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Conversion Factors and Datums

Multiply By To obtain
Length
centimeter (cm) 0.394 inch (in.)
meter (m) 3.281 foot (ft)
kilometer (km) 0.6214 mile (mi)
Area
square kilometer (km?) 247.1 acre
square kilometer (km?) 0.3861 square mile (mi*)
hectare (ha) 2.471 acre
Flow rate
meter per day (m/d) 3.281 foot per day (ft/d)
Mass or Yield
kilogram (kg) 2.205 pound avoirdupois (1b)
megagram (Mg) 1.102 ton, short (2,000 1b)
megagram (Mg) 1,000 kilogram (kg)
kilograms per square kilometer 0.0089 pounds per acre (Ib/acre)

(kg/km?)

Temperature in degrees Celsius (°C) may be converted to degrees Fahrenheit (°F) as follows:
°F=(1.8x°C) +32

Vertical coordinate information is referenced to the North American Vertical Datum of 1988
(NAVD 88).

Horizontal coordinate information is referenced to the North American Datum of 1983 (NAD 83).
Altitude, as used in this report, refers to distance above the vertical datum.

Concentrations of chemical constituents in water are given either in milligrams per liter (mg/L)
or micrograms per liter (ug/L).









Understanding Nutrients in the Chesapeake Bay
Watershed and Implications for Management
and Restoration—the Eastern Shore

By Scott W. Ator and Judith M. Denver

Chapter 1. Overview of Major Findings

The Importance of the Eastern Shore to
Chesapeake Bay

SEE CHAPTER 2

The Eastern Shore (fig. 1) includes only a small part of
the Chesapeake Bay watershed, but contributes dispropor-
tionately large loads of the excess nitrogen and phosphorus
that have contributed to ecological and economic degradation
of the bay in recent decades. Chesapeake Bay is the largest
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estuary in the United States and a vital ecological and eco-
nomic resource. The bay and its tributaries have been degraded
in recent decades by excessive nitrogen and phosphorus in the
water column, however, which cause harmful algal blooms
and decreased water clarity, submerged aquatic vegetation, and
dissolved oxygen. The disproportionately large nitrogen and
phosphorus yields from the Eastern Shore to Chesapeake Bay
are attributable to human land-use practices as well as natural
hydrogeologic and soil conditions. Applications of nitrogen
and phosphorus compounds to the Eastern Shore from human
activities are intensive. Also, hydrogeologic and soil condi-
tions promote the movement of these compounds from appli-
cation areas on the landscape to groundwater and (or) surface
waters, and the proximity of much of the Eastern Shore to tidal
waters limits opportunities for natural removal of these com-
pounds in the landscape. The Eastern Shore only includes 7
percent of the Chesapeake Bay watershed, but receives nearly
twice as much nitrogen and phosphorus applications (per area)
as the remainder of the watershed and yields greater nitrogen
and phosphorus, on average, to the bay (fig. 2).

Aerial view of Maryland's Eastern Shore modified from the
National Aeronautics and Space Administration (NASA)
Terra satellite MODIS (Moderate Resolution Imaging
Spectroradiometer) image of September 13, 2011.
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Figure 1. The Eastern Shore of Chesapeake Bay.
The Eastern Shore includes areas of the Chesapeake
Bay watershed east of the bay on the Delmarva Peninsula.
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Chapter 1. Overview of Major Findings

Nitrogen _
P Eastern Shore
Phosphorus Rest of Chesapeake Bay watershed

| | | | | |
0 10 20 30 40 50 60 70
\ | | | | | j

0 10 20 30 40 50 60
Estimated average annual watershed inputs, in kilograms per hectare
(pounds per acre)

Nitrogen —

Phosphorus

0 1 2 3 4 5 6 7 8 9
Estimated average annual delivered yield to Chesapeake Bay,
in kilograms per hectare
(pounds per acre)

[Estimated inputs from Bachman and others, 1998, Wieczorek and LaMotte, 2010a, b, c, d,
and Ator and others, 2011. Estimated yields from Ator and others, 2011.]

