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ABSTRACT: The coastal bays and lagoonsof Maryland extend the full length of the state's Atlanticcoast and compaose
asubstantial ecosystem at the land-seamargin that is characterized by shallow depth, a well-mixed water column, low
exchange with the coastal ocean, and minimal freshwater input from the land. For at least 23 years, various types of
measurementshave been made intermittentty in thesesystemns, but almost no effort has been made to determine if water
quality or habitat conditions have changed over the years or if distinctivespatial gradientsin these features have devel-
oped in response to changing | and uses. The purposeof thiswork was to examine this fragmented database and deter-
mineif such patt erns have emerged and how t hey may he related to land wses. Turbidity, disselved inorganic phosphate,
algal biomass, and primary production ratesin most areas of the coastal baysfollowed a regular seasonal pattern, which
was wdl correlated with water temperature. Nitrate concentrations were low (<5 pM), and only modestly higher in
tributary creeks (<20 p.M). Additionally, therewas little indicationof thespring bloomtypice of river-dominated systems.
There doesappear to beastreng spatial gradientinwater qual i ty conditions (moreeutrophic in the upper beys especially
in tributary creeks). Comparisons of water quali ty data collected between 1970 and 1991 indicatelittl e temporal change
in most areas and some small improvementsin a few areas, probably related to decreases in pointsource di schar ges.
Seagrass communitieswere once extensive in these systems but at present are restricted to t he eastern portion of the
lower bayswher e water clarity is sufficient to support plant survival. Even in thesear eas, seagrass densitieshave recently
decreased. Examination of diel dissolved oxygen data collected in the summer indicates progressively larger diel excur-
sionsfrom lower to upper bays amd from open bayst o tributary subsystems; however, hypoxic conditions (<2 mg |-)
were rarely observed in any location. Nitrogen input data (point, surface runoff, groundwater, and atmospheric depo-
sition to surface waters) were assembledfor seven regions of the coastal bay system; annual loading rates ranged from
2.4 g Nm™?yr! 0397 g N m™* yr-!, Comparedwith a sampling of |oading ratesto other coastal systems, thoseto the
upper and lower bayswerel owwhile thoset o tributaries were moderateto high, Regression analysis indicated significant
relationships between annual mitrogen loadingrates and average annual total nitrogen and ehlorophyll aconcentrations
in the water column. Similar analyses also indicated significant relationship bet ween chlorophyll aand the magnitude
of diel dissolved oxygen changes in thewater column. | t isconcluded that thesesimplemodels, which could beimproved
with a well-designed monitoring program, could be used as quantitative management toots t o relate habitat conditions
to nutrient loading rates.

Introduction

The shalow marine lagoons and bays lying be-
hind barrier islands and sand spits are a conspic-
uous physiographic feature of continental land
margins around the world. Globaly, these coastal
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features occupy some 13% of the coast, with the
percentage being even larger for tropical coast-
lines bordered by mangroveforestsand coral reefs
(Nixon 1982). These marine ecosystems are gen-
erally characterized by their shalow depth (mean
depth <3 m; Kjerfve 1986) and limited exchange
with the adjacent oceans (Lankford 1977) Water-

sheds associated with lagoonal systems tend to be



smdl compared to those of river-dominated estu-
aries. Thisresultsin relatively low freshwater detiv-
ery to the embayments, which in conjunction with
high evaporation rates leads to sdinities typicaly
approaching or exceeding that of seawater (Mee
1978).

As with estuaries and other coastal environ-
ments, lagoons are among the most productive
ecosystemsin the world. In most of these relatively
shdlow sysems phytoplankton photosyothesis is
supplemented with primary production from a
rich assemblage of seagrasses and benthic ma—
algae (Leeand Olsen 1985). A relatively largefrac-
tion of total ecosystem primary productionin these
shdlow lagoonal systems is deposited to the sedi-
ment surface (Hargrave 1973), causing bent c
respiration to exceed planktonic respiration
{(Kemp et al. 1992). Thus, it is likdy that the ma-
jority of secondary production in these systems is
associated with benthic food-chains, as opposed to
the plankton. In fact, many migrating demersal
nektonic species (e.g., shrimp, crabs, spot, floun-
der) depend on shdlow lagoonal habitatsas nura
ery areasfor early development (Day et d. 1989).

Asaresult of the reatively low freshwater runoff
into coastal lagoons, nutrient inputs to these sys-
tems are generally lower than those of other egtu-
aries (Nixon 1982). Atmospheric deposition (es-
pecidly, on the eastern margins of industrialized
continents, such as North America, Paerl et al.
1990) and advection from adjacent upwelling
coastal waters (especialy on western continental
margins, Smith et al. 1991) may be more impor-
tant in these systems than in others. The systems
whose ecological structures make them productive
despite low nutrient inputs may be more adversdly
affected by nutrient enrichment than other more
nutrient-repl ete estuarine systems,

As a result of continued industrialization and
growth of human populations worldwide, eutro-
phication is becoming more common and more
rapid in coastal ecosystemsof all classes {Nixon et
al. 1986). While substantial discussion hasfocused
on the effects of nutrient enrichment on river-
dominated systemssuch as ChesapeakeBay (Kemp
et al. 1983; Officer et al. 1984), little information
has been published about similar processesoccur-
ring in the nearby coastal lagoonal systems (Mary-
land coastal bays), In general, surprisingly little is
known about the responsesof lagoonal ecosystems
to eutrophication. This could be impertant be-
calise some processes occurring in deeper systems
may be modified in these shallow sysems. In par-
ticular, the overriding importance of water-column
stratification in the deoxygenation of bottom wa
ters (Turner et d. 1987) suggeststhat hypoxia may
not be a problem in these shallow, wellbmixed sys-
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tems. In fact, the moreeusive problem of episodic
and diel oxygen depletion may replace the season-
d hypoxia observed in other estuaries. However,
the declines in seagrass abundance associated with
benthie diatomsassumingan epiphyticgrowth pat-
tern may be intensified in thesesystems by the nat-
ural dominance of benthic algae {(Sand-jensen and
Sendergaard 1981).

