (%), total and active
chlorophyll-a (mg m?) and Eh at 1 cm (mV) for the sediment flux database.
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There were five different sediment variables measured at almost all sediment flux
sites and these included sediment Eh (to estimate the redox condition of sediments; these
measurements were made at various depths in the sediment column), sediment particulate
carbon (PC), particulate nitrogen (PN) and particulate phosphorus (PP) to obtain an
estimate of total sediment reserves, and two measures of labile organic matter at the
sediment surface (total and active chlorophyll-a). Sediment Eh at one centimeter below
the sediment surface ranged from -329 mV (very reduced sediments) to 539 (very
oxidized sediments) with a median value of 177 mV (Table 4-1; Fig. 4-3). This extreme
range proved to be useful because sediment redox conditions have a strong influence on
sediment processes. Surficial sediment PC, PN and PP concentrations ranged from 0.03
to 22%, 0.01 to 1.0 and 0.001 to 1.0, respectively, with median values of 3.0, 0.3 and 0.1
% weight of dry sediments. Median values are typical of estuarine sediments (Boynton et
al 1995). Surficial sediment active and total chlorophyll-a values ranged from 1 to 441
and 4 to 541 mg m, with medians of 21 and 72, respectively. For the most part, the
surficial sediment chlorophyll-a values are biased towards summer values which are
generally lower than late winter-spring or even fall values. We do have spring and fall
measurements but they represent only about 28% of all observations. There are several
reasons for this pattern. First, it appears that a large percentage of both the spring and fall
diatom blooms reach the sediment surface more or less intact. Thus, there is a bigger
vertical flux of chlorophyll-a during these seasons than during summer when more of the
phytoplankton biomass in the water column is grazed or completely metabolized by
bacteria and other small heterotrophs before reaching the bottom. Second, chlorophyll-a
degrades as a function of temperature (Hagy et al 2005) and the cooler bottom
temperatures of spring “preserve” chlorophyll-a longer than during summer. As we will
show later (see Chapter 6) it is unfortunate that spring sediment sampling for chlorophyll-
a was not a part of most sediment flux monitoring programs.

4-4. Sediment Oxygen and Nutrient Fluxes

There were five sediment flux measurements routinely made in most of the
sediment flux monitoring programs reported here and these included SOC (sediment
oxygen consumption), phosphorus (Dissolved Inorganic Phosphorus or DIP), ammonium,
nitrite and nitrite plus nitrate flux. In most case we have only reported nitrite plus nitrate
flux because nitrite fluxes were generally very small. During the period when sediment
flux measurements were made in Chesapeake Bay and tributary rivers (1978 - 2005) we
found 1509 measurements of SOD, 1495 measurements of DIP flux, 1495 measurements
of ammonium flux, 1232 measurements of nitrite flux and 1490 measurements of nitrite
plus nitrate flux. In a recent review of sediment fluxes for areas other than Chesapeake
Bay (Bailey 2005) a total of about 554, 506 and 641 SOC, DIP and ammonium fluxes
were identified from 51 other estuaries. The sediment flux measurement density for
Chesapeake Bay is much higher than any other estuary that we are aware of and, indeed,
the summation of published flux measurements is only about a third the number of
measurements made in Chesapeake Bay, tributary rivers and the Maryland Coastal Bays.
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SOC rates ranged from about zero to 7.0 g O, m™ day™ and had a median value of
1.0 g O, m? day™ (Table 4-1; Fig. 4-4). Only about 10% of all SOC measurements
exceeded 3 g O, m? day™ but about 24% of measurements were less than 0.75 O, m™
day™. It is important to note that bottom water DO concentration has an effect on SOC
rates. We found that at DO concentrations less than about 3 mg ™ SOC rates become
depressed, apparently due to a lack of DO to support SOC rates. About 24% of all SOC
measurements fall into this category. Thus, under normoxic conditions median SOC rate
was somewhat higher. It is important to note that sediment metabolism does not cease
when bottom water DO concentrations become depressed. Rather, anaerobic metabolism
becomes relatively more important. In areas of the Bay where sulfate is available from
the water column (e.g., any locations with some salinity) the main form of anaerobic
metabolism is sulfate reduction. Unfortunately, there are a limited number of anaerobic
metabolism measurements available from Chesapeake Bay. However, measurements
made by Roden and Tuttle (1993) and Marvin-DiPasquale et al (1998 and 2003) indicate
that anaerobic metabolism is indeed important in Chesapeake Bay sediments, even when
DO concentrations in overlying waters are normoxic.

Sediment DIP fluxes ranged from -137 to 229 umol P m? hr ™* and had a median
value of 6.0 pmol P m™ hr * (Table 4-1; Fig. 4-4). While there were fluxes of DIP from
water to sediments, flux in this direction was rare. About 9% of all DIP measurements
were sediment-directed. Large sediment-directed fluxes were very rare and almost all
sediment-directed DIP fluxes were from tidal freshwater sites. Similarly, very large DIP
fluxes were also rare. About 9% of DIP fluxes exceeded 50 umol P m™ hr ** and were
generally associated with very hypoxic or anoxic overlying waters and severely reduced
sediments. DIP fluxes exceeded 15 umol P m™ hr "tin 31% of all bay measurements and
these are considered to be of real water quality importance because fluxes of this
magnitude could support primary production rates of at least 0.5 g C m™ day™.

Sediment ammonium fluxes ranged from -148 to 2169 pmol N m™ hr *and had a
median value of 193 pmol N m? hr . A small number of ammonium fluxes were
directed from water to sediments (3%) and most of these were quite small (Table 4-1 and
Fig. 4-4). The mechanism for sediment ammonium uptake might involve autotrophic
utilization or sorption of ammonium to sediments but we have no direct evidence
supporting either of these pathways of ammonium loss from the water column. Large
ammonium fluxes (>400 pmol N m™ hr %) were less rare (17% of all measurements) and
30 % of all ammonium fluxes were in excess of 300 umol N m? hr . Sediment
ammonium releases of 300 pmol N m™ hr ** could support phytoplankton production at
rates of about 0.7 g C m? day ™. Highest ammonium fluxes were consistently associated
with very nutrient enriched environments of the Bay.

Sediment nitrite plus nitrate fluxes ranged from -607 to 288 pmol N m? hr * and
had a median value of 0.0 umol N m™ hr . Nitrite plus nitrate flux from water to
sediments was the most common flux direction (48% of all fluxes) and it is probable that
much of this N was later denitrified in sediments, a conclusion supported by the literature
but for which we have no direct evidence from flux monitoring programs. In general
nitrite plus nitrate fluxes were correlated with nitrate concentrations in overlying waters.
There were a considerable number of nitrite plus nitrate fluxes that were zero (i.e., no net
flux) and these comprised 20 % of all fluxes. These mainly occurred during summer at
locations removed from river nitrate sources and at locations where bottom water DO

1
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conditions did not permit sediment nitrification. About 32% of all fluxes were from
sediments to the overlying water and the magnitude of these fluxes was almost always
small (relative to ammonium fluxes) and virtually always small enough to not be a
concern from a water quality point of view. However, these nitrite plus nitrate fluxes
from sediments to water were a clear indication that nitrification (a process requiring
oxygen) was an active process and thus an important indication of well oxygenated
sediments and good sediment quality. It is also likely that if sediment nitrification is
going on, so is sediment denitrification in sediment layers that are anoxic but very close
to the oxidized surficial sediments.

4-5. Sediment Fluxes Compared to Nutrient Loads

In earlier work we developed annual-scale nutrient loading rates to 34 estuarine
systems, including a number of sites from Chesapeake Bay and the Maryland Coastal
Bays (Boynton et al 2008, in review). N and P loading rates from adjacent watersheds
ranged over several orders of magnitude, from 1.1 to 188 g N m? yr™* and from 0.1 to 32
g P m? yr* (Fig. 4-5). Multi-year TN and TP input data for a few estuaries indicate that
inter-annual variability can be large, but is not as large as the variability among systems.
For example, TN and TP load to the Guadaloupe estuary varied by factors of 3.7 and 2.5,
respectively, between wet and dry years. In comparison, TN and TP loading to the
Patuxent River estuary varied by 2.0 and 2.6, respectively, during wet and dry years.
Kaneohe Bay, HI is an example of significant loading reductions resulting from a
diversion of wastewater out of the Bay. TN and TP loads were reduced 2.0 and 4.5-fold
respectively, due to management actions related to sewage diversions.

Among the same 34 estuaries, N: P ratios (mass basis) of inputs ranged from 2 to
38, bracketing the Redfield ratio (N: P = 7.2:1 mass ratio). About a quarter of these
locations (9 of 34) had load ratios that were considerably lower (<5.0) than the Redfield
ratio while 50% (18 of 34) had ratios equal to or higher than 9.0. Although point source
dominated systems tend to have lower load ratios (Boynton et al 1995) this is not always
the case. For example, several systems (Himmerfjargen,Sweden and Back River, MD)
had very high load ratios (38) even though point sources were the dominant nutrient
source because P (and not N) was removed from sewage treatment plant effluent.

We can use these inputs shown in Figure 4-5 (often called “new nutrients”
because they come from external sources and are introduced into estuaries) as a way of
judging the relative importance of nutrients recycled from estuarine sediments. In this
figure we have noted average and high values for ammonium and DIP fluxes based on all
the data contained in the sediment flux data base. The intersection of the N and P
recycling rate lines (for average and high fluxes) describes a box that places Chesapeake
Bay sediment fluxes in perspective with “new inputs” of N and P. This plot makes
several points quite clear. First, sediment nutrient recycling is important; recycled
masses of N and P are equivalent to loading rate in the middle and high range based on a
selection of estuaries from around the world. Second, loads of “new nutrients” to
systems such as Chesapeake Bay are only part of the eutrophication story. Nutrients are
rapidly recycled, from sediments as well as the water column, and used repeatedly,
mainly during the warm periods of the year, to maintain and at times enhance eutrophic
conditions.
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Figure 4-5. A scatter diagram of total phosphorus (TP) versus total nitrogen (TN)
loading rates for a variety of estuarine, coastal and lagoonal ecosystems. The bold
horizontal line represents the Redfield ratio (weight basis). The red box indicates the
loading rate of N and P delivered as recycled nutrients based on sediment flux data in the
Chesapeake Bay sediment flux database. Complete citations for all numbered sites in the
diagram can be found in Boynton and Kemp (2008).

Sediment Flux Synthesis 2008

4-10



4-6. “Take-Home” Summary

= The flux data set for Chesapeake Bay, tributary rivers and the Maryland Coastal
Bays contains measurements from a high diversity of environments. Included are
high, moderate and low salinity areas, normoxic, hypoxic and near-anoxic sites
and shallow, moderate and deep water sites.

= Approximately 1500 flux measurements are included in the data set and the vast
majority of flux measurments also include measurement of selected
environmental variables thought to influence (or be influenced by) the pattern and
magnitude of sediment fluxes.

= Sediment flux measurements were made in all months of the year but the majority
of measurements (72%) were made during the June - August period. Thus, the
data set focuses on summer fluxes. However, measurements made during cool
and cold periods of the year clearly indicated that sediment fluxes of DO, N and P
compounds were small during those periods.

= Descriptive statistics (mean, standard error, median) and frequency histograms
have been developed using the entire flux data set for each flux and each
environmental variable. Most exhibited substantial ranges of values as expected
given the widely differing sediment and water column conditions.

= Compared to “new inputs” of N and P compounds, sediment nutrient releases are
large being comparable to loading rates from moderately to very nutrient enriched
ecosystems.
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Chapter 5

Chesapeake Bay Site-Specific Characterizations

5-1. Introduction

In Chapter 4, Bay-wide patterns of sediment flux and associated environmental
variables were examined. In this Chapter sediment fluxes and associated environmental
variables are examined at the spatial scale of individual Chesapeake Bay tributaries, the
Maryland Coastal Bays and the mainstem Bay. In this section all flux and environmental
variables were averaged for summer conditions (June-August) for two reasons: 1) this is
the period of the year when sediment processes are most active (see Chapter 6 for details
concerning seasonal patterns) and 2) these are the months for which the most sediment
flux data are available (72% of the 1509 flux measurements were made in the June-
August period). We have included here all tributaries for which there are more than three
sediment flux stations. Tributaries are presented from the northern to the southern
portion of the Bay system. Each tributary has a set of bar graphs showing flux magnitude
along the axis of the estuary and a table summarizing environmental variables at the time
flux measurements was made. Stations are listed from up-estuary (left/top) to down-
estuary (left/bottom). In a few cases additional graphics have been added to emphasize a
particular conclusion.

5-1A. EIKk River Estuary
Location and General Description

The Elk River estuary is located at the extreme northern portion of Chesapeake
Bay (Fig. 3-1 and 5-1; Table 3-3). This small estuary has a surface area of 34 km? and an
average depth of about 2.4 m. The nominal nitrogen loading rate is 27 g N m2 yr. This
rate is high compared to those delivered to the Maryland mainstem Bay (21 g N m™ yr™).
Land use in the Elk watershed is primarily natural vegetation (42 %), followed by
agricultural uses (33 %). During the period when flux measurements were made (2000)
there was no indication of hypoxic bottom waters, although diel scale hypoxia may have
been present.

Spatial Pattern and Magnitude of Sediment Flux

SOC rates ranged from about 1 to 3.6 g O, m? day™ although values at most
stations were between 1 and 2 g O, m™? day™ (Fig. 5-1). There was one set of very high
SOC values recorded in the upper estuary and this was accompanied by a very large
ammonium flux. There is nothing in the associated environmental variable data set that
suggests a specific reason for this large SOC value. Additional insights concerning
sediment biogeochemical processes can be gained by examining the ratio of one sediment
flux to another. Perhaps the most useful of these is the SOC to ammonium flux ratio.
This ratio (O:N flux ratio; atomic basis) would have a value of about 13 if normal
Redfield organic matter (e.g., phytoplankton with C:N:P = 106:16:1) was being
aerobically metabolized to end products of carbon dioxide, water and inorganic nutrients.
If the ratio departs markedly from 13 we can infer that other processes are occurring in
addition to simple aerobic metabolism of phytoplanktonic debris. At all sites in the Elk
River the ratio was well above 13, indicating that some remineralized N has been lost.
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Figure 5-1. Map of upper Chesapeake Bay showing
Elk River sampling sites and bar graphs (mean and
standard error) for each of the standard sediment flux
variables. Flux data were averaged for summer
months (June-August)



Ratios of O:N sediment flux at sites in the Elk ranged from about 21 to 75 and were
above Redfield proportions at all sites in the estuary. These generally high O:N flux
ratios suggest missing nitrogen. N was likely denitrified in sediments, although we do
not have direct measurements of denitrification. Dissolved oxygen turnover time based
of SOC as the only DO sink (water column DO stock divided by SOC) is about 11 days,
not a very short turnover time suggesting a reasonably stable DO regime in the water
column.

Sediment ammonium fluxes tended to be highest near the head and mouth of the
estuary with much smaller values associated with the middle reaches of the estuary (Fig.
5-1). With the exception of this high value (460 pmol N m™ hr*; Sta. EK03) ammonium
fluxes were modest (<200 pumol N m™ hr) near the headwaters and near the mouth.
Ammonium fluxes in the middle portion of the estuary were very low (< 100 pmol N m™

Tuble 5-1. Summer boitom water conditions for the Elik River estuar.