Figure 2. Nitrogen and phosphorus inputs to the Eastern Shore and yields from the

Eastern Shore to Chesapeake Bay are substantially greater than in the remainder of
the bay watershed.
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Sources of Nitrogen and Phosphorus on the several hundred years. Nitrogen and phosphorus applications
Eastern Shore in support of agriculture increased substantially during the sec-

ond half of the last century, however, but have since stabilized
or decreased (fig. 3). More than 90 percent of nitrogen and

SEE CHAPTER 3 phosphorus reaching the land in the Eastern Shore is applied
as part of inorganic fertilizers or manure, or (for nitrogen)

Agricultural operations contribute the vast majority fixed directly from the atmosphere in cropland (fig. 4). Non-
of nitrogen and phosphorus to the landscape on the Eastern agricultural sources such as atmospheric deposition, septic

Shore. Land use in the area has been primarily agricultural for  systems, sewage treatment plants, or other urban sources
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[Broiler data are from U.S. Department of Agriculture, 2009. Estimates prior to 1950 are for total
chickens or broilers raised. Fertilizer inputs are from Alexander and Smith, 1990, Battaglin and
Goolshy, 1995, and Mid-Atlantic Water Program, 2012.]

INPUTS TO THE EASTERN SHORE

NITROGEN PHOSPHORUS

SOURCE

- Fertilizer applications or (for nitrogen) direct fixation from
the atmosphere by crops (Wieczorek and LaMotte, 2010b).

- Manure (Wieczorek and LaMotte, 2010c).

Atmospheric deposition (Wieczorek and LaMotte, 2010d).

- Other, including point sources (U.S. Environmental Protection
Agency, 2009) and septic systems (Maizel and others, 1997).

Millions of broilers sold

are locally important in some areas, but
provide less than 10 percent of nitrogen
and phosphorus applications to the Eastern
Shore, as a whole. Nitrogen and phospho-
rus applications to cropland on the Eastern
Shore generally exceed the amount that is
removed in crops during harvest, and agri-
cultural applications therefore represent a
net additional input of these compounds to
the environment each year.

Figure 3. Nitrogen and phosphorus
applications in fertilizer and poultry
production increased substantially on the
Delmarva Peninsula during the 20th century.

Figure 4. Agriculture provides more than 90 percent of the
nitrogen and phosphorus inputs to the Eastern Shore.



Movement of Nitrogen and Phosphorus From
Application Areas on the Eastern Shore to
Chesapeake Bay and Its Tributaries

SEE CHAPTER 3

Once on the land surface, nitrogen and phosphorus move-
ment to surface waters occurs primarily through the action
of water. Nitrogen is primarily transported to surface waters
through groundwater in the form of nitrate (fig. 5). Nitrate may
be lost from the landscape to the atmosphere in groundwater

Chapter 1. Overview of Major Findings 5

with limited dissolved oxygen, but natural hydrogeologic and
soil conditions conducive to plentiful dissolved oxygen in
groundwater are common in many areas of the Eastern Shore,
and 70 percent of nitrogen in Eastern Shore streams travels

to those streams through groundwater as nitrate. Phosphorus,
conversely, is predominantly transported over the land in run-
off attached to sediment (fig. 5). The pathways and amounts of
these chemicals entering surface waters are controlled by the
amounts that have been applied in excess of crop uptake, dif-
fering chemical and physical properties of nitrogen and phos-
phorus compounds, and by varying hydrologic, geochemical,
and geologic environments in different areas.

Estuary

Submarine

NONPOINT SOURCES
Nitrogen and phosphorus

AR
RS
RARE

OVERLAND RUNOFF . 223
(Daystodecades) 2R

groundwater

GROUNDWATER FLOW (Decades)

discharge

SURFICIAL AQUIFER

EXPLANATION

Hydrogeologic units

D Unsaturated zone above the water table

[_] Aquifer with oxic groundwater

. Confining unit

Flow path or storage location

—> Flow path with natural water chemistry and
no anthropogenic nitrogen or phosphorus

——> Flow path with nitrate and any dissolved
phosphorus

Figure 5.