The purpose of this paper is to present some
historical information orx nutrient inputs and wa
ter quaity conditions in Maryland's coastd la
goons. Information is presented regarding key
temporal and spatial patterns for these variables.
Dataare andyzed in termsof nutrient budgetsand
correlations between regional nutrient loading
rates and water quality conditions. The implica-
tionsof these andysesfor ecological processesand
nutrient waste management strategies in this la
goonal sysem are discussed.

The Stady Area

The Maryland coastal bay sysem extends along
the entire Atlantic coast of the state behind the
barrier islandsof Assateague and Eerwick (Fig. 1).
The sygem consists of five mgor bays Chinco-
teague, Newport, and Sinepuxent bays to the south
("'lower bays"), and Isle of Wight and Assawvoman
bays to the north (*"upper bays"). Severd smaller
subsystems are associated with these bays, includ-
ing the &. Martin River, Bishopville Creek, and
Turville Creek in the upper bays and Trappe
Creekin the lower bays The mgority of the creek
systems associated with the baysare tidd and have
low rates of freshwater discharge (Cerco et al.
1978). River gauging stations on the branches of
the &. Mrtin River indicate low flows (0.02-0.03
m? s even for this mgor tributary (Cushing et
al. 1973). The bays and associated tributaries are
shallow; with an average water depth of about 1 m
(Tablel).

The drainage basins of the coastal bays are rel-
atively smal compared to open water areas (45,246
haor about 1.7 timesthearea of the bays) and are
many times smaller than those associated with the
adjacent Chesapeake Bay system. These small, flat
watersheds generate low rates of freshwater flow
into the bays Limited freshwater input and con-
stricted ocean inlets results in very dow water re-
placement times. For example, Pritchard (1960)
estimated a flushing rate for Chincoteague Bay of
only 7.5% per day. It appears that sediments, nu-
trients, pathogens, and toxic materias are effec-
tively retained in the bay sysems, in part because
of the poor flushing characteristics. The National
Oceanic and Atmospheric Administration-United
States Environmental Protection Agency Team on
Near Coastal Waters reached a similar conclusion
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Fig. 1L Map of theMaryland coastal bays complex indicating the boundariesof the water shed and of subsyslemsfor which nitrogen

inputswere estimated.

and rated the Maryland coastal bays as being high-
ly susceptible to the effects of increased inputs of
materials (Quinn et al. 1989).

Past (1973, 1990) and projected (2005) land
uses in the mgjor basins of the coastal bays are
summarized in Table 2. In dl the basins, natural
land uses (forest and wetland) dominated during
1973 and 1990. Agricultural useswere a so substan-
tia, while feeding and developed uses were less

prevalent. Feeding operations, while not important
on an areal bass, are the largest contributor to
nitrogen loading because of their very high load-
ing coefficients (Jacobs et al. 1993). One of the
major features of land use in the region was the
relatively small changes that have occurred during
the 17-yr period between 1973 and 1990. Approx-
imately 4% of the watershed was converted from
agriculture to developed land uses despite a pop-



TABLE 1. Wate surface area, average depth and volume, and
drainage area for the Maryland coastal bayssystem. Sour cesfor
data are footnoted. Boundariesfor the coastal bay locationsare
shown in Fig. 1.

Surface  Average 4 Drainage
Arxea! Depth* Volume Aead
Coastal Bay L ocauon (m? 106) (rn) {m?.10%) (m*10%)
Assawoman Bay 25 120 27.0 24.7
isle of Wight Bay 158 122 19.3 175
St Martin River 840 0.67 563 955
Turville Cresk 530 067 355 3#3
Sinepuxent Bay 246 0.67 165 267
Newport Bay 15.9 122 194 113

Chincoteague Bay
(Maryland portion) 189 122 231 141
Totals 282 322 452

! Data from Jacobset d. (1993).

2 Data from Boynton (1993).

3 Volumes calculated by multiplying surface areas by average
depths.

ulation growth of 43%over the sameperiod (Table
3), reflectingan increasein only the density of de-
velopment. While it is dways difficult to judge the
utility of projected land uses, Jacobs et a. (1993)
concluded that substantial conversion of natural
and agricultural land uses to devel oped useswould
occur by 2005 in the basins adjacent to the resort
area of Ocean City, Maryland. Based solely on land
use types it would appear that nutrient and sedi-
ment inputs to the coastal bays did not change
greatly between 1970 and 1990. The potential for
change during the next decade appearsto be con-
sSderably greater.