Station | Salinity, DO NO, + NO, Sed.Chl. a Eh

(mg L, (UM) ,, {mg m2), {mV}
EKO1 0.6+0.4 6.9+01 45 +12 49 + 4 333 +12
EKD2 12+08 6.9+03 96 + 20 63 7 216 £ 31
EKO3 16 +1.1 6.9+04 66 + 24 44 £ 85 176 + 72
EKD4 16 +1.1 6.9+02 8112 345 172 + 44
EKO5 1808 6.8+03 80 £6 6115 269 £63
EKO06 16+10 6.8+03 80 +9 FF+29 298 +73
EKOT 12+09 6.8+02 e 38 +8 241 + 45
EKO8 10+07 T2E02 71+10 54 +£10 251 £ B1
EKD9 08+07 6.9+02 65+12 45 +6 156 + 45

Summer (Jun-Aug) average [+ SE) bottom water conditions.
b = Bottom water (0.5 m above sediment surface)

t = Total chlorophyll 8

1 =Ehwvalues {corected m¥) at 1 cm below sediment surface

hr!). The ammonium fluxes measured in the Elk rank 10" of 13 areas of the Bay and
tributaries reported in this section. Sediments in this estuary appear to be well oxidized
and there was no indication in this data set of persistent summertime deep water hypoxia.
This suggests that coupled nitrification - denitrification may well have been operative,
consistent with low sediment ammonium releases. It is also possible that sufficient light
reached the bottom in this system and ammonium was being used by sediment
autotrophs. However, Secchi disk measurements made along the axis of the estuary
indicate Secchi depths ranging from 0.6 to 1.2 m (average of 0.8 m) and these indicate
that less than 1 % of light reaches the sediment surface at the average depth of the
estuary. Nevertheless, some sediment autotrophic activity is possible along the flanks of
this shallow system and might play a role in reducing sediment ammonium fluxes as
suggested by Kemp et al (2005).
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Sediment nitrite plus nitrate (NO, + NOj3) fluxes were all directed into sediments
along the axis of the estuary and the magnitude of flux ranged from quite small in the
middle reaches to substantial in the upper and lower estuary (Fig. 5-1). While the flux
was from water to sediments, the pattern of NO, + NO3 flux was very similar to that
observed for ammonium flux. The fact that these fluxes were directed into sediments
was expected given the high levels of NO3 in the water column (Table 5-1). This pattern
has been observed elsewhere (e.g. Boynton and Kemp 1985; Cowan and Boynton 1996)
and has been interpreted as a gradient-driven flux. However, there was a section of the
estuary (Sta. EK5-EK7) where fluxes were smaller but the exact reason for this remains
unclear. Here again the possibility of autotrophic uptake of nitrate remains but we have
no direct evidence to support this possibility. It is also quite possible that sediment
nitrification rates at these stations were sufficiently high to reduce the gradient in NOs
concentrations between the water column and sediments thus reducing the magnitude of
NO;s flux. It would be quite useful to work towards having a denitrification measurement
methodology that could be readily incorporated into sediment monitoring programs such
as those described here.

Sediment phosphorus flux ranged from about -2 to 15 pmol P m™ hr, rates that
are generally considered to be small to modest from an impact on water column processes
point of view (Fig. 5-1). For example, a sediment P flux of 10 umol P m? hr could
support a phytoplanktonic production rate of about 0.3 g C m? day™, (based on Redfield
stochiometric ratios for phytoplankton of C:N:P = 106:16:1). Phytoplanktonic production
rates of 3 g C m? day™ would be considered extremely high while rates greater than 1 g
C m? day™ would be common in most enriched regions of Chesapeake Bay and tributary
rivers (e.g., Harding et al 2002; Boynton et al 1982). The fact that P flux at most sites in
the Elk River were from sediments to the water column was interesting. At a number of
tidal freshwater sites P fluxes tend to be in the opposite direction. There was apparently
enough salt in these waters to promote P flux from these iron rich sediments or some
other mechanism promoting sediment P-flux was operative (e.g., elevated pH,
bioturbation).

Environmental Conditions

There were several distinctive features of water column and sediment
environmental conditions in the Elk River estuary (Table 5-1). At least during summer
conditions this is a turbid, low salinity, very high nitrate and non-hypoxic system. It
would be hard to imagine N-limitation of photosynthetic processes, although light
limitation is a distinct possibility. Sediment total chlorophyll-a values averaged 52 mg m’
2 close to the median value of the full flux data set. These values were about half those
routinely observed in more enriched systems. Sediment chlorophyll-a concentration
serves as an indication of the amount of labile organic matter available to support
sediment fluxes and have proven to be a good indicator of flux in other studies in
Chesapeake Bay (Cowan and Boynton 1996). Sediment Eh values averaged 235 mV, a
value indicating oxidized sediments, and an indication, along with high bottom water DO
concentrations, that sediment nitrification-denitrification was an active process.
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Figure 5-2. Map of upper Chesapeake Bay showing
Sassafras River sampling sites and bar graphs (mean
and standard error) for each of the standard sediment
flux variables. Flux data were averaged for summer
months (June-August)

5-1B. Sassafras River Estuary
Location and General Description

The Sassafras River estuary is located
at the northern eastern shore portion of
Chesapeake Bay (Fig. 3-1 and 5-2; Table 3-
3) This small estuary has a surface area of
about 36 km? and an average depth of about
4.3 m. Nominal nitrogen loading rate is 15 g
N m™ yr. This rate is moderate compared to
those delivered to the Maryland mainstem
Bay (21 g N m? yr'). Land use in the
Sassafras watershed is primarily agricultural
(58 %), followed by natural vegetation (26
%). During the period when flux
measurements were made (2000) there was
no indication of hypoxic bottom waters,
although diel scale hypoxia may have been
present in shallow water areas.

Spatial Pattern and Magnitude of Sediment
Flux

SOC rates ranged from about 0.9 to
1.7 g O, m? day™ although values at most
stations were close to 1 g O, m? day™ (Fig.
5-2), the median rate for the full data set.
There was one set of higher SOC values
recorded in the upper estuary and this was
accompanied by a large ammonium flux.
There is nothing in the associated
environmental variable data set that suggests
a specific reason for this larger SOC value in
the upper estuary. However, water residence
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time in the upper portions of these estuaries tends to be long, allowing for development
and settling of labile plankton material. However, sediment total chlorophyll-a values
were not particularly high at this site (Sta. SF01). As described earlier, the ratio of
sediment SOC to ammonium flux (O:N flux ratio; atomic basis) would have a value of
about 13 if normal Redfield organic matter (e.g., phytoplankton with C:N:P = 106:16:1)
was being remineralized. At all sites in the Sassafras River this ratio was well above 13,
indicating that some remineralized N was lost and may have been denitrified. Ratios of
O:N sediment flux at sites in the Sassafras ranged from about 26 to 92 and were above

Table 5-2. Summer bottom water conditions for the Sassafras River sstuary.

Station | Salinity, DO NQ, + NO, Sed.Chl. a Eh

(mg L), (M) (mg m2), (mV)
SFO1 0.2+02 F2+03 84+57 48 +68 286 £ 10
SFO2 0.2+02 69+02 24 +486 B +7.7 206 + 44
SFO3 0.2+02 Fo+02 33+29 112 ff+29
SFO4 0.3+02 8.0+04 49 + 4.4 42+39 260 + R4

sSummer (Jun-Aug) average (+ SE) bottom water conditions.

b = Bottom water (0.5 m above sediment surface)

t = Tatal chlorophyll a

1 =Ehvalues (corrected my) at 1 cm below sediment surface

Redfield proportions at all sites in the estuary. Dissolved oxygen turnover time based of
SOC as the only DO sink (water column DO stock divided by SOC) is about 27 days, a
very long turnover time suggesting minimal influence of SOC on water column DO
conditions.

Sediment ammonium fluxes tended to be highest near the head of the estuary with
much smaller values proceeding downstream (Fig. 5-2). With the exception of this
higher value (240 umol N m™ hr*; Sta. SFO1) ammonium fluxes were small (<100 pmol
N m™ hr') throughout the estuary and ammonium was actually taken up by sediments
near the estuary mouth. Ammonium fluxes in the Sassafras ranked 12th of the 13 Bay
and tributary sites discussed in this section. Only the Maryland Coastal Bays had lower
ammonium fluxes. Sediments in this estuary appear to be well oxidized (average Eh =
205 mV) and there was no indication in this data set of persistent summertime deep water
hypoxia. This suggests that coupled denitrification - denitrification may well have been
operative, consistent with low sediment ammonium releases. It is also possible that
sufficient light reached the bottom in this system and ammonium was being used by
sediment autotrophs. In this system there is some support for this suggestion. Secchi
disk measurements made along the axis of the estuary indicate Secchi depths ranging
from 0.5 to 1.4 m (average of 1 m) and these suggest that 1 % of light reaches the
sediment surface at depths up to almost 3 m and to depths of 4 m in the lower estuary.
Some sediment autotrophic activity is possible along the flanks of this shallow system
and might play a role in reducing sediment ammonium fluxes as suggested by Kemp et al
(2005).
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Sediment nitrite plus nitrate (NO, + NO3) fluxes were all small (<30 pmol N m™
hr') and directed both into and out of sediments along the axis of the estuary (Fig. 5-2).
The fact that these fluxes were not all directed into sediments was expected given the
lower concentrations of NO3 in the water column (Table 5-2). Sediment directed NO3
flux has been observed elsewhere (e.g. Boynton and Kemp 1985; Cowan and Boynton
1996) and has been interpreted as a gradient-driven flux. It is quite possible that
sediment nitrification rates at several stations were sufficiently high to reduce the
gradient in NO3 concentrations between the water column and sediments thus reducing
the magnitude of sediment NO3 flux. It is, however, clear that sediment nitrification was
taking place at several stations because NO3; was escaping, at small rates, from sediments
to the water column and this, in itself, is an indication of well oxidized sediments.

Sediment phosphorus flux ranged from about 1.5 to 7 umol P m™ hr, rates that
are generally considered to be small from an impact on water column processes point of
view. For example, a sediment P flux of 7 umol P m? hr' could support a
phytoplanktonic production rate of about 0.2 g C m-2 day-1, (based on Redfield
stochiometric ratios for phytoplankton of C:N:P = 106:16:1).  Phytoplanktonic
production rates of 3 g C m™? day™” would be considered extremely high while rates
greater than 1 g C m™ day™ would be common in enriched regions of Chesapeake Bay
and tributary rivers (e.g., Harding et al 2002; Boynton et al 1982). The fact that P flux at
most sites in the EIk River were from sediments to the water column was interesting. In a
number of tidal freshwater sites P fluxes tend to be in the opposite direction. There was
apparently enough salt in these waters to promote P flux from these iron rich sediments.
The largest sediment P flux observed in the Sassafras was associated with the site having
the lowest Eh values recorded for this estuary (SF03; Table 5-2)

Environmental Conditions

There were several distinctive features of water column and sediment
environmental conditions in the EIk River estuary (Table 5-2). At least during summer
periods this is a relatively clear, very low salinity, high nitrate and non-hypoxic system.
It would be hard to imagine N-limitation of photosynthetic processes, although light
limitation is a distinct possibility. It is useful to note that water column nitrate
concentrations exhibited an inverse pattern (higher at mouth than near headwaters) and
this indicates the strong influence of waters from the Susquehanna River which are high
in nitrate, even during summer. Sediment total chlorophyll-a values averaged 55 mg m?,
close to the median value of the full flux data set. These values were about half those
routinely observed in more enriched systems. These values serve as an indication of the
amount of labile organic matter available to support sediment fluxes and have proven to
be good indicators of flux in other studies in Chesapeake Bay (Cowan and Boynton
1996). Sediment Eh values averaged 205 mV, a value indicating oxidized sediments, and
an indication, along with high bottom water DO concentrations and NOj3 fluxes to the
water from sediments, that sediment nitrification-denitrification was an active process.

5-1C. Patapsco River Estuary
Location and General Description

The Patapsco River estuary is located in the northern portion of Chesapeake Bay
on the western shore. The City of Baltimore surrounds much of the estuary (Fig. 3-1 and
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Figure 5-3. Map of upper Chesapeake Bay showing
Patapsco River sampling sites and bar graphs (mean
and standard error) for each of the standard sediment
flux variables. Flux data were averaged for summer
months (June-August)

5-3; Table 3-3). This urban estuary has a
surface area of about 101 km? and an
average depth of 4.6 m and much greater
depths associated with dredged shipping
channels (~12 m). The nominal nitrogen
loading rate is 50 g N m? yr'. This rate is
very high compared to those delivered to
the Maryland mainstem Bay (21 g N m? yr’
). Land use in the Patapsco watershed is
almost evenly divided among natural
vegetation (30 %), agriculture (34 %) and
urban (28%) uses. An estimated 15% of the
entire watershed has impervious surfaces.
During the period when flux measurements
were made (1994-1995, 1997-1998) there
were strong indications of persistent
hypoxic bottom waters and these conditions
can have strong influences on sediment
biogeochemistry.

Spatial Pattern and Magnitude of Sediment
Flux

SOC rates ranged from about 0.2 to
2.2 g O, m? day™ and tended to be higher
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in the mid and mouth areas than in the inner harbor zone (Fig. 5-3). There were several
sets of very low SOC values recorded in the estuary (Sta. INHB, FMCL and BWCL) and
these were associated with very low bottom water DO concentrations (Table 5-3). In
these cases measurements of SOC were limited by DO concentrations. Low SOC
measurements at these sites do not indicate low levels of sediment (organic matter)
metabolism. In very hypoxic and anoxic sediments anaerobic metabolism is very likely
clipping along at very high rates (Roden and Tuttle 1993; Marvin-dePasqualle et al
2003). Dissolved oxygen turnover time based of SOC as the only DO sink (water column

Table 5-3. Summer boitom water conditions for the Fatapsco River estuary.

Station Salinity,, DO NQ, + NO, Sed. Chl. a Eh
(mg LYy, (UM) , (mg m3), (mV) 4
INHB 8313 2009 72+49 49 £ 10 37 £57
FYBR 8.0+£13 45+09 M"M7+32 60 £ 5 169 + 38
FMCL 127+14 0.2+00 TA4+72 166 + 17 76 + 81
FFOF 6317 56 £0.4 167 +3.1 164 +5 38 +£25
RVEBH §.2+09 42+15 9.3+20 38 £10 321 +£34
CTBY 9.0+15 32106 M £34 518 272+ 24
BWCL 135108 0.3+02 0.2+02 157 +7 43 £ 40
BWSL 8.8+09 3.1+04 110150 159 +2 102 +30

Summer (Jun-Aug) average (+ SE) bottom water conditions.
tb = Bottom water (0.5 m above sediment surface)
t = Total chlorophyll a

1= Ehvalues (corrected my) at 1 cm below sediment surface
MO = Mo data

DO stock divided by SOC) is about 8 days, a moderately short turnover time. If the
stratified summer condition of the Patapsco is considered, the DO turnover time of the
deep water is about half that of the full water column or about 4 days. Such short
turnover times suggest an important role for sediment processes and a potentially
dynamic DO regime. The ratio of sediment SOC to ammonium flux (O:N flux ratio;
atomic basis) would have a value of about 13 if normal Redfield organic matter (e.g.,
phytoplankton with C:N:P = 106:16:1) was being remineralized. At most sites in the
Patapsco River this ratio was close to or much below the Redfield proportion, indicating
that simple remineralization was taking place with little or no coupled sediment
nitrification-denitrification. Ratios of O:N sediment flux at sites in the Patapsco River
ranged from about 2 to 50 and were above Redfield proportions at only one site in the
estuary (Sta. RVBH). It is interesting to note that this site had smaller sediment
chlorophyll-a concentration than other sites and by far the most positive Eh values
measured in the Patapsco system. At this site we would suggest that coupled nitrification-
denitrification was operative and this is a good example of what we might expect for the
remainder of the Patapsco if water quality conditions were to vastly improve. While O:N
sediment flux ratios in the vicinity of 13 can be explained as remineralization of
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phytoplanktonic debris, flux ratios well below 13 require a different explanation. Our
interpretation of these is that ammonium is being primarily generated from anaerobic
metabolism, mainly based on sulfate reduction. Thus, in oxygen poor zones there is little
to no SOC but high rates of anaerobic metabolism generating large amounts of
ammonium and hence very low O:N flux ratios.