— Flow path with insoluble phosphorus and nitrogen

compounds (such as organic nitrogen)
Storage of insoluble phosphorus

Idealized summary of hydrology and nutrient transport on the Eastern Shore in areas with oxic groundwater and

well-drained soils. Nitrogen transport from the land surface to streams occurs primarily through groundwater in the form of
nitrate, whereas phosphorus transport occurs primarily in overland runoff.
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Nitrogen and Phosphorus in Eastern Shore On the Eastern Shore, nitrogen is common in groundwa-

Groundwater and Surface Waters ter and surface waters and phosphorus is common in surface
waters at concentrations that are well above natural levels, and

are among the highest in the Nation. Nitrogen and phosphorus
SEE CHAPTER 4 commonly occur in streams at concentrations that may
adversely affect aquatic ecosystems (fig. 6) and have increased

NITROGEN PHOSPHORUS
16°

EXPLANATION

Estimated average
annual flow-weighted
concentration during 2002,
in milligrams per liter

EXPLANATION

Estimated average
annual flow-weighted
concentration during 2002,
in milligrams per liter

— LE 0.71 (AQR) ——LE0.031 (AQR)
—— GT0.71 and LE 2 —— GT0.031and LE0.2
GT2andLE3 GT0.2 and LE0.3

—— GT3andLES —— GT0.3and LE0.4

—GTO04

Delaware Bay Delaware Bay

Chesapeake Bay
watershed
boundary 39°

Chesapeake Bay
watershed

10 20MILES L 10 20MILES
U7\ 2 ) 0 10 20KILOMETERS

Base from U.S. Geological Survey, Surface-water chemistry estimated Base from U.S. Geological Survey, Surface-water chemistry estimated

0 10 20KILOMETERS

1:2,000,000 DLG, Albers Equal Area from Ator and others, 2011 1:2,000,000 DLG, Albers Equal Area from Ator and others, 2011
Conic Projection, NAD 83 Conic Projection, NAD 83

Figure 6. Nitrogen and phosphorus concentrations in Eastern Shore streams commonly exceed concentrations that
may adversely affect aquatic ecosystems. (AQR is the water-quality criteria recommended to protect aquatic organisms
[U.S. Environmental Protection Agency, 2000]. GT = greater than; LE = less than or equal to.)



in recent decades (fig. 7). Nitrate concentrations in the
Choptank and Nanticoke Rivers have increased consistently
since the mid-1960s (fig. 7), primarily due to increasing nitrate
concentrations in groundwater discharge, the primary source
of both water and nitrogen to those rivers. Nitrate concentra-
tions in groundwater in the shallow surficial aquifer increased
in parts of the aquifer between 1988 and 2001 in response

to increased nitrogen applications in previous decades, and

Chapter 1. Overview of Major Findings 7

concentrations that may affect the suitability of the water for
drinking are not uncommon. Differing nutrient concentra-
tions in different areas are attributable to varying inputs from
agriculture and other sources, as well as hydrogeologic, soil,
and other natural conditions that affect the fate and movement
of nitrogen compounds through the subsurface and phosphorus
over the land surface.

Nitrate, in milligrams per liter as N

T T T
Choptank River near Greenshoro, Maryland

Figure 7.

4 N

\_ /

Great blue heron on the shores of the Choptank River.
Photograph by Jane Thomas, Integration and Application
Network, University of Maryland Center for Environmental
Science (ian.umces.edu/imagelibrary/).

Year
[From U.S. Geological Survey, 2014. See also Moyer and others, 2012.]

Nitrate concentrations have increased in the Choptank River since the 1960s.