The population of Worcester County has in-
creased dowly (1.5% per year) since 1970 and is
now about 35,000 (Table 3). Reative to some ba
sins of the Chesapeake, population density is low
(0.8 persons ha~') in the coastal bays region. Pop-
ulation is projected to increase about 15% by the
year 2000 (Andriot 1980). One of the major fea-
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TABLE 3. Populationgrowt h of Worcester County and selected
cities (1970-1990) and projected Year 2000 population for the
county.

Pocomoke

City Snow Hill
1970 24,442 1,942 1,493 3,573 2,201
1980 30,889 2,162 4,946 3,558 2,192
1990 35,028 2,616 5,146 3,922 2,217
2000 40,350

‘300,000 (summer population), population data from Waor-
cester County Development Office (personal communication).

Yer County Total Berlin Ocean City'

tures of the coastal bays is the immense seasonal
change in population; during the summer months
the population of Ocean City swdls to about
300,000 persons or amost 60 times the resident
population. Most of this impact appears to be di-
rected toward the ocean side of Fenwick |sland be-
cause of thefocus on beach activitiesand an ocean
outfall for city sewage.

Methodsand Data Sources

Datafor analyses presented here are taken from
avariety of unpublished contract reports and agen-
cy data files, each of which is available upon re-
quest. Primary data sources include four studies
describing physical, chemical, and biological prop-
ertiesin the bay waters and studies compiling in-
formation on land use, human activitiesin the re-
gion, and nutrient loadings to the bays Details of
field and laboratory methods are contained in the
cited reports, and here we provide only brief de-
scriptionsd techniques.

WATER QUALITY STUDIES

Four water quality studies conducted in the
Maryland coastal bayswere used extensively in this
andyss The most spatially and temporally exten-
sve of these was conducted by the Virginia Insti-

TABLE 2. Changesin land use (percent of total for each watershed area) for the coastal baysfrom 1973to 1990 and pr oj ected for
2005. Data for 1973 arefrom Cerco et al. (1978);data for 1990 and pr ojected 2005 estimatesare from Jacobset d. (1993).

Water shed Yea3 Forest Wetand Agriculture Feeding Development
Assawoman 1973 26 27 38 2 7
1990 23 25 26 2 24
2005 18 25 27 3 27
Ide of Wight 1973 36 7 40 2 15
1990 37 4 40 2 15
2005 22 1 25 0 52
Sinepuxent 1973 32 35 26 1 6
1990 29 33 19 0 9
2005 0 15 7 0 78
Newport 1973 40 15 34 2 9
1990 42 14 34 1 7
2005 34 6 20 1 39
Chincoteague 1973 46 19 32 2 1
1990 40 31 25 1 1
2005 35 30 25 1 6
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tute of Marine Science (VIMS) and included one
intense diel study (August1975) and monthly dack
water surveysduring 1975-1976 (Fanget d. 1977a,
b). Both the diel and dack water surveys included
measurements of physicad conditions (depth, tidal
stage, temperature, Secchi depth, and turbidity)
and chemical characteristics (dissolved nutrient
concentrations, salinity, dissolved oxygen, and
chlorophyll a concentrations) at approximately 24
and 29 stations in the lower and upper bays, re-
spectively. The Maryland Department of Health
and Mental Hygiene (1985) conducted a second
study in 1983. This study focused on examining
water quality of the upper bays during summer
months only; measurements included chlorophyll
a, dissolved nutrient concentrations, sdinity, and
temperature. The National Park Service (1991)
conducted another water quality survey from 1987
through 1991. Nine stations, located in the Mary-
land portion of the lower bays, were sampled from
early spring (March—April) through fall (October).
Variables measured included temperature, sdinity,
dissolved oxygen, chlorophyll a, and dissolved nu-
trients. In addition, nutrient and chlorophyll a
concentrations, temperature, salinity, and turbidity
characteristicsand water column production and
respiration were measured on a monthly bass at
three locationsin Chincoteague Bay during 1970
(Boynton 1973).

The anaytical methods used are briefly de-
scribed as follows. Temperature and sdinity were
anadyzed with standard in situ conductivity and
temperature probes; water clarity was monitored
via Secchi disk observations; dissolved nutrients
were measured with oceanographic colorimetric
techniques; chlorophyll aanalyseswere done using
either spectrophotometric or fluorescence meth-
ods (Strickland and Parsons 1972); dissolved oxy-
gen concentrations were analyzed using either
Winkler titrations or polarographic (Clark-type)
electrodes; and rates of plankton community pro-
duction and respiration were measured using the
light-dark bottle oxygen technique (Stricklandand
Parsons 1972). While nutrient analyses have be-
come more automated through time, the nature
of the method has remained the same. Thereisno
indication that the detection limitsof the chemical
analyses have changed in a meaningful fashion.

LAND-USE AND NUTRIENT LOADING STUDIES

Two studies developed estimates of annual nu-
trient loads to the bay system from point and dif-
fuse sources (Cerco et d. 1978; Jacobs et a. 1993).
In the first of these, the standard United States
Army Corpsof EngineersSTORM model wes used.
To calibrate the model, loading rate estimatesfrom
the Chincoteague Bay watershed were obtained

from field data on small watersheds (10-100
acres). Point-source data were also collected dur-
ing this sudy. In the second evaluation, point-
source loads were collected from Nationa Pollu-
tion Discharge Elimination Sysem recordsfor the
coastal bays Nutrient loads from surface runoff
were estimated using unit area pollutant load mod-
eling for 15 different land-use categories; ground-
water nitrogen loads were estimated using ground-
water concentrations coupled to a groundwater
flow model for the coastal bays region. These cal-
culationswere completed for 23 subwatersheds.