Sediment ammonium fluxes were extremely high near the head of the Patapsco
(in the Inner Harbor area) and were much lower (but still large) throughout the remainder
of the estuary (Fig. 5-3). Ammonium fluxes in the Patapsco River ranked 2nd in
magnitude of the 13 Bay and tributary sites considered in this section. Ammonium fluxes
were larger only in the Anacostia River. Ammonium fluxes at Station INHB were the
largest recorded for any site contained in the flux database. With the exception of
extreme flux at Station INHB ammonium fluxes were still large (200-400 pmol N m™ hr’
1) to the mouth of the estuary. The three highest ammonium fluxes were all associated
with low sediment Eh conditions. At many sites in this estuary sediments were quite
reduced, associated with persistent summertime deep water hypoxia. This suggests that
coupled denitrification - denitrification was not operative, consistent with high sediment
ammonium releases. It is unlikely that sufficient light reached the bottom in this system
for sediment ammonium to be used by sediment autotrophs. For example, Secchi disk
measurements made along the axis of the estuary indicate Secchi depths ranging from 0.6
to 1.3 m (average of 0.9 m) and these suggest that much less than 1 % of light reaches the
sediment surface at the average depth of the estuary.

Sediment nitrite plus nitrate (NO, + NOg3) fluxes were almost all directed into
sediments along the axis of the estuary and the magnitude of flux ranged from quite small
(e.g., < 50 pmol N m™ hr) at several sites to modest (50 - 100 pmol N m™ hr) in other
portions of the estuary (Fig. 5-3). The fact that these fluxes were directed into sediments
was unexpected given the modest levels of NOj3 in the water column (Table 5-3). This
pattern has been observed elsewhere (e.g. Boynton and Kemp 1985; Cowan and Boynton
1996) and has been interpreted as a gradient-driven flux. The only positive nitrate fluxes
were observed near the mouth of the estuary where bottom water quality conditions were
generally better than those observed in the inner portions of the estuary

Sediment phosphorus flux ranged from about -22 (at just one site) to about 100
pmole P m™? hr, and rates at sites other than INHB (largest rate) and SWCL (negative
rate) ranged between 10 and 30 umol P m? hr* (Fig. 5-3). These rates are considered to
be modest to large from an impact on water column processes point of view. For
example, a sediment P flux of 30 umol P m™ hr could support a phytoplanktonic
production rate of about 0.9 g C m™? day™, (based on Redfield stochiometric ratios for
phytoplankton of C:N:P = 106:16:1). Phytoplanktonic production rates of 3 g C m™? day™
would be considered extremely high while rates greater than 1 g C m™ day™ would be
common in most enriched regions of Chesapeake Bay and tributary rivers (e.g., Harding
et al 2002; Boynton et al 1982). Thus, the sediment P fluxes in the Patapsco River
estuary can be classified as ranging from large to very large and can be expected to have
major impact on water quality conditions, The fact that P flux at most sites in the
Patapsco River estuary were from sediments to the water column was interesting and
expected. It appears that mechanisms of sediment P release in low salinity waters and
sediment P release under hypoxic/anoxic conditions were both operational.
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Environmental Conditions

There were several distinctive features of water column and sediment
environmental conditions in the Patapsco River estuary (Table 5-3). During summer
conditions this is a turbid, low mesohaline (salinity 6-14), low nitrate and chronically
hypoxic system. It would be hard to imagine N-limitation of photosynthetic processes,
although light limitation is a distinct possibility. Sediment total chlorophyll-a values
averaged 106 mg m, well above the median value of the full flux data set. These values
were similar to those routinely observed in enriched systems, although they were not the
highest recorded in the data set (highest values were recorded at enriched sites
immediately following the spring bloom deposition in May and June). These values serve
as an indication of the amount of labile organic matter available to support sediment
fluxes and have proven to be good indicators of flux in other studies in Chesapeake Bay
(Cowan and Boynton 1996). Sediment Eh values averaged 106 mV, but were highly
variable in this system. There were both relatively high (321 and 272 at Sta. RVBH and
CTBY, respectively) and several very low values as well. It is not likely that coupled
nitrification-denitrification were active in low Eh sediments during summer periods.

5-1D. Chester River
Location and General Description

The Chester River estuary is located on the eastern shore of Chesapeake Bay and
is one of several major eastern shore tributaries (Fig. 3-1 and 5-4; Table 3-3) This
estuary is about 62 km in length, has a surface area of about 206 km? and an average
depth of about 4.1 m. The nominal nitrogen loading rate is 10 g N m? yr*. This rate is
low compared to those delivered to the Maryland mainstem Bay (21 g N m? yr'). Land
use in the Chester watershed is primarily agricultural (58 %), followed by natural
vegetation 38%), and wetlands (14%). During the period when flux measurements were
made (2001) there was no indication of chronic hypoxic bottom waters, although diel
scale hypoxia may have been present, especially in shallow areas and in tributary creeks.
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Chester Figure 5-4. Map of upper Chesapeake Bay showing
Chester River sampling sites (on previous page) and
T bar graphs (mean and standard error) for each of the
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averaged for summer months (June-August)

Spatial Pattern and Magnitude of
Sediment Flux

SOC rates ranged from about
1.2 to 3.6 g O, m? day™ although
values at most stations were between 2
and 3 g O, m? day™ (Fig. 5-4). There
was one set of very high SOC values
recorded in the upper estuary and this
was accompanied by a large
ammonium flux. There is nothing in
the associated environmental variable
data set that suggests a specific reason
for this large SOC value. However,
the ratio of sediment SOC to
ammonium flux (O:N flux ratio;
atomic basis) has a value of about 13 if
normal Redfield organic matter (with
C:N:P 106:16:1) is  being
metabolized. At this site in the
Chester the ratio was about 18, a bit
above expected for simple
remineralization indicating that some
remineralized N might have been
denitrified or lost through some other
process. Ratios of O:N sediment flux
at other sites in the Chester ranged
from about 10 to 85 and were above
Redfield proportions at all but one site
(Sta. CR20) at the mouth of the
estuary. As indicated earlier, these
generally high O:N flux ratios suggest
missing nitrogen and that N was likely
denitrified in sediments. There was
but one relatively low set of SOC
values observed at the mouth of the
Chester and these low values might
have been caused by somewhat
depressed bottom water DO values at
this site (summer average DO = 2.6
mg I""). This low DO may reflect
importation of low DO water from the
mainstem Bay. Dissolved oxygen
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turnover time based of SOC as the only DO sink (water column DO stock divided by
SOC) is about 13 days, not a very short turnover time, and consistent with the generally
high bottom water DO observed in this system.

Table 5~4. Summer boitom water conditions for the Chester River estuary.

Station Salinity,, DO NO, + NO, Sed. Chl. a Eh
(mg LYy, (UM) , (mg m3), (mV) 4
CR0O1 0.2+01 7505 61+22 28 £16 218 £ 36
CRO2 1102 52103 59 + 25 88 + 16 305 + 37
CRO3 23102 54103 55+ 21 68 £ 10 372 +8
CR0O4 3604 53+03 48 + 19 98 + 24 296 £ 83
CRO5 4304 54104 437 5212 293 +19
CRO6 5405 56 £06 36 £15 1115 399 £ 10
CRO7 806 5108 17 +8 80 £17 404 + 11
CRO8 9.2+£05 5006 8+4 53 +14 407 £ 6
CRO9 9506 56+03 T+7 50 + 12 410 £ 21
CR16 9.7+06 52103 6+3 4112 322125
CRAT 10107 52112 5+4 68 £ 9 307 £13
CR18 11.7+05 37413 312 88 + 12 302 +£ 10
CR19 11.7+05 41+10 Fx2 101 £ 10 286 + 76
CR20 123108 26116 242 129 +9 171 £ 16

Summer (Jun-Aug) average (+ SE) bottom water conditions.
tb = Bottom water (0.5 m above sediment surface)

t = Total chlorophyll a

1= Ehvalues (corrected my) at 1 cm below sediment surface

Sediment ammonium fluxes tended to be variable along the main axis of the
Chester but, with the exception of a few sites, quite high (> 200 umol N m™ hr'(Fig. 5-
4). Ammonium fluxes in this estuary ranked 5th of the 13 Bay and tributary sites
considered in this section. Sediments in this estuary appear to be very well oxidized
(mean Eh = 333mV) and there was no indication in this data set of persistent summertime
deep water hypoxia, except perhaps at the mouth of the estuary. This suggests that
coupled denitrification - denitrification may well have been operative, consistent with
lower sediment ammonium releases in several portions of the estuary. It is also possible
that sufficient light reached the bottom in this system and ammonium was being used by
sediment autotrophs. However, Secchi disk measurements made along the axis of the
estuary indicate Secchi depths ranged from 0.4 to 1.3 m (average of 0.8 m) and these
suggest that much less than 1 % of light reaches the sediment surface at the average depth
of the estuary. Nevertheless, some sediment autotrophic activity is possible along the
flanks of this system and might play a role in reducing sediment ammonium fluxes as
suggested by Kemp et al (2005).
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Sediment nitrite plus nitrate (NO, + NOj3) fluxes were directed into sediments
along the axis of the upper and middle estuary where nitrate concentrations were
substantial (Fig. 5-4) and then reversed direction in the lower estuary where water
column nitrate concentrations were low. The fact that these up-estuary fluxes were
directed into sediments was expected given the high levels of NOs in the water column
(Table 5-4). This pattern has been observed elsewhere (e.g. Boynton and Kemp 1985;
Cowan and Boynton 1996) and has been interpreted as a gradient-driven flux. However,
in the lower portion of the estuary nitrate was being released by sediments and this is a
sign of surficial sediment nitrification, an index we use to indicate good sediment quality.
The generally high sediment Eh values further support this contention. It is also
interesting to note that at three sites in the mid to lower estuary (Sta. CR09, CR16 and
CR 17) ammonium fluxes were depressed relative to those measured immediately up and
down estuary. At these sites nitrate fluxes from sediments to the water column were the
largest measured in this estuary suggesting that some of the ammonium remineralized in
sediments was nitrified rather than released as ammonium. We would suggest that much
of the nitrified N is denitrified but we have no direct measurements of this process. It
would be quite useful to work towards having a denitrification measurement
methodology that could be readily incorporated into sediment monitoring programs such
as those described here.

Sediment phosphorus flux ranged from about 4 to 35 umol P m hr?, rates that
are generally considered to be modest to large from an impact on water column processes
point of view. Sediment P fluxes averaged about 15 pmol P m? hr in the Chester. A
sediment P flux of 15 umol P m™ hr* could support a phytoplanktonic production rate of
about 0.5 g C m? day™, (based on Redfield stochiometric ratios for phytoplankton of
C:N:P = 106:16:1). Phytoplanktonic production rates of 3 g C m? day™ would be
considered extremely high while rates greater than 1 g C m day™ would be common in
enriched regions of Chesapeake Bay and tributary rivers (e.g., Harding et al 2002;
Boynton et al 1982). The fact that P flux at most sites in the Chester River were from
sediments to the water column was interesting; there was apparently enough salt in these
waters to promote P flux from these sediments despite of there being no indication of
severe hypoxia.

Environmental Conditions

There were several distinctive features of water column and sediment
environmental conditions in the Chester River estuary (Table 5-4). At least during
summer conditions this is a turbid, low salinity, high nitrate and non-hypoxic system. It
would be hard to imagine N-limitation of photosynthetic processes, although light
limitation is a distinct possibility. Sediment total chlorophyll-a values averaged 76 mg m’
2 slightly higher than the median value of the full flux data set. These values were about
half those routinely observed in more enriched systems. These values serve as an
indication of the amount of labile organic matter available to support sediment fluxes and
have proven to be a good indicator of flux in other studies in Chesapeake Bay (Cowan
and Boynton 1996). Sediment Eh values averaged 333 mV, a value indicating oxidized
sediments, and an indication, along with high bottom water DO concentrations, that
sediment nitrification-denitrification was an active process.
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5-1E. Corsica River
Location and General Description

The Corsica River estuary is located on the eastern shore of Chesapeake Bay and
is a tributary of the much larger Chester River estuary (Fig. 3-1 and 5-5; Table 3-3) This
estuary is about 8 km in length, has a surface area of about 5.4 km? and an average depth
of about 1.9 m. The nominal nitrogen loading rate is 22 g N m™ yr™, respectively. This
rates is comparable compared to those delivered to the Maryland mainstem Bay (21 g N
m2yr). Land use in the Corsica watershed is primarily agricultural (64 %), followed by
natural vegetation (28%). A modest portion is wetlands (9 %). During the period when
flux measurements were made (2001 and 2006) there was no indication of chronic
hypoxic bottom waters, although diel scale hypoxia was certainly present and severe, as
indicated by Bay Program ConMon meters placed in several regions of this small estuary.
(www.eyesonthebay.net).

Spatial Pattern and Magnitude of Sediment Flux

SOC rates ranged from about 1.8 to 3.3 g O, m™ day™ although values at most
stations were between 2 and 3 g O, m? day™ (Fig. 5-5). There was one set of lower SOC
values recorded in the upper estuary (Sta. CR10) and this was associated with the lowest
average bottom water DO concentrations. In this case, water column DO may have been
limiting SOC rates. The ratio of sediment SOC to ammonium flux (O:N flux ratio;
atomic basis) has a value of about 13 if normal Redfield organic matter (with C:N:P =
106:16:1) is being metabolized. At all but one site in the Corsica the ratio was close to or
slightly below Redfield proportions, indicating that little of the remineralized N was
denitrified or that there were other sediment sources of ammonium (i.e., from anaerobic
metabolism). Ratios of O:N sediment flux at the most up estuary site (Sta. CRA) were
very high consistent with significant N loss given rates of oxygen use by sediments.
Dissolved oxygen turnover time based of SOC as the only DO sink (water column DO
stock divided by SOC) is about 3.3 days, a very short turnover time, and consistent with
the very large diel oscillations observed with the ConMon Program. Dissolved oxygen
conditions in this estuary are very dynamic and unstable.

Sediment ammonium fluxes tended to be very high along the main axis of the
Chester (> 400 pmol N m hr'') with the exception of one site at the head of the estuary
where ammonium releases were much lower (Fig. 5-5). Ammonium fluxes in this
estuary ranked 3th of the 13 Bay and tributary sites considered in this section. Sediments
in this estuary appear to be generally oxidized (mean Eh = 178mV) but there were sites
where Eh values were low (< 55 mV; Sta. CRA and CRB). While there was no
indication in this data set of persistent summertime bottom water hypoxia, except perhaps
at Station CR10, there is ample evidence of severe diel-scale hypoxia based on ConMon
data. This suggests that coupled denitrification - denitrification may well have been
compromised during low DO periods of the day. It is also possible that some light
reached the bottom in this system and ammonium was being used by sediment
autotrophs. However, Secchi disk measurements made along the axis of the estuary
indicate Secchi depths ranging from 0.3 to 0.75 m (average of 0.5 m) and these suggest
that much less than 1 % of light reaches the sediment surface at the average depth of the
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Figure 5-5. Map of upper Chesapeake Bay showing
Corsica River sampling sites and bar graphs (mean
and standard error) for each of the standard sediment
flux variables. Flux data were averaged for summer
months (June-August)

estuary. Nevertheless, some sediment
autotrophic activity is possible along the
flanks of this system and towards the mouth
of the estuary and might play a role in
reducing sediment ammonium fluxes as
suggested by Kemp et al (2005). However,
ammonium fluxes were indeed high in this
small system.

Sediment nitrite plus nitrate (NO, +
NO3) fluxes were directed into sediments at
the head of the estuary where nitrate
concentrations were slightly elevated (8.1
uM; Table 5-5) and then reversed direction
in the remainder of the estuary where water
column nitrate concentrations were low.
The fact that these up-estuary fluxes were
directed out of sediments was expected
given the relatively low levels of NOgs in the
water column (Table 5-5). However, in the
other portions of the estuary nitrate was
being released by sediments (at very low
rates) and this is a sign of surficial sediment
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nitrification, an index we use to indicate good sediment quality. The generally high
sediment Eh values further support this contention. Given that very low bottom water
DO concentrations have been recorded at ConMon stations in the Corsica (diel-scale
hypoxia) we were somewhat surprised to see evidence of sediment nitrification at most
stations. We would suggest that much of the nitrified N is denitrified but we have no
direct measurements of this process. It would be quite useful to work towards having a
denitrification measurement methodology that could be readily incorporated into
sediment monitoring programs such as those described here.