4 N

\_ J

Osprey nesting in the Choptank River. Photograph by

Ben Fertig, Integration and Application Network, University
of Maryland Center for Environmental Science
(ian.umces.edu/imagelibrary/).
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Understanding and Managing Nitrogen and
Phosphorus on the Eastern Shore

SEE CHAPTERS 5 AND 6

Natural hydrogeologic and geochemical conditions pro-
mote the formation and movement of nitrate from the abun-
dant (primarily agricultural) nitrogen sources on the Eastern
Shore to groundwater, streams, and estuaries. Increasing
nitrate concentrations over time largely reflect the increasing
nitrogen applications in previous decades and the typically
long time periods required for the movement of nitrate along
groundwater flow paths to surface waters. Limiting the move-
ment of nitrate to the water table could reduce concentrations

relatively quickly in shallow groundwater, although many
years or decades would be required before significant reduc-
tions occurred in deeper groundwater or receiving surface
waters (fig. 8).

Applications of phosphorus to Eastern Shore farmland
in recent decades have far exceeded the amounts necessary
for crop growth, and consequently, phosphorus has increased
in the environment. Unlike nitrate, phosphorus is relatively
insoluble in water under most natural conditions, and excess
phosphorus in the environment generally accumulates in
agricultural soils rather than moving into groundwater.
Reducing the accumulated phosphorus in Eastern Shore soils
may be effective at limiting concentrations in streams and
groundwater.

The approximate 25-percent
reduction Total Maximum Daily Load
(TMDL) target proposed for the region
by the U.S. Environmental Protection Agency
in conjunction with local states

| | |

2010
Year

2020 2030 2040 2050

[From Sanford and Pope, 2013.]

©
2
=2
Q2 »n
28
S o
S8 4L EXPLANATION
S E Predicted future loads from
=5 streams to Chesapeake Bay
qg’= 3 3+ Reduction of
55 nitrogen load
= 3 to groundwater
£ 21~ | —— 0-percent
£ ——— 13-percent
1 | ——— 40-percent
——— 100-percent
0 I I I
1980 1990 2000
Figure 8.

Historical loads of dissolved nitrogen from streams on the Eastern Shore

to Chesapeake Bay and predicted future loads under four different scenarios of

nitrogen inputs to groundwater. Because groundwater flow is generally very slow, the
effects of reductions in nitrate concentrations reaching groundwater will not be fully
realized in surface waters for many years. Even maintaining dissolved nitrogen loads
from streams on the Eastern Shore to the bay at 2012 levels will require a 13-percent
reduction in nitrogen loads to groundwater.



Chapter 2. Chesapeake Bay and the
Eastern Shore

Why is the Eastern Shore important to water quality in
Chesapeake Bay? What are the ecological and management
challenges facing Chesapeake Bay, and what are the envi-
ronmental conditions in the Eastern Shore that contribute to
these challenges?

The Eastern Shore includes only 7 percent of the
Chesapeake Bay watershed, but contributes disproportionately
large loads of the excess nitrogen and phosphorus that have
contributed to ecological and economic degradation of the
bay in recent decades. Sources of nitrogen and phosphorus
compounds are abundant on the Eastern Shore, and hydrogeo-
logic and soil conditions promote the movement from applica-
tion areas on the landscape of nitrogen to groundwater and
streams and phosphorus to streams that contribute to nearby
tidal waters.

Importance of the Eastern Shore to Water
Quality in Chesapeake Bay

Chesapeake Bay is the largest estuary in the United
States and an important natural resource. As in many inland
estuaries along the east coast of North America, however,
excessive nitrogen and phosphorus in bay waters have con-
tributed to ecological and economic degradation in recent
decades (Kemp and others, 2005; Bricker and others, 2007,
U.S. Environmental Protection Agency, 2011a) (see sidebar:
“Water-Quality and Restoration Challenges in Chesapeake
Bay”). The Eastern Shore, which includes the area of the
Chesapeake Bay watershed east of the bay on the Delmarva
Peninsula (fig. 1), is a relatively small part of the bay

4 N\
What are Stream Loads and Yields?

hemical transport by streams and rivers is

often measured and reported in terms of loads
or yields. A stream load is the total rate of transport of a
particular chemical, or the amount of chemical trans-
ported past a particular point during a specified period of
time. Stream loads are often reported in units of mass per
time, such as kilograms per year (kg/yr). Stream loads are
generally proportional to watershed area; streams drain-
ing larger watersheds generally carry greater loads than
those draining smaller watersheds. To compare chemicals
contributed by different landscapes to streams of different
sizes, therefore, stream yield is often useful. Yield is com-
puted as the load per watershed area, and is reported in
units of mass per time per area, such as kilograms per year
per square kilometer [(kg/yr)/km?].
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watershed, but contributes disproportionately large loads and
yields of ecologically harmful excess nutrients (nitrogen and
phosphorus) to the bay (see sidebar: “What are Stream Loads
and Yields?”) (figs. 9, 10).