Resultsand Discussion

SEASONAL AND INTERANNUAL PATTERNS OF
WATER QUALITY

The most complete description of annual cydes
in water quality and plankton community variables
for the coastal bays is provided by a dataset that
in¢ludes measurements from several staetionsin the
central portion of Chincoteague Bay during 1970
(Boynton 1973; Fg. 2). Severa distinctive patterns
were evident. Strong unimodal annual cydes (well
correlated with water temperature) were observed
for primary production, chlorophyll a, dissolved
inorganic phosphate concentration, and water col-
umn turbidity. Consistently low concentrations of
nitrate (<1 pM) indicate that diffuse-sourcenitro-
gen inputs from adjacent watershedswere relative-
ly unimportant, while modest ammonium concen-
trations (1-4 uM) peaking in warmer months sug-
gest the importance of nutrient recycling. A re-
markably low N:P ratio (dissolved inorganic
nutrients) results mainly from very high phosphate
concentrations during warm portions of the year.
While temporal sampling in other water quality
programs in the coastal bays was not as intense,
seasonal patterns similar to those observed in
Chincoteague Bay emerged for the upper bays
These cyclesare different than those observed for
river-dominated estuaries (e.g., Chesapeake Bay
and tributaries), where nitrate from land.sources
isvery high following the spring freshet, algal bio-
mass is typicdly at a maximum in spring (associ-
ated with a diatom bloom), and dissolved inorgan-
ic phosphate concentrations are low in surface wa
tersfor most of the year (Boyntonet a. 1982).

There are aso predictable spatial differencesin
water quality patterns related to location in the
coastal bay sysem (Fig. 3). For example, occasional
high nitrate concentrations are associated with the
. Martin River, which isone of the few substantial
sources of freshwater to these sysems. Similarly,
dissolved inorganic phosphate and chlorophyll a
concentiations were higher in this subsystem,
dightly enhanced in the adjacent Ide of Wight Bay,
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Fig. 2. Annual patterns(meanand standard deviation) for a selection of water quality variables (light extinctioncoefficient,nitrate,
ammonium, phosphate, chlorophyll a, and phytoplankton primary productionrates) based on samplescollected in the central por-

tionsof Chincoteague Bay during 1970 (Boynton 1973).

and lower in Chincoteague Bay. In general, there
appeared to be water quality gradients related to
Spatial proximity to nutrient source areas. In al of
the coastal bays dissolved inorganic N:P ratios
(e.g., Fg. 3) suggest strong nitrogen limitationfor
primary production, with vauesgenerally beow 10
throughout the year and below 5 during summer.
It is unclear what aspects of nutrient loading and
internal cycling processes contribute to this pat-
tern, but these conditions are very different from
those reported for ChesapeakeBay and other river-
dominated estuaries (e.g., Boynton et a. 1982,
1995).

Despite the fact that water quality measurements
have been made in the coastal bays region for sav-
eral decades, it is not possible to develop a rigor-

ous trend andyss of such variables because there
is little temporal or spatia continuity between the
datasets. However, a more qualitative assessment
can be made using chlorophyll a data collected
during summer periodsfrom the upper and lower

(and associated subsystems) during 1975,
1983, and 1991 (Fig. 4). It appears that the highest
chlorophyll a concentrations have occurred in u p
per bay areas adjacent to nutrient sources. Further,
there is an indication that summer phytoplankton
biomassis dightly lower in more recent years than
during the mid-1970s, although the mean concen-
trations are not sgnificantly different in most
casss. As indicated beow, spatial and temporal pat-
terns exhibited by chlorophyll a and other water
qudlity indicators (such as diel dissolved oxygen
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Fig. 3. Annual patterns (mean and standard deviation) for
a selection of water quality variables (dissolved inor ganic nitro-
gen, phosphate, and chlorophyll a) based on samplescollected
at clustersof stations(n = 4-7) in Ide of Wight Bay, St Martin
River, and Chincoteague Bay during 1975-1976 (Fang et al.
1977a).

patterns and presence of submerged seagrasses)
are related to each other and to differencesin lo-
cd nutrient loading rates.

DieEL CYCLES OF DISSOLVED OXYGEN
' RELATED TO ALGAL BIOMASS

One of the common characteristicsof coastal sys-
tems undergoing eutrophication is the develop
ment of hypoxic or anoxic bottom waters. Thisis
a primary concern for management of estuarine
and coastal marine ecosystems. Among the numer-
ous impacts of depressed oxygen conditions are
mortality of benthic infauna (Officer et a. 1984)
and reductions in key biogeochemical processes
such as coupled nitrification-denitrification (Kemp
et al. 1990).

Hypoxic or anoxic bottom waters occur most
commonly in sysgems that are seasondly or per-
manently stratified (Turner et d. 1987), and de-
pressed oxygen conditions in such sysems often
persst for weeks to months {Malone et a. 1986;
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Fig. 4. Summer average chlorophyll a concentrations for
representativeregions of the Maryland coastal bays based on
samples collected during 1975, 1983, and 1991. Data are from
Fang et al. (1977a, b), Maryland Department of Health and
Mental Hygiene (1985), and National Park Service (1991).