Sediment phosphorus flux ranged from about 25 to 80 pmol P m? hr, rates that
are generally considered to be very large from an impact on water column processes point
of view. Sediment P fluxes averaged about 40 umol P m™ hr in the Corsica during the
summer period. A sediment P flux of 40 umol P m? hr* could support a phytoplanktonic
production rate of about 1.2 g C m™ day™, (based on Redfield stochiometric ratios for
phytoplankton of C:N:P = 106:16:1). Phytoplanktonic production rates of 3 g C m™ day™
would be considered extremely high while rates greater than 1 g C m? day™ would be
common in enriched regions of Chesapeake Bay and tributary rivers (e.g., Harding et al
2002; Boynton et al 1982). The fact that P flux at all sites in the Corsica River were from
sediments to the water column was interesting; there was apparently enough salt in these
waters to promote P flux from these sediments despite there being no indication of
continuously severe hypoxia.

Environmental Conditions

There were several distinctive features of water column and sediment
environmental conditions in the Corsica River estuary (Table 5-5). At least during
summer conditions this is a turbid, low to mid salinity, low nitrate and diel-scale hypoxic
system. It would be hard to imagine N-limitation of photosynthetic processes, although
light limitation is a distinct possibility. Sediment total chlorophyll-a values averaged 102
mg m?, higher than the median value of the full flux data set. These values were more

Table 5-5. Summer boitom water conditions for the Carsica River estuary.

Station | Salinity, DO NQ, + NO, Sed.Chl. a Eh
(mg L), (M) (mg m2), (mV)

CRA 6.0+10 61+05 0803 84 £ 15 53 +89

CR10 8.9+08 254111 06+03 121+ 14 269 + 20
CRB 711 51+10 0.7+04 g1+11 37 +06

CR11 9.2+07 37+11 13410 104 +4 227 + B0

CR12 1014+07 42+06 35427 99 +7 387 +9

CRC g6+1.1 6.1+0 2.7+ 1.0 120 £7 105 £ 130

Summer (Jun-Aug) average (+ SE) bottom water conditions.
tb = Bottom water (0.5 m above sediment surface)

t = Total chlarophyll a

1 =Ehvalues (corrected my) at 1 cm below sediment surface
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than half those routinely observed in very enriched systems. These values serve as an
indication of the amount of labile organic matter available to support sediment fluxes and
have proven to be good indicators of flux in other studies in Chesapeake Bay (Cowan and
Boynton 1996). Sediment Eh values averaged 105 mV, a value indicating marginally
oxidized sediments, and an indication, along with modest bottom water DO
concentrations, that sediment nitrification-denitrification was an active process, but
possibly somewhat compromised by poor diel DO conditions.

5-1 F. Severn River
Location and General Description

The Severn River estuary is located on the western shore of Chesapeake Bay at
Annapolis, MD (Fig. 3-2 and 5-6; Table 3-1) This estuary is about 18 km in length, has a
surface area of about 40 km? and an average depth of about 3.8 m. Land use in the Severn
watershed is primarily natural vegetation (46 %), followed by developed (28%) and
cultivated (15%) land; there is very little wetland associated with the Severn (3 %).
However, just over 9% of the basin has impervious surfaces. During the period when
flux measurements were made (2005) there were strong indications of chronic hypoxic
bottom waters; diel scale hypoxia was also present, as indicated by Bay Program
ConMon meters placed in this estuary. (www.eyesonthebay.net).

Spatial Pattern and Magnitude of Sediment Flux

SOC rates ranged from about 0 to 2.0 g O, m™? day™ (Fig. 5-6). There were two
sets of SOC measurement near zero and these occurred because water column DO
concentrations were effectively zero at these sites (Sta. SE04 and SE03). In these cases,
water column DO was limiting SOC rates although anaerobic respiration rates were
probably quite large. The ratio of sediment SOC to ammonium flux (O:N flux ratio;
atomic basis) has a value of about 13 if normal Redfield organic matter (phytoplanktonic
debris with C:N:P = 106:16:1) is being metabolized. At two upriver sites in the Severn
the ratio was much below Redfield proportions (<1), indicating that no N was lost to
denitrification and that a good deal of ammonium was being generated from anaerobic
metabolism. Ratios of O:N sediment flux at the two down estuary sites (SE02 and
SEO01)) were high, consistent with significant N loss given rates of oxygen use by
sediments. It is instructive to know that bottom water DO and sediment Eh conditions at
these sites were more conducive to nitrification and linkage to denitrification. The data
collected in the Severn also indicate the definitive differences (over small spatial scales
of a few kilometers) that can occur in sediment biogeochemistry in relation to sediment
and water quality conditions. Dissolved oxygen turnover time based of SOC as the only
DO sink (water column DO stock divided by SOC) is about 7 days, a short turnover time,
and consistent with the large diel oscillations observed with the ConMon Program.
Dissolved oxygen conditions in this estuary are very dynamic, unstable and very low in
the upper estuary.

Sediment ammonium fluxes tended to be high along the main axis of the Severn
(> 200 umol N m™ hr'"; Fig. 5-6). Ammonium fluxes in this estuary ranked 7" of the 13
Bay and tributary sites considered in this section. Ammonium fluxes ranged from about
220 to 330 umol N m™ hr'. Sediments in this estuary exhibited a very strong and
consistent gradient in Eh values ranging from -21 in the upper estuary to 227 at the
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Figure 5-6. Map of upper Chesapeake Bay showing
Severn River sampling sites and bar graphs (mean and
standard error) for each of the standard sediment flux
variables. Flux data were averaged for summer months
(June-August)

estuary mouth. This strong gradient (similar
gradient in bottom water DO concentrations)
suggests that coupled denitrification -
denitrification may well have been
compromised in the upper but not lower
estuary, as indicated by O:N sediment flux
ratios. Sediment ammonium flux can also be
restricted if light reached the bottom to
support growth of sediment autotrophs.
However, Secchi disk measurements made
along the axis of the estuary indicate Secchi
depths ranged from 0.7 to 0.9 m (average of
0.8 m) and these suggest that much less than 1
% of light reached the sediment surface at the
average depth of the estuary. Nevertheless,
some sediment autotrophic activity is possible
along the flanks of this system and might play
a role in reducing sediment ammonium fluxes
as suggested by Kemp et al (2005). However,
ammonium fluxes were substantial in this
small system and probably played an
important role in creating the poor water
quality conditions observed during 2005.
Sediment nitrite plus nitrate (NO, +
NO3) fluxes were directed both into sediments
at the mouth of the estuary where nitrate
concentrations were slightly elevated (5 to 7
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MM; Fig. 5-6; Table 5-6) and then were very small in the remainder of the estuary where
water column nitrate concentrations were low and sediment quality poor (i.e., low DO
and very low Eh values). Nitrate plus nitrite fluxes ranged from 20 to -78 pmol N m™ hr’
! The fact that these down estuary fluxes were directed into sediments was expected
given modest levels of NO3 in the water column (Table 5-6).

Sediment phosphorus flux ranged from about 10 to 36 umol P m? hr, rates that
are generally considered to be modest from an impact on water column processes point of
view. Sediment P fluxes averaged about 18 pmol P m™ hr in the Severn during the
summer period. For example, a sediment P flux of 18 pumol P m? hr* could support a
phytoplanktonic production rate of about 0.6 g C m? day’, (based on Redfield
stochiometric ratios for phytoplankton of C:N:P = 106:16:1).  Phytoplanktonic
production rates of 3 g C m? day™ would be considered extremely high while rates

Table 5-6. Summer bottom water conditions for the Severn River sstuary.

Station | Salinity, DO NO, + NO, Sed.Chl. a Eh

(mg L), (M) (mg m?) (mv) 4
SEQ4 91+07 0.2+03 0.4+02 138 £ 20 21+ 107
SEQ3 96 +08 0.1+03 0.6+03 93+16 8 +E9
SEQ2 99+08 29+08 54+ 4.1 9 +19 163 +£79
SEO01 99106 494+08 73+02 84 + 23 227 + 81

Summer (Jun-Aug) average [+ SE) bottom water conditions.
b = Bottom water (0.5 m above sediment surface)

t = Total chlorophyll 8

1 =Ehwvalues {corected m¥) at 1 cm below sediment surface

greater than 1 g C m™ day™ would be common in enriched regions of Chesapeake Bay
and tributary rivers (e.g., Harding et al 2002; Boynton et al 1982). The fact that P flux at
all sites in the Severn River were from sediments to the water column was interesting;
there was apparently enough salt at the more normoxic sites and hypoxia/anoxia at the
upper estuary sites to promote P flux throughout the estuary.

Environmental Conditions

During summer conditions the Severn River estuary is a turbid, low to mid
salinity, low nitrate and hypoxic system (Table 5-6). It would be hard to imagine N-
limitation of photosynthetic processes in this estuary, although light limitation is a
distinct possibility. Sediment total chlorophyll-a values averaged 112 mg m, higher
than the median value of the full flux data set. These values were more than half those
routinely observed in very enriched systems. These values serve as an indication of the
amount of labile organic matter available to support sediment fluxes and have proven to
be good indicators of flux in other studies in Chesapeake Bay (Cowan and Boynton
1996). Sediment Eh values exhibited a very strong gradient down the axis of the estuary
being quite reduced up estuary and oxidized towards the mouth. Bottom water DO
concentrations followed a similar pattern. Thus, it is likely that if sediments were losing
N via denitrification this process would be more important at the mouth than the
headwaters. Finally, this is one of several tributaries of the upper Bay that exhibit inverse
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patterns.  Specifically, there is almost no salinity gradient and nitrate plus nitrite
concentrations increase in a down estuary direction. This is the opposite seen in larger
tributaries. This effect is likely caused by the very substantial influence the Susquehanna
River has on these small systems in the upper portion of the Bay.

5-1G. Patuxent River
Location and General Description

The Patuxent River estuary is located on the western shore of Chesapeake Bay
and is one of several major western shore tributaries (Fig. 3-1 and 5-7; Table 3-3) This
estuary is about 92 km in length, has a surface area of 143 km? and an average depth of
about 6 m. The nominal nitrogen loading rate is 20 N m?2 yr'. This rate is similar to
those delivered to the Maryland mainstem Bay (21 g N m™ yr™). Land use in the Patuxent
watershed is primarily natural vegetation (40 %), followed by agriculture (34%), and
developed land. During the period when flux measurements were made (many years;
1977-1996) there were clear indications of chronic hypoxic bottom waters in the
mesohaline portion of the estuary, and diel scale hypoxia was present in shallow areas
and in tributary creeks. Information on sediment flux in this estuary has been published
by Boynton et al (1980), Boynton and Kemp (1985) and Boynton et al (2008). Sediment
flux measurements in this estuary are very numerous but are all from the mesohaline
region of the estuary.

Spatial Pattern and Magnitude of Sediment Flux

SOC rates ranged from about 0.6 to 2.1 g O, m™ day™ although values at most
stations were between 1 and 2 g O, m™? day™ (Fig. 5-7). SOC rates in the Patuxent
ranked 8" of the 13 estuaries considered in this section. There were several sets of low
SOC values recorded in the estuary (e.g., Sta. MRPT, PX15, PX23 and PX33) and all of
these were associated with low (<3 mg I'!) bottom water DO concentrations (Table 5-7).
In these cases measurements of SOC were limited by DO concentrations. Low SOC
measurements at these sites do not indicate low levels of sediment (organic matter)
metabolism. In hypoxic and anoxic sediments anaerobic metabolism is very likely
clipping along at very high rates (Roden and Tuttle 1993; Marvin-dePasqualle et al 1998,
2003). The ratio of sediment SOC to ammonium flux (O:N flux ratio; atomic basis) has a
value of about 13 if normal Redfield organic matter (phytoplankton organic matter with
C:N:P = 106:16:1) is being metabolized. At sites in the Patuxent this ratio varied a great
deal, ranging from 6 to about 180. However, all sites exhibiting high O:N flux ratios
were from shallow sites. Flux ratios at or below Redfield proportions were from sites
deeper than 5 m. As indicated earlier, generally high O:N flux ratios suggest missing
nitrogen and that N was likely denitrified in sediments (Boynton and Kemp 1985). This
pattern suggests that in those sites (shallow sites, for example) where sediments remain
well oxidized because of a short and well-mixed water column, coupled nitrification-
denitrification is active through the summer months. In contrast, at deeper sites that
experience hypoxia during summer O:N flux ratios indicate simple remineralization of N
to ammonium with no loss to denitrification. In cases where the O:N flux ratio is well
below the expected 13, we suggest some additional N may have come from sulfate-based
anaerobic respiration. The important management point here is that if DO in bottom
waters can be elevated (>3 mg I'*) a good deal of N that is now recycled many times
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Figure 5-7. Map of upper Chesapeake Bay showing
Patuxent River sampling sites and bar graphs (mean and
standard error) for each of the standard sediment flux
variables. Flux data were averaged for summer months

(June-August)

during the warm months and supports
additional phytoplankton blooms, would be
effectively removed from the system.
Dissolved oxygen turnover time based of
SOC as the only DO sink (water column
DO stock divided by SOC) is about 16
days, not a very short turnover time.
However, if we consider just the portion of
the water column beneath the seasonal
pycnocline, the turnover time is reduced by
about a factor of two.

Sediment ammonium fluxes were
variable along the main axis of the Patuxent
but, with the exception of several sites,
quite high (> 300 umol N m™ hr(Fig. 5-
7)). Ammonium fluxes in this estuary
ranked 6™ of the 13 Bay and tributary sites
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considered in this section. Sediments in this estuary had a mean Eh = 209mV but were
also quite variable. At those stations with reduced ammonium fluxes, Eh values were
elevated indicating persistently oxidized sediments. This suggests that coupled
denitrification - denitrification may well have been operative, consistent with lower
sediment ammonium releases at these sites in the estuary. Jenkins and Kemp (1984)
reported a lack of sediment denitrification in deeper waters of the Patuxent during
summer, probably because of a lack of dissolved oxygen needed to support nitrification.
It is also possible that sufficient light reached the bottom in this system and ammonium
was being used by sediment autotrophs. However, Secchi disk measurements made
along the axis of the estuary indicate Secchi depths ranging from 0.6 to 1.3 m (average of
0.9 m) and these suggest that much less than 1 % of light reaches the sediment surface at
the average depth of the estuary. Nevertheless, some sediment autotrophic activity is
possible along the flanks of this system and might play a role in reducing sediment
ammonium fluxes as suggested by Kemp et al (2005).

Sediment nitrite plus nitrate (NO, + NO3) fluxes were directed both into and out
of sediments along the axis of the estuary (Fig. 5-7). Nitrate plus nitrite fluxes ranged
from -33 to 35 pmol N m? hr*. Fluxes into sediments were likely in response nitrate in
the water column although nitrate concentrations were not high in this system, in part
because these are summer measurements and in part because all the sites were located in
the mesohaline estuary where nitrate concentrations are typically low (Table 5-7). This
pattern of nitrate flux has been observed elsewhere (e.g. Boynton and Kemp 1985;
Cowan and Boynton 1996) and has been interpreted as a gradient-driven flux. However,
at the shallow sites of the estuary nitrate was being released by sediments and this is a
sign of surficial sediment nitrification, an index we use to indicate good sediment quality.
The generally high sediment Eh values further support this contention. It is also
interesting to note that at these four sites (Sta. PX07, PX21, PX25 and STLC),
ammonium fluxes were depressed relative to those measured in adjacent but deeper
water. At these sites nitrate fluxes from sediments to the water column were substantial
suggesting that some of the ammonium remineralized in sediments was nitrified rather
than released as ammonium. We would suggest that much of the nitrified N is denitrified
but we have no direct measurements of this process. It would be quite useful to work
towards having a denitrification measurement methodology that could be readily
incorporated into sediment monitoring programs such as those described here.

Sediment phosphorus flux ranged from about 1 to 55 pumol P m? hr, rates that
are generally considered to be modest to large from an impact on water column processes
point of view. Sediment P fluxes averaged about 25 umol P m? hr in the Patuxent. A
sediment P flux of this magnitude could support a phytoplanktonic production rate of
about 0.8 g C m™ day™, (based on Redfield stochiometric ratios for phytoplankton of
C:N:P = 106:16:1). Phytoplanktonic production rates of 3 g C m™ day™ would be
considered extremely high while rates greater than 1 g C m day™ would be common in
enriched regions of Chesapeake Bay and tributary rivers (e.g., Harding et al 2002;
Boynton et al 1982). The fact that P flux at all sites in the Patuxent River were from
sediments to the water column was interesting; there was apparently enough hypoxia in
these waters to promote P flux from these sediments except in the very shallow sites
where very oxidized and iron-rich sediments likely trapped phosphorus before it could be
released to the overlying water.
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Environmental Conditions

There were several distinctive features of water column and sediment
environmental conditions in the Patuxent River estuary (Table 5-7). At least during
summer conditions this is a turbid, mid-salinity, low nitrate and hypoxic system.
Nitrogen limitation of photosynthetic processes has been repeatedly demonstrated

Table 5-7. Summer boitom water conditions for the Fatuxent River sstuary.

Station | Salinity, DO NQ, + NO, Sed. Chl. a Eh
(mg L"), (1M) (mg m?) , (mV) 4
BUVA 9.9+04 45+02 3608 0 +6 2B5 + 17
PX07 99089 49045 2108 63 +£9 JE N
MRPT 12204 2103 o i 87 170£22
PX15 12.2+04 10+03 3.2+11 131+ 14 103 £33
PX21 10.3+10 6.2+04 0.8+03 36+3 271 +33
PX25 1M.0+10 6004 0803 428 253 +38
PX23 124 089 12:03 3412 M7 £12 128 £34
BRIS 13105 2102 4106 86 £5 158 £20
PX33 124+ 1.1 20+04 41+13 125 1 11 187 + 48
STLC 12.8+04 39+02 32105 88 +6 216 +22

Summer (Jun-Aug) average (+ SE) bottom water conditions.
b = Bottom water (0.5 m above sediment surface)
t = Tatal chlorophyll a

1 =Ehvalues (corrected my) at 1 cm below sediment surface

(D’Elia et al 1986; Fisher et al 1992) during late spring - fall, with light and P-limitation
during winter and early spring. High summer sediment P releases may prevent P-
limitation during this period of the year. Sediment total chlorophyll-a values averaged 84
mg m, slightly higher than the median value of the full flux data set. These values were
about half those routinely observed in more enriched systems. These values serve as an
indication of the amount of labile organic matter available to support sediment fluxes and
have proven to be good indicators of flux in other studies in Chesapeake Bay (Cowan and
Boynton 1996). Sediment Eh values averaged 209 mV, a value indicating generally
oxidized sediments. However, Eh values were elevated at sites with very low ammonium
and phosphorus fluxes, consistent with the conceptual model guiding these analyses.

5-1H. Anacostia River
Location and General Description

The Anacostia River estuary is a small tributary to the tidal Potomac River in the
immediate vicinity of Washington, DC. This is a highly polluted and degraded tidal
freshwater estuary (Fig. 3-1 and 5-8; Table 3-1) This urban estuary has a surface area of
about 3.3 km? and an average depth of 4.3 m and much greater depths associated with
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Figure 5-8a. Map of upper Chesapeake Bay showing
Anacostia River sampling sites and bar graphs (mean and
standard error) for each of the standard sediment flux
variables. Flux data were averaged for summer months
(June-August)

limited navigation channels. The nominal
nitrogen loading rate is 120 g N m? yr,
This rate is very high compared to those
delivered to the Maryland mainstem Bay (21
g N m? yr!). Land use in the Anacostia
watershed is truly urban (49%) with about
23% impervious surfaces. Natural vegetation
and cultivated land make up 31% and 17%
of the land area, respectively. Wetlands
constitute less than 2% of the watershed.
During the period when flux measurements
were made (2002) there were strong
indications of persistent hypoxic bottom
waters at some sites and these conditions can
have strong influences on sediment
biogeochemistry.

Spatial Pattern and Magnitude of Sediment
Flux

SOC rates ranged from about 1.0 to
3.3 9 0, m? day™ and tended to be higher in
the upper than lower reaches of the estuary
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(Fig. 5-8a). There were several sets of low SOC values recorded in the estuary (Sta.
ANA19-ANAZ24) and these were associated with low bottom water DO concentrations
(Table 5-8). In these cases measurements of SOC were likely limited by low DO
concentrations. Low SOC measurements at these sites do not indicate low levels of
sediment (organic matter) metabolism. In hypoxic and anoxic sediments anaerobic
metabolism is very likely clipping along at very high rates (Roden and Tuttle 1993;
Marvin-DiPasquale et al 2003). Aside from the DO-limited sites, SOC in the Anacostia
was high and averaged about 2.5 g O, m? day™. Rates of this magnitude exceed 85% on
all other SOC measurements in the data set. Dissolved oxygen turnover time based of
SOC as the only DO sink (water column DO stock divided by SOC) is about 8 days, a
moderately short turnover time. Such a short turnover time suggest an important role for
sediment processes and a potentially dynamic DO regime. The ratio of sediment SOC to
ammonium flux (O:N flux ratio; atomic basis) would have a value of about 13 if normal
Redfield organic matter (e.g., phytoplankton with C:N:P = 106:16:1) was being
remineralized. At most sites in the Anacostia River this ratio was much below Redfield
proportions, indicating that both aerobic and anaerobic remineralization was taking place
with little or no coupled sediment nitrification-denitrification. Ratios of O:N sediment
flux at sites in the Anacostia River ranged from about 3 to 21 and were close to or
slightly above Redfield proportions at only two sites in the estuary (Sta. ANO3 and
ANO01). While O:N sediment flux ratios in the vicinity of 13 can be explained as
remineralization of phytoplanktonic debris, flux ratios well below 13 require a different
explanation. Our interpretation of these is that ammonium is being primarily generated
from anaerobic metabolism, mainly based on methane production (not sulfate reduction
in the Anacostia river because of the very low SO4 concentrations in tidal freshwater).
Thus, in oxygen poor zones there is little to no SOC but high rates of anaerobic
metabolism generating large amounts of ammonium and hence very low O:N flux ratios.
Sediment ammonium fluxes were extremely high throughout the estuary and extremely
large in the upper portions (1000-1200 pmol N m? hr'). Ammonium fluxes in the
Anacostia River ranked 1st in magnitude of the 13 Bay and tributary sites considered in
this section. It is unlikely that sufficient light reached the bottom in this system for
sediment ammonium to be used by sediment autotrophs. For example, Secchi disk
measurements made along the axis of the estuary indicate Secchi depths ranging from 0.4
to 0.8 m (average of 0.6 m) and these suggest that much less than 1 % of light reaches the
sediment surface at the average depth of the estuary.

Sediment nitrite plus nitrate (NO, + NO3) fluxes were all directed into sediments
along the axis of the estuary and the magnitude of flux ranged from modest (e.g., ~ 100
umol N m? hr) at several sites to very large (>200 - 100 umol N m™ hr) in the lower
estuary. The fact that these fluxes were directed into sediments was more than expected
given the modest levels of NO;s in the water column (Table 5-8). This pattern has been
observed elsewhere (e.g. Boynton and Kemp 1985; Cowan and Boynton 1996) and has
been interpreted as a gradient-driven flux. In the case of the Anacostia River estuary
there was a very strong relationship between water column nitrate concentration and
sediment nitrate flux (Fig. 5-8b). At most locations in Chesapeake Bay sediment nitrate
fluxes are small, especially compared to ammonium fluxes. However, in the Anacostia
nitrate flues were very large. About 96% of all nitrate fluxes measured in Chesapeake
Bay were lower than those measured in the Anacostia.

Sediment Flux Synthesis 2008 5-26



Anacostia Summer Data
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Figure 5-8b. Scatter plot of summer mean bottom water NO,+NO; concentrations versus
summer mean sediment NO,+NOj flux in the Anacostia River. Results of linear
regression analysis is also provided.

Sediment phosphorus flux ranged from about -6 (directed into sediments) to about
5 umol P m? hr!. These rates are considered to be small from an impact on water
column processes point of view. Given the large SOC rates and the extremely large
ammonium fluxes the very small sediment P fluxes stand in stark contrast. Since the
former two fluxes are based on biological activity we conclude that physical-chemical
processes are responsible for the very small P fluxes. The most likely explanation is that
interstitial P is adsorbed to the iron rich sediments in this estuary. To place these small
sediment P fluxes in a water quality perspective, a sediment P flux of 1 pmol P m? hr
(average for the Anacostia River) could support a phytoplanktonic production rate of less
than 0.1 g C m? day™, (based on Redfield stochiometric ratios for phytoplankton of
C:N:P = 106:16:1). Phytoplanktonic production rates of 3 g C m™ day™” would be
considered extremely high while rates greater than 1 g C m day™ would be common in
enriched regions of Chesapeake Bay and tributary rivers (e.g., Harding et al 2002;
Boynton et al 1982). Thus, the sediment P fluxes in the Anacostia River estuary can be
classified as small and can be expected to have minor potential for impacting water
quality conditions.
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Environmental Conditions

There were several distinctive features of water column and sediment
environmental conditions in the Anacostia River estuary (Table 5-8). At least during
summer conditions this is a very turbid, tidal-freshwater, moderate nitrate and often
hypoxic system. It would be hard to imagine N-limitation of photosynthetic processes,
although light limitation is a distinct possibility. Possibly the most distinctive feature of
water quality conditions was the reverse pattern of nitrate concentration. In most
estuaries, nitrate concentration is highest in the headwaters and decreases downstream.
However, the opposite pattern existed in the Anacostia and likely reflects low N loading

Table 5-8. Summer boitam water conditions for the Anacastic River astuary.

Station | Salinity, DO NO, + NO, Sed.Chl. 2 Eh
(mg L1, (UM} (mg m2), (mV},
ANOS 0.1+0M Ja+07 14 +4 50 +£10 1797
ANO4 0.1+002 e P 1143 67 +24 238 £ R0
ANO3 0.1+0.02 58+15 106 53 +7 219 £30
ANO2 0.1+00 g80+03 2249 81417 139 £ 27
ANA-1S 0+0 20 +0 3|+0 ND ND
ANA-21 0x0 2.1+0 45+ 0 HD ND
ANA-24 0x0 45+0 93 +0 HD ND
ANO1 0.2+0M fH+06 I+ 68 +9 203 £ 59

Summer (Jun-Aug) average (+ SE) bottom water conditions.
b = Bottom water (0.5 m above sediment surface)

t = Total chlorophyll a

1= Ehvalues (corrected my) at 1 cm below sediment surface
MD = Mo data

during a dry summer period and the influence of the mainstem Potomac River estuary
which has very high nitrate concentrations in the vicinity of the mouth of the Anacostia
River. Sediment total chlorophyll-a concentration averaged only 64 mg m™, below the
median value of the full flux data set. The low sediment chlorophyll-a values were
somewhat of a surprise given the large SOC rates and huge ammonium fluxes. However,
there are other sources of organic matter in this system (e.g., surface runoff, sewage
overflows and abundant streamside forest leaves) and each has some organic nitrogen
associated with it. Sediment Eh values averaged 196 mV, but were highly variable in this
system and at several sites data were missing because of equipment failures.

5-11. Potomac River
Location and General Description

The Potomac River estuary, the largest tributary of Chesapeake Bay, is located on
the western shore of Chesapeake Bay about half way between the Susquehanna River
mouth and the Virginia capes (Fig. 3-1 and 5-9; Table 3-1). This estuary is about 158 km
in length, has a surface area of 1210 km? and an average depth of about 6 m. The
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Figure 5-9. Map of upper Chesapeake Bay showing
Potomac River sampling sites and bar graphs (mean and
standard error) for each of the standard sediment flux
variables. Flux data were averaged for summer months
(June-August)

nominal nitrogen loading rate is 35 and g N
m? yr!.  This rate is higher than those
delivered to the Maryland mainstem Bay (21
g N m? yr', Boynton et al 1995) but are
considerably less than loads to the most
enriched areas of the Bay (e.g., Patapsco
River estuary). Land use in the Potomac
watershed is primarily natural vegetation (59
%), followed by agriculture (32%), and
developed land. During the period when flux
measurements were made (many years:
1979; 1985-1996; 2002; 2004) there were
clear indications of chronic hypoxic bottom
waters in the mesohaline portion of the
estuary, and diel scale hypoxia was present
in shallow areas and in tributary creeks.
Sediment flux measurements in this estuary
are very numerous and span the salinity
gradient from tidal freshwater to the
mesohaline region of the estuary.

Spatial Pattern and Magnitude of Sediment
Flux

SOC rates ranged from about 0.1 to
5.5 g O, m? day™ although values at most
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stations were between 1 and 2 g O, m? day™ (Fig. 5-9). SOC rates in the Potomac
ranked 7" of the 13 estuaries considered in this section. There were several sets of low
SOC values recorded in the estuary, all at deep sites in the lower mesohaline zone (e.g.,
Sta. RGPT, PTO05, PT03, PT02 and PTO01) and all of these were associated with low (<2
mg 1) bottom water DO concentrations (Table 5-9). In these cases SOC rates were
limited by DO concentrations. Low SOC measurements at these sites do not indicate low
levels of sediment (organic matter) metabolism. In hypoxic and anoxic sediments
anaerobic metabolism is very likely clipping along at very high rates (Roden and Tuttle
1993; Marvin-dePasqualle et al 1998, 2003). In the mesohaline Potomac River estuary,
sulfate-based anaerobic respiration is likely the major form of metabolism. The ratio of
sediment SOC to ammonium flux (O:N flux ratio; atomic basis) has a value of about 13 if
normal Redfield organic matter (phytoplankton organic matter with C:N:P = 106:16:1) is
being metabolized to ammonium, water and carbon dioxide. At sites in the Potomac this
ratio varied a great deal, ranging from about 1 to about 74. However, there was a
reasonably clear pattern along the axis of the estuary. First, most sites in the upper and
middle estuary had flux ratios close to those expected for Redfield decomposition.
Higher flux ratios were almost exclusively associated with very shallow sites along the
flanks of the estuary. Flux ratios at or below Redfield proportions were from deeper sites
mainly located in the oxygen poor waters of the lower estuary. As indicated earlier,
generally high O:N flux ratios suggest missing nitrogen and that N was likely denitrified
in sediments (Boynton and Kemp 1985). This pattern suggests that in those sites
(shallow sites, for example) where sediments remain well oxidized because of a short and
well-mixed water column, coupled nitrification-denitrification is active through the
summer months. In contrast, at deeper sites that experience hypoxia during summer O:N
flux ratios indicate simple remineralization of N to ammonium with no loss to
denitrification. In cases where the O:N flux ratio is well below the expected 13, we
suggest some additional N may have come from sulfate-based anaerobic respiration. The
important management point here is that if DO in bottom waters can be elevated (>3 mg
I'Yy a good deal of N that is now recycled many times during the warm months and
supports additional phytoplankton blooms, would be effectively removed from the
system via denitrification. Dissolved oxygen turnover time based of SOC as the only DO
sink (water column DO stock divided by SOC) is about 13 days, not a very short turnover
time. However, if we consider just the portion of the water column beneath the seasonal
pycnocline, the turnover time is reduced by about a factor of two.