Magnien et al. 1990). The shdlow, wdl-mixed wa
ter-column typica of the coastal bays would tend
to prevent the development of hypoxic or anoxic
conditions, at least on time scales of wesksor lon-
ger, because of reoxygenation of the water from
the atmosphere. | n metabolically active aquatic s/s
tems, however, adiel cycein dissolved oxygen can
develop in spite of the buffering influence of air-
water exchange. In some cases, hypoxic conditions
can develop on diel time scales, generaly in the
hoursjust before sunrise.

To investigate this possbility for the coastal bays,
we examined diel oxygen data collected by Fang et
d. (1977a) during late August 1975 (Fig. 5). Ap-
proximately 30 of 80 stationsthroughout the coast-
a bays complex had sufficientdata to characterize
adiel pattern. In some cases, dissolved oxygen de-
clined substantially between dusk and dawn; how-
ever, hypoxic conditions (dissolved oxygen <2 ng
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1-1) were not observed for these gtations. In fact,
concentrations rarely declined bdow 85% of the
oxygen solubility. Patternsin the magnitudeof diel
changes in dissolved oxygen concentrations were
observed, however. These fluctuationsbecame pro-
gressvdy larger (as did variability among stations)
from thelower to the upper bays and diel changes
were particularly large at stationsin the &t. Martin
River where afternoon oxygen concentrations
reached over 160% of the saturation concentra-
tion.

Because levelsof autotrophic and heterotrophic
activity (rate of oxygen production and consump-
tion) are often directly correlated with the mag-
nitudeo the algal stock (e.g., Malone et d. 1986),
it was hypothesized that didl fluctuationsin dis
lved oxygen concentrations would be related to
aga biomass, measured as chlorophyll a concen-
trations. This possibility wes investigated using the
samedataas above (Fanget a. 1977a). There were
80 gtations where both oxygen and chlorophyll a
concentrations were measured near davn (0530-
0830 h) and near dusk (1730~1930 h). Oxygen
concentrationsat dusk were subtracted from those
at dawn, and thedifferencewas divided by the time
between measurements to develop an oxygen rate
of change for each station. The davn and dusk
chlorophyll a concentrations were Smply averaged
to obtain an estimate of adgad hiomass during the
diel period. Severd data pointswere discarded be-
cause dissolved oxygen increased overnight. This
was assumed to have resulted from advection of
water mases rather than biologica processes. Lin-
ear regression anayss using the remaining data
indicated a highly significant relationship between
the variables (rz = 0.633, p < 0.01) (Fig.6). The
dope of the regression line indicates that the diel
rate of dissolved oxygen change increases by 0.05
mg 1! h~! for every 10 pg 1-! increase in chloro-
phyll a concentration. These patternsin diel dis-
solved oxygen changes may be related to human
activities in watersheds via nutrient loading rates
and their relation to mean chlorophyll a concen-
trations.

NITROGEN Loaps TO THE COASTAL BAYS AND
OTHER COASTALSYSTEMS

Three cdasses of total nitrogen inputsare provid-
ed in Table 4 for a typica year (i.e., with average
rainfall) and include point, diffuse, and atmo-
spheric sources. The diffuse-source vaue includes
surface water inputs, groundwater inputs, and in-
puts from chicken-rendering plants, which are
common in the drainage basin. Atmospheric de-
position includesonly wet-fal deposition to surface
waters d the bays The fraction of atmospheric ni-
trogen deposition to watersheds which reaches
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20 (o i : ;
) streams is included in the diffuse-source values
e (Fisher and Oppenheimer 1991). With the excep-

1.8 tion of atmospheric inputs, al nutrient source es-

timates were made by Jacobs et a. (1993). These
budgetswere evaluated for an annual time period;
it is assumed that this time-scale captures most of
the important features characterizing nutrient im-
pactson these sysems, T he specific sectionsof the
coastal bays for which nitrogen loads were calcu-
lated are shown in Fig. 1. The downstream bound-
ary of each segment was determined by the natural
morphology of the segment rather than by some
other criteria{e.g., sainity zones). The surface ar-
eas of the segments varied by a factor of over 60,
wth the Maryland portion of Chincoteague Bay
being the largest and the Turville Creek complex
the smallest. The range in volumes was somewhat
greater because the smallest syslems were also
dightly shallower. Nitrogen input budgetswere de-
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P o complex. These input budgets also included best

0.0 T 2 T estimates of nitrogen export from one subsystem
0 b 200 300 to another.

Average Chlorophyll-a (ug 1)

Hg. 6. A scatter plot of average daily chlorophyll aconcen-
tranons (n = 2-5) versusdiel dissolved oxygen rate of change
(based on differences between dawn and dusk dissolved in ox-
ygen measurements). Measurements are from stations in the
lower and upper bays Turville Creek, and St. Martin River. All
dataare from Fang et a. (1977a, b).

Overadl, diffuse sources and atmospheric depo-
sition of nitrogen to the surface waters of these
sysems were the most important sources of total
nitrogen. Point sources of nitrogen represented
only a minor source (4%) to the entire sysem of
coastal bays. Areal loading rates for each of the

coastal bay segments span a little more than an
order of magnitude, ranging from 24 g N m-2 yr~!
in Sinepuxent Bay to 39.7g N m~2 yr~! in the St
Martin River. Aredl loading rates for the Turville
Creek complex and Newport Bay were about half
thoseof St. Martin River. Ratesfor Assawoman, Ie

TABLE 4. Tota nitrogen loading for regions of the Maryland coastal bays Data sources and calculations used in developing the
input budgets are provided in the footnotes. The inputs condned in this budget are generally representative of average annual
rainfall conditions rather than any specific recent annual period.