Sediment ammonium fluxes were variable along the main axis of the Potomac
but, with the exception of several sites, quite high (> 300 pmol N m™ hr'(Fig. 5-9)).
Ammonium fluxes in this estuary ranked 4th of the 13 Bay and tributary sites considered
in this section. Sediments in this estuary had a mean Eh = 137mV but were also quite
variable; in the upper estuary sediment Eh was about 200mV, higher (up to 400 mV) in
the middle estuary and generally much lower (<50 mV) in the deep waters of the lower
estuary. Ammonium fluxes also tended to follow a pattern along the axis of the estuary
wherein fluxes were highest in the upper estuary, reduced in the middle reaches and
higher in the lower estuary. At those stations with reduced ammonium fluxes, Eh values
were elevated indicating persistently oxidized sediments (e.g., in the middle portions of
the estuary). This suggests that coupled denitrification - denitrification may well have
been operative, consistent with lower sediment ammonium releases at these sites in the
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estuary. In the lower estuary, which has chronic hypoxia during summer, denitrification
was likely absent. Jenkins and Kemp (1984) reported a lack of sediment nitrification-
denitrification in deeper waters of the Patuxent during summer, because of a lack of
dissolved oxygen needed to support nitrification and that mechanism is likely operative in
the deep areas of the mesohaline Potomac as well. Thus, the generally high fluxes in the
lower estuary may represent efficient recycling of N from sediments with no shunt to
denitrification. The high ammonium fluxes of the upper Potomac are particularly
interesting. This area is relatively shallow, making it more likely that organic matter
produced in the water column will get to the bottom rather than be metabolized in the
water column (see Chapter 7), has intense algal blooms and these may provide ample
labile substrate to support large sediment ammonium releases. In addition, this area of
the Potomac has dense communities of the invasive clam, Corbicula sp. Some clam bed
biomass estimates reach > 100 gAFDW m™. Biomass estimates in this range (higher than
in almost all other areas of the Bay) could have direct and indirect influences on
ammonium flux. Clams could bioturbate the sediments thereby stimulating microbial
activity and enhance ammonium flux. In addition, direct excretion of ammonium by
clams would also contribute to this flux. Both may combine to produce these very large
ammonium fluxes. It is possible that sufficient light reached the bottom in this system
and some ammonium was being used by sediment autotrophs. There are substantial SAV
beds along the shoreline of the upper Potomac although we never obtained sediment
cores from within these macrophyte communities. However, Secchi disk measurements
made along the axis of the estuary indicate Secchi depths ranging from 0.5 to 2.1 m
(average of 1.1 m) and these suggest that much less than 1 % of light reaches the
sediment surface at the average depth of the estuary. Nevertheless, some sediment
autotrophic activity is possible along the flanks of this system and might play a role in
reducing sediment ammonium fluxes as suggested by Kemp et al (2005).

Sediment nitrite plus nitrate (NO, + NOg3) fluxes were mainly directed into
sediments along the axis of the estuary, decreasing from very large fluxes in the upper
estuary to very small fluxes in the lower estuary (Fig. 5-9). Nitrate plus nitrite fluxes
ranged from -410 to 5 pmol N m™ hr. Fluxes into sediments were likely in response
nitrate in the water column (Table 5-9). During summer in the Potomac nitrate
concentrations ranged from 100 uM in the upper estuary to less than 1 pM in the
mesohaline zone and sediment nitrate flux generally followed this pattern with highest
fluxes into sediments in the upper estuary and much smaller fluxes in the lower estuary
(Fig. 5-9b). This pattern has been observed elsewhere (e.g. Boynton and Kemp 1985;
Cowan and Boynton 1996) and has been interpreted as a gradient-driven flux. We would
suggest that much of this nitrate is denitrified but we have no direct measurements of this
process. It would be quite useful to work towards having a denitrification measurement
methodology that could be readily incorporated into sediment monitoring programs such
as those described here. It is interesting to note that there were very few sites (2) in all of
the Potomac where nitrate was evolved from sediments; nitrate being released by
sediments is a sign of surficial sediment nitrification, an index we use to indicate good
sediment quality. In this enriched and high nitrate estuary sediments may be supporting
nitrification where conditions are appropriate, but sediment uptake of nitrate from the
water column obscures this process.
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Perhaps the most interesting aspect of sediment flux in the Potomac relates to
phosphorus (Fig. 5-9). Sediment phosphorus flux ranged from about -5 to 65 umol P m™
hr?, rates that are generally considered to be modest to large from an impact on water
column processes point of view. Sediment P fluxes averaged about 21 pmol P m™? hr in
the Potomac. A sediment P flux of this magnitude could support a phytoplanktonic
production rate of about 0.7 g C m? day™, (based on Redfield stochiometric ratios for
phytoplankton of C:N:P = 106:16:1). Phytoplanktonic production rates of 3 g C m™ day™
would be considered extremely high while rates greater than 1 g C m™ day™ would be
common in enriched regions of Chesapeake Bay and tributary rivers (e.g., Harding et al
2002; Boynton et al 1982). However, in several portions of the Potomac (oligohaline and
hypoxic mesohaline portions) sediment phosphorus fluxes were closer to 50 pmol P m™
hr* and these would support much higher rates of primary production (~1.5 g C m™ day’
1). The fact that P flux at all but one site in the Potomac River were from sediments to
the water column was interesting. We believe there are three mechanisms operating to
cause these large rates. In the tidal freshwater portion pH values can be elevated during
daylight periods (> 9.5) and has been observed to get as high as 10.5. At pH values
greater than 9.0 phosphorus can be released into solution from sorption sites on iron-rich
sediment particles. Bailey et al (2006) reported on a series of experiments that
demonstrated this pH effect in the Potomac. Second, there is a clear increase in P flux in
the vicinity of the salt wedge (~PT17) and this may represent a common ion effect or
some other process in the release of P from sediments. Finally, in the mesohaline
portions of the estuary experiencing hypoxic conditions sediment P flux is again large.
This is likely caused by the release of P from iron hydroxides when they react with
reduced S compounds. Thus, in one estuary with a large salinity gradient we see all three
mechanisms thought to control P release from estuarine sediments.

Environmental Conditions

There were several distinctive features of water column and sediment
environmental conditions in the Potomac River estuary (Table 5-9). At least during
summer conditions the upper estuary is a very turbid, well mixed, high DO, and high
nitrate system. Nitrogen limitation of photosynthetic processes would be hard to imagine
as nitrate concentrations remain high, even in summer. Sediment Eh conditions are
generally quite positive (>200mV) and sediment chlorophyll-a concentrations are modest.
In the lower estuary water transparency is much greater and phytoplankton N-limitation
occurs (Fisher et al 1992). However, deep waters are seasonally hypoxic and sediment
Eh values indicate reduced conditions which are consistent with large sediment
ammonium and phosphorus fluxes and very low sediment O:N flux ratios. We would
predict much lower sediment N and P fluxes if DO and Eh conditions improved in the
mesohaline portion of this estuary.

Sediment Flux Synthesis 2008 5-32



Table 5-9. Summer boitam water conditions for the Fotomae River sstuary.

Station | Salinity, DO NO, + NO, Sed. Chl. a Eh
{mgL"), (UM} o, {mg m2), (mVy) 4
PT25 0.2 0 5 +10 2115 Gnx3 FLERE e
FT24 0.2 0 7.8 =06 5 £13 SBx16 " 24
FT22 0.2 0 T8 £1.2 TSx6 BR k1 210 26
PT21 02 0 65 05 43 Bmxid B +3
T 0.2 0 54 20 a0 o3 0 ND
Cna 02 0 5.2 0 00 a3 0 1]
HGNE 0x0 8.5 £0.2 100 £9 152 ND
Threa 02 0 64 0 T4+0 Ba 0 HD
PT200 02 0 85 +12 G243 o0 £ 13 1 £13
w25 ND ND ND ND ND
PTia 0.2 01 5.5 07 arxiG Bix2 1612
GHCY 0x0 0506 46 14201 ND
Four 02 0 T.i+0 a0 +0 620 HD
PT13 0.5 £0.2 6.4 0.6 15 R 1T 102 £7
e wan 010 a0 0 0 g5 0 ND
Sle 010 86 0 260 a3 0 1]
PTIF 14 0.7 6.1 0.4 M ToxT 156 71
PTig 18 2073 i85 202 M3 Bxi1d 250 67
WG ND ND ND ND ND
Egllt 13 0 740 16+0 80 HD
PTi5 43 186 6105 iz nxd 381 £15
PT14 113 o203 214 13 37 4
-1 ND ND HD ND HD
W-PC ND ND ND ND ND
MDFT id4 207 i0 03 32T 12 218 £58
PT13 B4 1.6 58 0.9 113 k4 226 £ ]
PT12 ar 0.8 5.1 01 FEY Sk 265 277
PT1H 11.4:08 42 +03 Bx2 S5 2 £TL
FT1n 1.6 x09 6.1 3.0 11 Tax15 19 111
PTua 15.2+£10 24 07 105 x5 148 £33
w-BE ND ND ND ND ND
PTOG Hexid 3T 19 103 BBxi12 166 £51
PTOG 5.7 £07 08 +13 22 Tex10 g2 +153
FTOF 18.3 207 0.9 0.6 11 FLE 1 S5 161
RGPT 15.r 05 06 £0.2 3x1 o0 £ 12 2
W-PFP ND ND ND ND ND
PTus 18,608 0h 06 3x2 FLE 231 x5
FTO4 1B.0+15 18 =13 10 S+6 8+ 104
-3 ND ND HD ND HD
FTO3 19.0 06 10 £1.2 2x1 anx13 40 = 14
PT02 5.8 +£03 13 1.1 0.4 20 TxT 1B+106
PTO1 wBri1 35412 11 L ER Y o £ 143

Summer [Jun-Aug) average (£ SE) bottom water

conditions.

b = Battom water (0.5 m above sediment surface)
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t = Tatal chlorophyll 2

1 = Eh values (corected mY') at 1 cm below sediment surface

MO = Mo data

5-33




Pocomoke

30

5-1J. Pocomoke River
Location and General Description 25 4

The Pocomoke River estuary is
located at the southern eastern shore portion
of Chesapeake Bay (Fig. 3-1 and 5-10; Table
3-3). This substantial eastern shore estuary
has a surface area of about 6.9 km? and an
average depth of about 2.7 m. Nominal
nitrogen loading rate is 6 g N m? yr’. This i
rate is low compared to those delivered to the
Maryland mainstem Bay (21 and 1 g N m™ 00 4
yr'!). Land use in the Pocomoke watershed 400
is primarily agricultural (45%) followed by
natural vegetation (26%). There is very little
(1%) developed land. During the period
when flux measurements were made (1980-
1981 and 1999) there was no indication of
hypoxic bottom waters, although diel scale
hypoxia may have been present in shallow
areas.
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Figure 5-10. Map of upper Chesapeake Bay showing
Pocomoke River sampling sites and bar graphs (mean
and standard error) for each of the standard sediment
flux variables. Flux data were averaged for summer
months (June-August)
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Spatial Pattern and Magnitude of Sediment Flux

SOC rates ranged from about 1.0 to 2.1 g O, m™ day™ although values at most
stations were between 1.2 and 1.6 g O, m™ day™ (Fig. 5-10). These values are above the
median for the full data set (1 g O, m? day). There was a clear pattern of increasing
SOC rates in a down estuary direction although the increase was not large. The fact that
rates were similar among stations and modest in magnitude may be related to the fact that
DO was relatively high in bottom waters at all stations (in sharp contrast to DO
conditions in some other tributaries) and thus not limiting SOC rates at any location. The
associated environmental variable data set also suggests modest sediment chlorophyll-a
concentration (below the median for the full data set, 72 mg m?) and a lack of clear
increases or decreases along the axis of the estuary. As described earlier, the ratio of
sediment SOC to ammonium flux (O:N flux ratio; atomic basis) would have a value of
about 13 if normal Redfield organic matter (e.g., phytoplankton with C:N:P = 106:16:1)
was being remineralized. At all sites in the Pocomoke River this ratio was close to or
well above 13, indicating that some remineralized N was lost and may have been
denitrified. Ratios of O:N sediment flux at sites in the Pocomoke ranged from about 13
to 97. Sediment Eh values (198 mV) in this estuary were also above the median (177
mV) for the full data set and these conditions would be appropriate for coupled
nitrification-denitrification to occur. Dissolved oxygen turnover time based on SOC as
the only DO sink (water column DO stock divided by SOC) is about 9 days, a modest
turnover time suggesting moderate influence of SOC on water column DO conditions.

Sediment ammonium fluxes tended to increase from the head of the estuary
proceeding downstream (Fig. 5-10). However, with a few exceptions (PC09 and PC10)
ammonium fluxes were small (<150 pmol N m? hr') throughout the estuary.
Ammonium fluxes in the Pocomoke ranked 9th of the 13 Bay and tributary sites
discussed in this section. The Pocomoke is one of the few “dark water” rivers in the
Maryland portion of the Bay. Because of this, phytoplankton activity in these dark
waters is limited and DOC levels (natural) are among the highest in the Bay. It is likely
that much of this DOC is refractory material. Thus, small ammonium fluxes may be
related to a limited supply of labile organic matter at the sediment surface. As the estuary
broadens, and there is more marine influence near the mouth, light conditions improve
and plankton production increases providing more labile material for sediment processes.
The higher ammonium flux down estuary may be caused by these processes. Sediments
in this estuary appear to be well oxidized (average Eh = 198 mV) and there was no
indication in this data set of persistent summertime deep water hypoxia. This suggests
that coupled denitrification - denitrification may well have been operative, consistent
with low sediment ammonium releases. It is also possible that sufficient light reached the
bottom in the more saline portion of this system and ammonium was being used by
sediment autotrophs. However, secchi disk measurements made along the axis of the
estuary indicate secchi depths ranging from 0.35 to 0.9 m (average of 0.55 m) and these
suggest that 1 % of light does not reach the sediment surface at average depths in this
estuary. Some sediment autotrophic activity is possible along the flanks of this shallow
system, especially near the mouth, and might play a role in reducing sediment ammonium
fluxes as suggested by Kemp et al (2005).

Sediment nitrite plus nitrate (NO, + NO3) fluxes were generally small (<20 pumol
N m™ hr') and directed both into and out of sediments along the axis of the estuary. In
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general, nitrate flux was directed into sediments in proportion to nitrate concentration in
the overlying water, but there were exceptions to this pattern. The fact that these fluxes
were not all directed into sediments was expected given the lower concentrations of NO3
in the water column (Table 5-10). This pattern has been observed elsewhere (e.g.
Boynton and Kemp 1985; Cowan and Boynton 1996) and has been interpreted as a
gradient-driven flux. It is quite possible that sediment nitrification rates at several
stations were sufficiently high to reduce the gradient in NO3 concentrations between the
water column and sediments thus reducing the magnitude of NO3 flux. It is, however,
clear that sediment nitrification was taking place at several stations because NO3; was
escaping, at small rates, from sediments to the water column and this, in itself, is an
indication of well oxidized sediments.

Sediment phosphorus flux ranged from about -7.0 to 30 pmol P m? hr™, but all
but two sites exhibited fluxes less than 2 pmol P m? hr* and at 7 of 11 sites P was
moving from the water to sediments. These rates are small from an impact on water
column processes point of view. For example, a sediment P flux of 2 pmol P m? hr
could support a phytoplanktonic production rate of less than 0.1 g C m™ day™, (based on
Redfield stochiometric ratios for phytoplankton of C:N:P = 106:16:1). Phytoplanktonic
production rates of 3 g C m? day ™' would be considered extremely high while rates
greater than 1 g C m™ day™ would be common in enriched regions of Chesapeake Bay
and tributary rivers (e.g., Harding et al 2002; Boynton et al 1982). The fact that P flux at
most sites in the Pocomoke River were into sediments was interesting. In several tidal
freshwater sites P fluxes tend to be in this direction (e.g., Anacostia River). The two
larger sediment P fluxes observed in the Pocomoke (Sta. PC09 and PC10) were
associated with a rapid increase in salinity (Table 5-10). There was no other clear
suggestion in the environmental data to explain these higher fluxes.

Environmental Conditions

There were several distinctive features of water column and sediment
environmental conditions in the Pocomoke River estuary (Table 5-10). During summer
conditions this is a relatively turbid estuary with a strong salinity and nitrate gradient. It
would be hard to imagine N-limitation of photosynthetic processes in the upper estuary
but P and light limitation are distinct possibilities. It is useful to note that water column
nitrate concentrations exhibited the expected pattern of sharp decrease along the axis of
the estuary. Sediment total chlorophyll-a values averaged 51 mg m™, slightly below the
median value of the full flux data set. These values were less than half those routinely
observed in more enriched systems. These values serve as an indication of the amount of
labile organic matter available to support sediment fluxes and have proven to be excellent
indicators of flux in other studies in Chesapeake Bay (Cowan and Boynton 1996).
Sediment Eh values averaged 198 mV, a value indicating oxidized sediments, and an
indication, along with high bottom water DO concentrations and occasional NO; fluxes
to the water from sediments, that sediment nitrification-denitrification was an active
process.
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Table 5-10. Summear botiom water conditions for the Pocomale River estuary.