Coastal Bay Location P?‘ml b?%—l _rF)ES Di{“x'g“’fixsy?“ff‘“ Amn‘(‘@;ﬁi?’; .Sp)ur ces To:a&éoﬁd;:'_q)hte Acr(i;l;\‘ L gagh ;q sale
Assawoman Bay 0 52,091 39,800 91,891 4.10
Ide of Wight Bay 0 12,969 27,949 40,918 6.50
<. Martin River 18,290 302,867 12,382 333,539 39.7
Turville Creek 0 78,249 4,953 83,202 15.7
Sinepuxent Bay 10 22,566 35,820 58,396 2.40
Newport Bay 36,939 220,842 20,342 278,123 17.5
Chincoteague Bay

(Maryland portion) 29 258,038 318,403 576,470 3.10

! Point sourcesof nitrogen were dweloped by Jacobs et al. (1993) based on information from Maryland Departmentof Environment.
Dataare for the 1990-1991 period.

* Nonpoint sources of nitrogen were developed by Jacobs et a. (1993) based on land usesand land-usespecific run-off coefficients.
The diffuse-source loading rates used in these budgets reflect average conditions.

'‘Atmospheric inputs represent total nitrogen (TN) deposition in wet-fal directly to the surface of bay waters. Concentrations of
TN are from Smullen et a. (1982). Rainfall data are from stations located in Snow Hill and Assateague |sland National Seashore and
were collected by National Oceanic and Atmospheric Administration, annual Climatological Summary (1980-1991). Averageannual
rainfall wes taken to be 43.8 inches per year.

*Sum of point, nonpoint, and atmospheric TN sources.

® Aerial TN loads were calculated by dividing totat loads by the surface area of specific regions of the coastal bays.




TABLE 5. A summary of annual areal total nitrogen loading
rates for a sampling of estuanne and coastal systems. Data are
from Bovnton et al. (1995).

Total Nitrogen
Loading Race
Locadon (@ Nm*yr")
Kaneohe Bay, Hawaii 22
Maryland coastal bays (lower bays) 2.4-3.1
Baltic Sea, Sweden 3.0
Choptank River, Maryland 4.3
Maryland coastal bays (upper bays) 4.1-6.5
Albermarle Sound. North Carolina 71
ApalachicolaBay, Florida 78
North Sea 9.4
Pamlico River, North Carolina 12.0
Patuxent River, Maryland 12.7
Mobile Bay, Alabama 17.9
Delaware Bay, Delaware 182
Mainstem Chesapeake Bay, Maryland 205
S San Francisco Bay, California 22.6
Narragansett Bay, Rhede Island 27.6
Maryland coestd bays (tributaries) 15.7-39.7
Pocomac River, Maryland 29.3
Patapsco River, Maryland 49.0
Tokyo Bay, Japan 891

of Wight, and Chincoteague baysweredightly larg-
er than those for Sinepuxent Bay. .

To place estimated total nitrogen loading rates
to the coastal baysin perspective, rates for several
coastal and estuarine sysems were collected from
literature sources (Table5). Thissummary is not
intended as a thorough synthesis of loading rates
to coastal sysgemsbut rather asa meansto compare
local loading rates to those in a few other well-
studied systems. There is about a factor of 17 di
ference between the highest and lowest nitrogen
loading rates among the Maryland coastal bey sys
tems and a factor of about 40 for the samplegroup
of coastal sysems. Compared to other estuariesin
this andydis, it appears that loading rates to the
major bays are low and loads to the tributary sub-
sydgems are intermediate to high.

Comparable nutrient loading rates in different
systemns do not necessarily evoke comparabl e eco-
sysgem responses, however. For example, total ni-
trogen loading ratesto the Potomac River and Nar-
ragansett Bay are similar, but nutrient and chlo-
rophyll a concentrationsin the Potomac are high
compared to those in Narragansett Bay (Nixon et
al. 1986). On the other hand, loading rates to the
Baltic Sea are much lower than those of some of
the coastal bay sysems, but hypoxic and anoxic
conditionsare now common in the subpycnocline
waters in the Bdtic (Larsson et a. 1985). Badn
morphology and circulation undoubtedly have a
strong influence on the relative impact of loading
rates (WuUIff et d. 1990).
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WaTeER QUALITY CONDITIONS RELATED TO
NUTRIENT LOADING RATES

Vollenweider (1976) and his colleagues estab-
lished relationshi psbetween nutrient loading rates
and lake ecosystem responses. The earliest of these
efforts developed strong relationships between d-
gd biomass (chlorophyll a concentration in the
upper mixed layer of lakes) and the totd phos
phorus loading rate for lakes. In these regression
models, P loading rates were scaled for each lake
by the surface area, the depth, and the freshwater
turnover time. The resulting relationshipsindicat-
ed the wophic status of |akes (oligotrophic, meso-
trophic, or eutrophic) and further indicated how
much the P loading rate would have to be modi-
fied for the lake to change from one trophic status
to another.