Station | Salinity, DO NQ, + NO, Sed. Chl. a Eh
(mg L"), (1M) (mg m?) , (mV) 4
PCO1 0.1+0 45+07 2+ 32+4 149 + 50
PCO2 010 4506 27 +8 3|2 143 £37
PCO3 0.1+0 45+03 26 +9 2 +3 3 +7
PC04 010 5002 24 £ 11 62 £ 23 214 £31
PCO5 020 5202 23+ 6110 241 +£4
PCO6 1.1+£08 49+04 F+7 B+9 210+ 11
PCO7 3521 49+03 23+9 40 +9 240 +13
PCO8 48+26 4.7+03 19+9 37 +6 239 +15
PCOS 8.5+23 44403 944 749 226 + 45
PC10 12220 5.2+04 32 f0£7 204 + 39
PS02 19.7£089 6501 00 4 £13 154 £ 58
PS01 19.1+£03 63 +0.1 1+0 62 + 3 122 + &1

Summer (Jun-Aug) average (+ SE) bottom water conditions.
b = Bottom water (0.5 m above sediment surface)

t = Tatal chlorophyll a

1 =Ehvalues (corrected my) at 1 cm below sediment surface

5-1K. York River
Location and General Description

The York River estuary is located on the western shore of the Virginia sector of
Chesapeake Bay and is one of several major western shore tributaries (Fig. 3-1 and 5-11;
Table 3-3). This estuary is about 92 km in length, has a surface area of 215 km? and an
average depth of about 4.3 m. Land use in the York watershed is primarily natural
vegetation (68%), followed by agriculture (21%), and developed land (2.2%). During the
period when flux measurements were made (1978, 1983, 1988, 1990, 1992-1994, 1996)
there were no indications of chronic hypoxic bottom waters in the mesohaline portion of
the estuary where flux measurements were conducted. The mouth of the York River
estuary has a well described spring-neap tidal cycle of low and high DO conditions in
deep water but this was not captured in the environmental data associated with flux
measurements. Diel-scale hypoxia was likely present in shallow areas and in tributary
creeks. The York River data were not collected by the Boynton Lab; the York is the only
system in this synthesis where all data were collected by other researchers. As a result,
not all of variables were collected and station locations were not distributed as in many of
the Maryland tributaries. In particular, flux stations in the York were segregated into
deep and shallow sites and this separation is noted in the graphics in this section.
Measurements made in the York included those made in the dark as well as under
ambient light conditions. Only dark fluxes were included here to be consistent with the
rest of the flux data base.
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Figure 5-11. Map of lower Chesapeake Bay
showing York River sampling sites and bar graphs
(mean and standard error) for each of the
standard sediment flux variables. Flux data were
averaged for summer months (June-August)

Spatial Pattern and Magnitude of Sediment
Flux

SOC rates ranged from about 0.2 to
2.1 g O, m? day™ although values at most
stations were between 0.5 and 1.0 g O, m™
day™ (Fig. 5-11). SOC rates in the York
River ranked 11th of the 13 estuaries
considered in this section. There was one
set of low SOC values recorded in the
estuary (Station Mumft) but we have no
bottom water DO data from this site to see
if this was a case where SOC rates were DO
limited.(Table 5-11). At most of the paired
deep-shallow York River estuary sites SOC
rates were larger at the shallow sites. The
reasons for this are not evident. In the York
River estuary we have limited data and
hence a limited ability to interpret the O:N
flux ratios. The ratio of sediment SOC to
ammonium flux (O:N flux ratio; atomic
basis) has a value of about 13 if normal
Redfield organic matter (phytoplankton
organic matter with C:N:P = 106:16:1) is
being metabolized. At sites in the York this
ratio varied a great deal, ranging from 4 to
about 578, the most variable in the full flux
data set. However, all sites exhibiting high
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O:N flux ratios were from shallow or reasonably shallow (< 6 m) sites. However, some
shallow sites also exhibited low O:N flux ratios and this was unexpected. Flux ratios at
or below Redfield proportions were mainly from sites deeper than 6 m. As indicated
earlier, generally high O:N flux ratios suggest missing nitrogen and that N was likely
denitrified in sediments (Boynton and Kemp 1985) or utilized by sediment autotrophs.
This pattern suggests that in those sites (shallow sites, for example) where sediments
remain well oxidized because of a short and well-mixed water column, coupled
nitrification-denitrification is active through the summer months. In contrast, at deeper
sites that experience hypoxia during summer O:N flux ratios indicate simple
remineralization of N to ammonium with no loss to denitrification. However, DO
conditions in deep waters of the York River at the time of flux measurements were not
very hypoxic. In cases where the O:N flux ratio is well below the expected 13, we
suggest some additional N may have come from sulfate-based anaerobic respiration.
However, we have no measurements of anaerobic metabolism in this or most other
tributaries. Dissolved oxygen turnover time based of SOC as the only DO sink (water
column DO stock divided by SOC) is about 29 days, a very long turnover time.
However, if we consider just the portion of the water column beneath the seasonal
pycnocline, the turnover time is reduced by about a factor of two and still represents a
relatively long turnover time.

Sediment ammonium fluxes were variable along the main axis of the York but
quite high at a few deep sites (> 300 pmol N m™? hr'’; Fig. 5-11). Ammonium fluxes in
this estuary ranked 11th of the 13 Bay and tributary sites considered in this section. No
Eh data were available for the York River so we have no direct measure of the redox
condition of sediments. It is also possible that sufficient light reached the bottom in this
system and ammonium was being used by sediment autotrophs. Some sediment
autotrophic activity is possible along the flanks of this system and might play a role in
reducing sediment ammonium fluxes as suggested by Kemp et al (2005). Ammonium
flux was generally smaller at shallow sites and this is consistent with autotrophic
utilization of ammonium.

Sediment nitrite plus nitrate (NO, + NOg) fluxes were directed both into and out
of sediments along the axis of the estuary (Fig. 5-11). Nitrate plus nitrite fluxes ranged
from -105 to 22 pmol N m? hr!. Large nitrate flux into sediments occurred at two sites
having high nitrate concentrations in the water column. This pattern has been observed
elsewhere (e.g. Boynton and Kemp 1985; Cowan and Boynton 1996) and has been
interpreted as a gradient-driven flux. However, at other sites in the estuary nitrate was
being released or consumed by sediments, but rates were very small.

Sediment phosphorus flux ranged from about -1 to 25 pmol P m™ hr, rates that
are generally considered to be small from an impact on water column processes point of
view. Sediment P fluxes averaged about 4 pmol P m-2 hr-1 in the York. A sediment P
flux of this magnitude could support a phytoplanktonic production rate of about 0.1 g C
m? day”, (based on Redfield stochiometric ratios for phytoplankton of C:N:P =
106:16:1). Phytoplanktonic production rates of 3 g C m™ day™ would be considered
extremely high while rates greater than 1 g C m? day™ would be common in enriched
regions of Chesapeake Bay and tributary rivers (e.g., Harding et al 2002; Boynton et al
1982). The fact that P flux at most sites in the York River were small was interesting;
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there was apparently not enough hypoxia in these waters to promote P flux from these
sediments except possibly at the deepest sites where DO may be low.

Environmental Conditions

Very little environmental data were available from the sites where sediment flux
measurements were conducted. With the exception of the most up estuary and down
estuary sites, nitrate concentrations were low, as expected. Bottom water DO
concentrations were not especially low, even in deep waters. No sediment Eh or
chlorophyll-a data were available (Table 5-11).

Table 5-11. Summer botiom water conditions for the Tork Fiver estuary.

Station | Salinity, DO NO, + NO, Sed. Chl. 2 Eh

(mg LYy (HM) (mg m?), (mV) ,
F{ET.:l|1 12.6 4.7 0 MWD MDD
RET4, 9.6 4.4 I8 MD MO
PRPR, 144 5.1 15 ND ND
PRPR, 1617 63+02 13+04 ND ND
('_:Ia'_»,.'bnkd 18.2 5.7 1.9 0] ([0
Claybnk, | 19318 6.3+0.2 15210 ND ND
Mumft 17.2+00 MWD R7T+49 0] 4]0
YKSS 185+13 MWD 08+03 MWD MO
‘v;.»'ll'l.JIS'j 18.8 6.0 1.0 MWD MO
VIMS, 21315 6.3+0.2 0.6£0.1 ND ND
LE.:l'1 235 3.5 12 MWD MO
LE4, 20.8 8.1 3.0 ND ND

Summer (Jun-Aug) average (+ SE) bottom water conditions.
tb = Bottom water (0.5 m above sediment surface)

t = Total chlorophyll a

1= Ehvalues (corrected my) at 1 cm below sediment surface
5 = shallow (shoal area)

d = deep (channel area)

If no SE listed, sample size is M =1

MO = Mo data

5-1L. Mainstem Chesapeake Bay
Location and General Description

The Chesapeake Bay mainstem (Fig. 3-1 and 5-12; Table 3-3) has a surface area
of 5820 km? and an average depth of about 8.9 m. The nominal nitrogen loading rate is
about 21 g N m™? yr' (Boynton et al 1995) but this varies by about a factor of two
between dry and wet years. Land use in the full Chesapeake watershed (64,000 mi?) is
primarily natural vegetation (63 %), followed by agriculture (29%), and developed land
(3.6%). During the period when flux measurements were made (many years: 1980, 1985-
1998) there were clear indications of chronic hypoxia and anoxia in bottom waters in the
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Figure 5-12. Map of Chesapeake Bay showing
mainstem sampling sites and bar graphs (mean and
standard error) for each of the standard sediment flux
variables. Flux data were averaged for summer months
(June-August).

mesohaline portion of the estuary, and diel
scale hypoxia was present in shallow areas
and in tributary creeks. Sediment flux
measurements in this estuary are very
numerous (~230 summer measurements)
and span the salinity gradient from tidal
freshwater to the polyhaline region of the
estuary, although there are far fewer
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measurements available in the southern Bay.

Spatial Pattern and Magnitude of Sediment Flux

SOC rates during summer ranged from about 0.2 to 1.8 g O, m™ day™ and were
quite variable along the main axis of the Bay (Fig. 5-12). SOC rates in the Chesapeake
mainstem ranked 10" of the 13 estuaries considered in this section. The main
longitudinal pattern evident in the flux data was a trend towards highest values in the
upper Bay, low values in the mid-Bay and intermediate values in the lower Bay. In
general, highest SOC rates were measured at relatively shallow sites (< 8 m), mainly in
the upper Bay. There were many sets of low SOC values recorded in the mid-Bay region,
all at deep sites in the mesohaline zone (e.g., Sta. 104 through SMPT) and all of these
were associated with low (<2 mg I™") bottom water DO concentrations (Table 5-12). In
these cases, measurements of SOC were limited by DO concentrations. Low SOC
measurements at these sites do not indicate low levels of sediment (organic matter)
metabolism. In hypoxic and anoxic sediments anaerobic metabolism is very likely
clipping along at very high rates (Roden and Tuttle 1993; Marvin-dePasqualle et al 1998,
2003). In the mid-Bay, sulfate-based anaerobic respiration is likely the major form of
metabolism. The ratio of summer season sediment SOC to ammonium flux (O:N flux
ratio; atomic basis) has a value of about 13 if normal Redfield organic matter
(phytoplankton organic matter with C:N:P = 106:16:1) is being metabolized to
ammonium, water and carbon dioxide. At sites in the Chesapeake mainstem this ratio
varied a great deal, ranging from about 2 to about 157. However, there was a reasonably
clear pattern along the axis of the estuary. First, only sites in the upper and lower estuary
had flux ratios well above those expected for Redfield decomposition. Higher flux ratios
were exclusively associated with relatively shallow sites having well oxygenated bottom
waters. Flux ratios at or below Redfield proportions were from deeper sites mainly
located in the oxygen poor waters of the mid and lower estuary. As indicated earlier,
generally high O:N flux ratios suggest missing nitrogen and that N was likely denitrified
in sediments (Boynton and Kemp 1985). This pattern suggests that in those sites
(shallow sites, for example) where sediments remain well oxidized because of a short and
well-mixed water column, coupled nitrification-denitrification is active through the
summer months. In contrast, at deeper sites that experience hypoxia during summer O:N
flux ratios indicate simple remineralization of N to ammonium with no loss to
denitrification. In cases where the O:N flux ratio is well below the expected 13, (e.g.,
Sta. 104 in very deep water just south of Annapolis, MD) we suggest some additional N
may have come from sulfate-based anaerobic respiration. The important management
point here is that if DO in bottom waters can be elevated (>3 mg I™*) a good deal of N that
is now recycled many times during the warm months and supports additional
phytoplankton blooms during the summer period, would be effectively removed from the
system via coupled nitrification-denitrification. Dissolved oxygen turnover time based of
SOC as the only DO sink (bottom water column DO stock divided by SOC) is about 15
days, not a very short turnover time.

Sediment ammonium fluxes exhibited a very clear pattern along the main axis of
the Bay, with modest rates in the upper Bay (mean < 150 umol N m* hr), increasing
rates through the mid Bay region (250 to 575 pmol N m™ hr'') and intermediate rates in
the lower Bay (mean = 200 umol N m? hr'; (Fig. 5-12). Ammonium fluxes for the full
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axis of the mainstem Bay ranked 8th of the 13 Bay and tributary sites considered in this
section. If just the mesohaline, mid-Bay were considered the ranking would be 2nd or
3rd of the 13 locations considered in this section. Sediments in the mainstem Bay had a
mean Eh = 32mV but were also quite variable; in the upper estuary sediment Eh was
much higher (103 - 265 mV), very low (negative) in the mid Bay and higher at the Bay
mouth. Ammonium fluxes also tended to follow an inverse of the sediment Eh pattern
along the axis of the estuary wherein fluxes were lowest in the upper estuary, large in the
middle reaches and moderate in the lower estuary. At those stations with reduced
ammonium fluxes, Eh values were elevated indicating persistently oxidized sediments
(e.g., in the upper Bay). This suggests that coupled denitrification - denitrification may
well have been operative, consistent with lower sediment ammonium releases at these
sites in the estuary. In the mid Bay, which has chronic hypoxia during summer,
denitrification was likely absent. Jenkins and Kemp (1984) reported a lack of sediment
nitrification-denitrification in deeper waters of the Patuxent during summer, because of a
lack of dissolved oxygen needed to support nitrification and that mechanism is likely
operative in the deep areas of the mainstem Bay as well. Thus, the generally high fluxes
in the mid Bay represent efficient recycling of N from sediments (as ammonium) with no
shunt to denitrification. It is possible that sufficient light reached the bottom in this
system and some ammonium was being used by sediment autotrophs. However, Secchi
disk measurements made along the axis of the estuary indicate Secchi depths ranging
from about 0.5 (upper Bay) to 2.4 m (lower bay; average of 1.4 m) and these suggest that
much less than 1 % of light reaches the sediment surface at the average depth of the
estuary. Nevertheless, some sediment autotrophic activity is possible along the flanks of
this system and might play a role in reducing sediment ammonium fluxes as suggested by
Kemp et al (2005).

Sediment nitrite plus nitrate (NO, + NO3) fluxes were, with only two exceptions,
small (<35 pmol N m? hr) and directed either into or out of sediments (Fig. 5-12).
Nitrate plus nitrite fluxes ranged from -35 to 280 pmol N m? hr™, but all but two ranged
between -35 and 25 umol N m™ hr’. Fluxes into sediments were likely in response to
nitrate in the water column (Table 5-12), although the pattern here is not nearly as clear
as it was in other tributary rivers. This pattern has been observed elsewhere (e.g.
Boynton and Kemp 1985; Cowan and Boynton 1996) and has been interpreted as a
gradient-driven flux. We would suggest that much of this nitrate is denitrified but we
have no direct measurements of this process. It would be quite useful to work towards
having a denitrification measurement methodology that could be readily incorporated into
sediment monitoring programs such as those described here. It is interesting to note that
there were very few sites (4) in all of the mainstem Bay where nitrate was evolved from
sediments; nitrate being released by sediments is a sign of surficial sediment nitrification,
an index we use to indicate good sediment quality. If management actions are able to
relieve the chronic hypoxia and anoxia of deep waters we would predict that many more
sites would be showing signs of sediment nitrification.