In this paper, we developed a smilar series o
analyses utilizing data available for the Maryland
coastal bays and using N loading instead of P load-
ing. Nitrogen |oading rates normalized to surface
area (gN m~2 yr~') were determined for each of
the units of the coastal bays however, these rates
were not further adjusted for depth or freshwater
fill time asin the Vollenweider model. An adjust-
ment for mean depth would have made little dif-
ference because al of the coastal bay segmentsare
about the same depth. No adjustment was made
for residence time because freshwater fill time
would not be a meaningful scaler and good esti-
matesof tidal flushing could not be made without
additional information. As will be noted bdow, an
adjustment for residence time should be made and
could potentialy improve the model. Water col-
umn concentrationsof total nitrogen and chloro-
phyll awere taken primarily from the Fang et al.
(1977b) dack water surveys because that study en-
compassed all regions of the coastal bays and in-
cluded datafor almost al months of the yesr.

Broadly speaking, the resulting relationships
(Figs. 7 and 8) indicate that different regions of
the coastal bays respond in a reasonably consi stent
fashion to variationsin N loading rates. Over small
changes in nutrient loading rates, however (e.g.,
South Chincoteague Bay versus Assawoman Bay),
other factors such as flushing characteristicsare
clearly important. The regression slope indicated
that annual average total nitrogen concentration
increased by about 0.5 pM for every unit increase
in total nitrogen load. Chlorophyll alevelswere in
the range of 40-60 pg 17! at loading rates of 30~
60 g N m~2 yr~! and decreased to 15-20 pug 1! at
loading ratesof 2-6 g N m~2 yr~!. Thedope of the
best fit regression line indicates that chlorophyll a
concentrationsincrease on average by about 0.7 pg
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Fig. 7. A scatter plot relating annual areal total nitrogen
loads to annual averagetotal nitrogen concentrationsfor several
regions Of the Maryland coastal bays. Loading data are from
Jacobs et al. (1993) and total nitrogen concentrations are from
Fang et al. {1977a).

1-! for every unit increase (1g N m=2 yr-%) of N
loading.

The strength af these relationssuggests thisap-
proach isa smple and tractable tool for manage-
ment of nutrient wades in these coagtd bays In
effect, the analysis dlows prediction o chlorophyll
a concentrations based on nitrogen loading rates
and, by extension, indicates the magnitude d ni-
trogen loading rate reductions needed to achieve
lower chlorophyll a levds While indicationsfrom
the present andyss are vary promising, the data
used in the analysis are incomplete. The chloro-
phyll a dataset is generdly limited to the warmer
seaons, and some areas of the coagtd bays were
sampled more intensvely than others. In addition,
in this preliminary andyds, we have related tota
N loading rates developed for 1990 land uses to
measurementsof total nitrogen and chlorophyll a
concentrationsfrom 1975 to 1977. Datalimitations
necessitated this approach. Thefact that N loading
ratesto Chincoteague Bay estimatedfor 1977 (Cer-
co et al. 1978) were only 13% higher than those
estimated for 1990 (Jacobs et al. 1993) suggests
that the magnitude o this discrepancy mey be
smdl. In addition, plankton chlorophyll aconcen-
trations were actudly dightly higher during the
earlier period, consstent with nitrogen loading
rate estimates (Fig. 4). Furthermore, land-use
changes thoughout the coastd beys sysem have
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Fig. 8. A scatter plot relating annual areal total nitrogen
loads to annual average chlorophyll aconcentrationsfor several
regions of the Maryland coastal bays. Loading data are from
Jacobs et al. (1993) and total nitrogen concentrations are from
Fang et al. (1977a).

been remarkably small, as noted above. Obvioudy,
this problem could be resolved by establishing a
well-designed ecological-water quality monitoring
program in this coastd bay system.

SUBMERGED AQUATIC VEGETATION IN THE
CoasTAL Bays

Biologicd indicators of eutrophication are an-
other approach to characterizing eutrophication
patterns in these coastd bays In particular, the
presence, absence, and vitdity of seagrass bedsin
areas which have historically supported beds is a
reasonable indicator d eutrophication, While the
historical distribution of seagrasses in the May-
land coastal baysis not known precisdy, it is likdy
that these shdlow systems once supported, exten-
sive beds. Historical preferences to the coasta bays
indicate seagrasses were far more abundant than
they are at present, they declined during the wed-
ing disease of the 1930s, and they recovered to
some extent following this period [Anderson
1970). Fresently, seagrasses are mainly limited to
the lower bays (Chincoteague and Sinepuxent
bays), where two species of seagrasses, Zostera na-
rina and Ruppia maritima, occur mainly on the esst-
ern shorein water shdlower than 1 m (Orth et al.
1991). Thetota coverage hasincreased from 2310
hain 1987 to 2,494 in 1999, or from about 6.6%
to 8,0% o bottom area during the 4yr period
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(Orth et d. 1986, 1989, 1991). In the upper bays,
seagrass abundance and distribution has been se-
verely limited. Ruppia maritima has been sighted in
the Ide of Wight Bay in shdlow waters near the
Ocean City Inlet (Orth et d. 1991) where water
quality and light conditions are probably most fa
vorable within this region. There were no other
sightings of this species, or of Z. marina, for the
upper baysin these surveys.