Perhaps the most interesting aspect of sediment flux in the Chesapeake mainstem
relates to phosphorus (Fig. 5-12). Sediment phosphorus flux ranged from about -3 to 60
pmol P m™ hr, rates that are generally considered to be modest to large from an impact
on water column processes point of view. Sediment P fluxes averaged about 19 pmol P
m? hr' in the Chesapeake mainstem and this flux ranks 6th among the 13 sites
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considered in this section. A sediment P flux of this magnitude could support a
phytoplanktonic production rate of about 0.6 g C m-2 day-1, (based on Redfield
stochiometric ratios for phytoplankton of C:N:P = 106:16:1).  Phytoplanktonic
production rates of 3 g C m? day™ would be considered extremely high while rates
greater than 1 g C m™ day™ would be common in most enriched regions of Chesapeake
Bay and tributary rivers (e.g., Harding et al 2002; Boynton et al 1982). However, in
several portions of the Chesapeake mainstem (hypoxic mesohaline portions) sediment
phosphorus fluxes were closer to 50 pmol P m™ hr' and these would support much
higher rates of primary production (~1.5 g C m? day™). The fact that P flux at all but one
site in the mainstem Bay were from sediments to the water column was interesting. We
believe there are several mechanisms operating to cause these large rates. In the tidal

Table 5-12. Suruner bottam water canditions for the Chesapeake Bay Mainsiem.

Station Salinity,, Do NO, + NO, Sed.Chl. a Eh
(mg L) (HM) {mg m2), (mv) 4
UB04 0.8+0.3 6.0 0.2 f2+3 M£23 133 £ 64
SLPD 3605 5703 497 68 £ 10 176 £ 35
B1 4.8+00 5900 200 ND ND
PLIS 48105 f4+02 30+3 86+13 265 £ 30
B2 6.8 £0.0 5700 760 ND ND
104 14307 10+03 47+16 275+ 3 103 +26
R-78 166 +07 0.7+03 38+25 94 +5 5+30
BOPT 13.2 00 43100 1.7 00 172 £ 0 37 0
B4 180+05 09+03 24108 102 +12 A4 £ 22
MB13 13305 0.7+03 0502 103 + 40 32 +64
PRBY 19.2+00 0.0+00 0.1+00 160 £ 0 195 +0
PNPT 18.3 £05 1.7+0.3 34109 84 =11 37 +28
SMPT 225100 0.1+00 04+00 FLER 63 +0
RPST 240+00 1.8+00 10+00 96 0 930
B& 24000 3.9=zx00 0.7+00 ND ND
YKST 272+15 6.1+05 0.4+01 97 £ 20 511

Summer (Jun-Aug) average (£ SE) bottom water conditions.
b = Bottom water (0.5 m above sediment surface)

t = Tatal chlorophyll 2

1= Ehvalues (corrected my) at 1 cm below sediment surface
MND = Mo data

freshwater/oligohaline portion there is a well developed infaunal community and
bioturbation associated with these animals and direct excretion could account for P-fluxes
across an otherwise oxidized and iron-rich sediment-water interface. In the mesohaline
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portions of the estuary experiencing hypoxic/anoxic conditions, sediment P flux is much
larger and this is likely caused by the release of P from iron hydroxides when they react
with reduced S compounds. Thus, in one estuary with a large salinity gradient we see
two different mechanisms thought to control P release from estuarine sediments.

Environmental Conditions

There were several distinctive features of water column and sediment
environmental conditions in the mainstem Bay (Table 5-12). At least during summer
conditions the upper estuary is a very turbid, well mixed, high DO, and high nitrate
system. Nitrogen limitation of photosynthetic processes would be hard to imagine as
nitrate concentrations remain high even in summer in the upper Bay. P-limitation and
light limitation has been reported for this sector of the Bay (Fisher at al. 1992). In the
mid and lower Bay N-limitation of phytoplankton production is more common.
Sediment Eh conditions exhibited a strong axial gradient being high in the upper Bay,
very reduced in the mid bay and moderate in the lower Bay. Eh and sediment ammonium
and phosphorus fluxes followed the same axial pattern. Sediment chlorophyll-a
concentrations ranged from modest in the upper and lower Bay to very large, even in
summer, in the mid-Bay.

5-1M. Maryland Coastal Bays
Location and General Description

The Maryland Coastal bays are located along the Maryland Atlantic coast and are
separated from the ocean by a series of barriers islands with connections to the ocean by a
series of inlets (Fig. 3-1 and 5-12; Table 3-3) This lagoonal system has a total surface
area of about 282 km? and an average depth of about 1.0 m. We have divided this
lagonnal system into four portions based on inspection of sediment flux data and the
geography of these systems. We combined flux stations into the following four
categories: 1) Upper Tributaries including the St. Martin River and associated creeks; 2)
Lower Tributaries including Newport Bay; 3) Upper Open Waters including Assawoman
and Isle of Wright Bay and; 4) Lower Open which includes the Maryland portion of
Chincoteague Bay. Nominal nitrogen loading rate range from 2.4 (Sinepuxent Bay) to 40
(St Martin River) g N m? yr’, with the large areas of the upper and low bays ranging
from about 3 to 6 g N m™ yr* (Boynton et al 1996). These rates are quite low, except for
the Upper and Lower Tributaries, compared to those delivered to the Maryland mainstem
Bay (21 g N m?yr?). Land use in the Coastal Bays watershed varies widely in all land
use categories. For example, Chincoteagure Bay watershed has almost no urban land,
33% agricultural land, 31% forested land and 23% wetlands. At the other extreme
Assawoman Bay watershed has 29% urban, 27 % agriculture, 19% forest and 24%
wetland. Isle of Wright Bay watershed is similar but with less urban (18%), more
agriculture (41%) and little wetland (4%). During the period when flux measurements
were made (2003) there was no indication of seasonal-scale chronic hypoxic bottom
waters, although diel scale hypoxia was present, especially in the Upper and Lower
Tributaries (www.eyesonbay.net).
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Figure 5-13. Map of Maryland’s Eastern Shore
showing Coastal Bays sampling sites and bar graphs
(mean and standard error) for each of the standard
sediment flux variables. Flux data were averaged for
summer months (June-August).

Spatial Pattern and Magnitude of Sediment
Flux

SOC rates ranged from about 1.1 to
2.7 g O, m? day™ and were almost twice
as large in the Upper and Lower
Tributaries than in open Bay areas (Fig. 5-
13). These rates were also well above the
average rate for the entire flux data set (1.0
g O, m? day™). As explained earlier, the
ratio of sediment SOC to ammonium flux
(O:N flux ratio; atomic basis) would have
a value of about 13 if normal Redfield
organic matter (e.g., phytoplankton with
C:N:P =106:16:1) was being metabolized.
At all sites in the Coastal Bays the ratio
was far above 13, indicating that some
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remineralized N was lost and may have been denitrified in sediments. Ratios of O:N
sediment flux at sites in the Coastal Bays ranged from about 35 to 210. Dissolved
oxygen turnover time based of SOC as the only DO sink (water column DO stock divided
by SOC) is about 4 days, a short turnover time suggesting an important role for sediment
SOC and a dynamic water column DO regime.

Sediment ammonium fluxes (Fig. 5-13) were highest in the Upper Tributaries and
even these rates were not very high (~110 pmol N m-2 hr-1) with much smaller values
associated with all the other location groups (20 - 60 umol N m-2 hr-1; Fig. 5-13). The
Maryland Coastal Bays rank 13th of 13 areas of the Bay and tributaries reported in this
section. Sediments in this estuary appear to be well oxidized, especially in the Open
Bays, and there was no indication in this data set of persistent summertime deep water
hypoxia. This suggests that coupled denitrification - denitrification may well have been
operative, consistent with low sediment ammonium releases. However, it is also possible
that sufficient light reached the bottom in this very shallow system and ammonium
remineralized in sediments was being used by benthic autotrophs. However, Secchi disk
measurements made along the axis of the estuary indicate Secchi depths ranging from 0.2
to 0.3 m (average of 0.25 m) and these suggest that less than 1 % of light reaches the
sediment surface at the average depth of the estuary. Nevertheless, sediment autotrophic
activity is possible along the flanks of this shallow system, and in deeper areas when
waters are even just slightly clearer (Secchi depths ~0.5 m), and might play a role in
reducing sediment ammonium fluxes as suggested by Kemp et al (2005). In fact, benthic
macroalgae often are abundant and could also play a role in diverting sediment N releases
into autotrophic biomass.

Sediment nitrite plus nitrate (NO, + NO3) fluxes were all very small (<12 umol N
m™ hr') and were directed both into and out of sediments (Fig. 5-13). Some of these
fluxes (e.g., Upper Tributaries) were at the level of detection. The fluxes from sediment
to water in the Lower Open waters indicates nitrification was taking place in sediments
and this is consistent with relatively high sediment Eh and well oxygenated bottom
waters.

Sediment phosphorus flux ranged from about -4 to 11 pmol P m™ hr, rates that
are generally considered to be small from an impact on water column processes point of
view (Fig. 5-13). For example, a sediment P flux of 10 umol P m™ hr* could support a
phytoplanktonic production rate of about 0.3 g C m? day’, (based on Redfield
stochiometric ratios for phytoplankton of C:N:P = 106:16:1). Phytoplanktonic
production rates of 3 g C m™? day™” would be considered extremely high while rates
greater than 1 g C m™ day™ would be common in enriched regions of Chesapeake Bay
and tributary rivers (e.g., Harding et al 2002; Boynton et al 1982). The fact that P fluxes
at most sites in the Coastal Bays were small is again consistent with oxidized sediments
and with the likely possibility that autotrophs are active at the sediment-water interface.

Environmental Conditions

There were several distinctive features of water column and sediment
environmental conditions in the Coastal Bays (Table 5-13). At least during summer
conditions this is a turbid, high salinity, very low nitrate and non-hypoxic system. We
have no information concerning N-limitation of photosynthetic processes, but it seems
possible. Light limitation is a distinct possibility. Sediment total chlorophyll-a values
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averaged 52 mg m, well below the median value of the full flux data set. These values
serve as an indication of the amount of labile organic matter available to support
sediment fluxes and have proven to be excellent indicators of flux in other studies in
Chesapeake Bay (Cowan and Boynton 1996). Sediment Eh values averaged 235 mV, a
value indicating oxidized sediments, and an indication, along with high bottom water DO
concentrations, that sediment nitrification-denitrification was an active process.

Table 5-13. Summer botiom waier conditions for the Marviand Coasial Bays.

Station Salinity,, DO NQ, + NO, Sed. Chl. a Eh
(mg L"), (UM) , (mg m2), (mV) ,
Upper Tribs 2411 7604 0.25+0.04 39+4 187 + 33
Lower Tribs 20 £1 8.4+06 0.21+£0.03 M1 78 £ 61
Upper Open 26 +1 6.4+02 0.30 +0.10 39+5 312 +15
Lower Open 260 7503 0.25 £0.04 23 +5 322+ 21

Summer (Jun-Aug) average (+ SE) bottom water conditions.
b = Bottom water (0.5 m above sediment surface)

t = Tatal chlorophyll a

1 =Ehvalues (corrected my) at 1 cm below sediment surface
ND = Mo data

5-2. “Take-Home” Summary

= Among the 13 locations summarized here there is considerable diversity in spatial
patterns and magnitude of sediment fluxes. Such a result was expected given the
diversity of tributaries sampled and the water and sediment quality of these
systems. However, in most cases, the patterns of flux along salinity, depth, DO
and sediment redox gradients largely conformed to our conceptual model of
factors regulating sediment flux patterns and magnitude. Later in this report
Chapters are devoted to examining, in more detail, these and other factors thought
to regulate sediment flux characteristics. In most tributary and mainstem Bay
sites, sediment fluxes of oxygen, N and P exerted a considerable influence on
water quality conditions. It is expected that these fluxes will decrease if nutrient
loading to these systems decrease.

= A summary chart of relative flux magnitude, sediment environmental conditions
and sediment flux impact on water quality conditions was developed. This chart
provides easy reference to all the tributary rivers, mainstem Bay and Maryland
Coastal Bay sites included in this report (Table 5-14).

= We have also developed two simple indices, the first of sediment condition and
the second of sediment flux magnitude (Figs 5-14a, b). The summer sediment
condition index was developed by ranking each of the 12 systems considered here
using summer average bottom water DO concentration, sediment Eh and sediment
total chlorophyll-a concentration. The York River was excluded because we did
not have sufficient sediment and deep water environmental data. The system that
had the highest sediment chlorophyll-a concentration was ranked one; the system
with the lowest bottom water DO was also ranked one and the system with the
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lowest sediment Eh values received a ranking of one. If the same system had a
ranking of one for these three sediment condition measurements the condition
index would be 3. Conversely, if a system ranked 12th for all three variables the
sediment condition index would be 36. With this index, the higher the score the
better the sediment conditions.

= We constructed a similar index for sediment fluxes. In this case we ranked fluxes
from each system from one to 12 with the highest values ranked as one and the
lowest flux ranked 12. The rankings for the four fluxes (SOC + NH; + NO, and
NO; + PO,) were added together to obtain the summer sediment flux index. This
index could range from 4 to 48. The results of this exercise suggest that sediment
conditions largely predict the magnitude of sediment fluxes, at least in a relative
sense, for this group of Chesapeake Bay tributaries and mainstem. For example,
the Coastal Bays, Elk, Sassafras and Pocomoke Rivers rank high in terms of
sediment conditions. Conversely, the Severn, mainstem Bay, Patapsco, Potomac,
Corsica and Patuxent Rivers rank low in terms of sediment conditions. Other sites
are intermediate. The sediment flux index closely corresponded with the
sediment condition index. This result suggests that many of the important features
of sediment condition and flux have been captured in these monitoring efforts.
However, it is also important to remember that there are many biogeochemical
feedbacks in the sediment-water system. While we indicated that sediment flux
corresponds to sediment conditions, it is also true that sediment fluxes contribute
to creating sediment conditions. Later in this Report we make the case that
nutrient loading rates set the ultimate boundaries for sediments fluxes and
sediment conditions. Furthermore, the delivery rate of organic matter to
sediments, which is in turn related to nutrient loading rates (e.g., Boynton et al
1982), is a strong proximal regulator of sediment condition and flux. However, it
is useful to have a simple index that provides first-order indications of sediment
conditions and likely nature and magnitude of sediment fluxes.

Sediment Flux Synthesis 2008 5-49



A. Summer Sediment Condition Indices (no fluxes)

Coastal Bays A |
Elk |
Sassafras |

Pocomoke - |

Chester |

Anacostia 4 |

Patuxent |

Caorsica - |

Potomac A |
Fatapsco 4
Mainstern - |
=
5

Severn

10 15 20 25 30 35
Rank Sum

B. Summer Sediment Flux Indices

Coastal Bays - |
Chester |

Pocomoke 4 ]
Elk 1 ]

Sassafras |

Anacostia - |

Corsica A |

Mainstem - |

Patapsco |

Severn |

Patuxent - |

Potomac - |

T T T T T T T T T

5 10 15 20 25 30 35 40 45
Rank Sum

Rank sums based on 1 = poorto 12 = good sediment condition for 12 estuaries.
A Summer sediment condition indices based on surficial sediment chlorophyll-a, Eh and bottom
water dissolved oxygen.

B.  Summer sediment flux indices based on S0C, NH,, NO,+M0, and PO, flux. High S0C and
MO, + MO, flux = good.

Figure 5-14. Ranking of summer sediment condition (a) and summer sediment fluxes (b)
for 13 Chesapeake Bay systems. Indice details are contained in the footnotes.
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