Despite the small increases in coverage in the
lower bays, the density of plants in these beds is
declining. Orth et al. (1986, 1991) reported a de-
cline in the percentage of ""dense™ bedsfrom 51%
in 1986 to 10% in 1990. Anderson (1970) reported
an average biomass of about 249 g dw m~2 for Z.
marina in Chincoteague Bay but, more recently,
Dennison (unpublished data) found an average of
140 g dw m~2 at the same site and during the same
time of year. These less dense beds also occupy
shallower areas, suggesting the plantsare generally
light-limited. This may result from shading by phy-
toplankton, suspended sediments, and epiphytic
algae attached to seagrass leaves (e.g., Kemp et al.
1983). In the mid-Atlantic region in general, the
decline of seagrass communities has been attrib-
uted to declines in water quality, and particularly
to nitrogen enrichment of the water column and
decreased light availability (lzumi et d. 1982,
Kemp et a. 1983; Dennison 1987).

The recent intensive investigations of seagrass
ecology in Chesapeake Bay haveresulted in aseries
of seagrass habitat criteria that indicate these plant
communities in the Chesapeake are healthy when
light extinction coefficientsare less than 1.5 m™?,
chlorophyll a concentrations are less than 15 ug
171, and total nitrogen concentrationsare lessthan
10 uM (Dennison et al. 1993; Stevenson et al.
1993). In most regions of the coastal bays, these
criteriaare not met, especiallyin the tributary sub-
sygems. Sinepuxent and Chincoteague bays, where
nutrient loading rates are the lowest of any in the
coastal bay region (2-3g N m~2yr~}; Table4), are
an exception. In Chincoteague Bay, annual mean
concentrations of dissolved inorganic nitrogen and
chlorophyll a are well below the seagrass habitat
criteria (Figs. 3 and 4), although chlorophyll a lev-
els did exceed the criterion in mid summer. It is
in these areas that seagrass communities still exist.
To the extent that criteriadeveloped for the Ches
apeake are applicable to the coastal bays, it would
appear from the above regression analyses (Figs. 7
and 8) that nutrient loading rates would have to
be decreased to between 2g N m~2yrl to 5g N
m~% yr~! before seagrass communities could be ex-
pected to flourish, a substantial reduction in the
tributary subsystems.

Although these andyses should be considered
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preliminary, an empirical approach offersasimple
management tool that applies ecological informa-
tion more directly to management objectives than
do conventional waterquality modeting approach-
es. Assuch, this simple, inexpensivetool provides
a framework for rapidly synthesizing monitoring
data into aform useful for management purposes.
Coupled with "habitat criteria" asexplicit manage-
ment goals, this approach specifically and directly
addresses relations between nutrient (N) loading
and agal blooms, and associated potential for sea
grass survival and diel hypoxia

Summary and Management Implications

Thisanalysisaf the datafor the Maryland coastel
bays system suggests several ecological and man-
agement-oriented conclusionsaswel as severd ar-
easof uncertainty.

Eutrophication of coastal bay waters appears to
be most severe in the upper bays particularly the
tributary subsystems. Concentrations of dissolved
inorganic nutrients, chlorophyll a, and dissolved
oxygen al suggest incipient eutrophication in sev-
eral upper bay tributaries. Rdatively high phos-
phorus concentrationsthroughout the coastal bays
indicate a general pattern of strong nitrogen lim-
itation for algal growth. Long-term interannual
trendsin water quality are unclear, with some data
suggesting slight improvements and othersindicat-
ing deterioration. It is clear that a welldesigned
long-term water-quality monitoring programwould
provide the data needed to resolve these uncer-
tainties. The program should have stationslocated
in al regions of the coastal bays, including upper
and lower bay areas of both open and restricted
circulation. Specia attention needs to be given to
the temporal scales of measurement considering .
the large diel variability in dissolved oxygen con-
centrations typical of these shallow ecosystems.

Seagrass communities are limited to the eastern
regions of the lower bay, which are the areas of
lowes nutrient and chlorophyll a concentrations.
A decrease in plant density and biomassin these
stesduring thelast two decades suggeststhat water
quality conditions are marginal for seagrass surviv-
d, Throughout the upper bays water column nu-
trient and chlorophyll a concentrations exceed
habitat criteria established from Chesapeake Bay
research. Since the shallow depths in these bays
suggest that seagrasses should be a major ecologi-
cal feature, establishment of attainable restoration
goasshould be a priority.

Thereisgill uncertainty in the quantitativerates
of nutrient loading to the coastal bay sysem. Rates
of nutrient input from near-surface groundwater
directly entering the lagoons (saline water) need
to be better documented and understood. Because
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of the low ratio of watershed area to water surface
area for these bays atmospheric deposition ap-
pears to a relatively magjor source of nitrogen to
these sysems. Inclusion of atmospheric dry-fal
could substantially increase estimates of total N
loading to these bays The fundamental impor-
tance of obtaining high quality measurements of
nutrient inputs to these sysems for future man-
agement activities is obvious. There isvirtuadly no
information available from the coastal bays con-
cerning the fate of nutrients once they enter the
bays Pollution dispersion processes (e.g., tidal
flushing) should be estimated reiably. Since nat-
ural nutrient sinks such assediment burial and de-
nitrification serve to mitigate partially the need for
nutrient control programs, it is useful to know the
magnitude of these rates and, if they are large, to
manage them in such a fashion as to promote
them (Boynton et al. 1995).
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