The importance of the Eastern Shore to water quality in
Chesapeake Bay is a result of a combination of natural condi-
tions and human influences. Sources of nitrogen and phospho-
rus to the land surface, primarily from agricultural fertilizer
and manure applications, are abundant on the Eastern Shore
(fig. 11). Although the Eastern Shore includes only 7 percent
of the land area in the bay watershed, it receives more than
13 percent of the nitrogen and phosphorus applications in the
form of fertilizer, manure, and (for nitrogen) direct fixation
of atmospheric nitrogen by legume crops (Wieczorek and
LaMotte, 2010Db, c). Soils and surficial aquifer sediments are
sandy and permeable over much of the area—conditions that
promote the movement of nutrients from application areas to
groundwater, streams, and tidal waters (Bohlke and Denver,
1995; Denver and others, 2004; Ator, Denver, and Brayton,
2005; Debrewer and others, 2007). In addition, the proxim-
ity of most areas of the Eastern Shore to tidal waters limits
the opportunities for natural storage and mitigation of land-
applied nutrients in upland landscapes and increases the likeli-
hood of their delivery to the bay (Staver and Brinsfield, 2001).

Abundant sources of nitrogen and phosphorus and
natural conditions on the Eastern Shore contribute to con-
centrations of nitrate in groundwater (fig. 12) and yields
of nitrogen and phosphorus in streams (figs. 9, 10) that are
among the highest in the bay watershed. More than 10 percent
of nonpoint nitrogen applications to the Eastern Shore move
through groundwater to streams as nitrate, and groundwater
contributes more nitrate to streams on the Eastern Shore than
to streams in the entire remainder of the Atlantic Coastal Plain,
from North Carolina through New Jersey, combined (Ator and
Denver, 2012). Phosphorus transport from the land surface to
streams also is more efficient in the Eastern Shore than in most
other areas of the Chesapeake Bay watershed, possibly due to
concentrated phosphorus in cropland soils related to excessive
historical applications (Ator and others, 2011). Nearly a
quarter and a third of phosphorus loads to the bay attributable
to manure and fertilizer applications (respectively) are
contributed from the Eastern Shore (Ator and others, 2011).
Substantial nitrogen and phosphorus load reductions from the
Eastern Shore will be required to meet water-quality standards
designed to restore the bay (fig. 13) (see sidebar: “Water-
Quality and Restoration Challenges in Chesapeake Bay”)
(figs. 14, 15).
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Sources of nitrogen and phosphorus are abundant on the Eastern
Shore, and natural conditions promote the movement of these
contaminants to groundwater and streams in many areas.
Consequently, levels of nitrate in groundwater and nitrogen and
phosphorus in streams on the Eastern Shore are among the
highest in the Chesapeake Bay watershed.
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streams are among the highest in the bay watershed. (GT = greater than; LE = less than or equal to.)
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Figure 10. Estimated average annual yields of nitrogen and phosphorus to
Chesapeake Bay from the Eastern Shore and the remainder of the Chesapeake Bay
watershed. Yields from the Eastern Shore are substantially larger than from the
remainder of the watershed.
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[Average inputs from Bachman and others, 1998, Wieczorek and LaMotte,
20103, b, ¢, d, and Ator and others, 2011.]

Figure 11. Estimated annual inputs of nitrogen and phosphorus to the Eastern
Shore and the remainder of the Chesapeake Bay watershed, 2002. Inputs are
more intensive (greater per unit area) on the Eastern Shore than in the
remainder of the Chesapeake Bay watershed.
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Figure 12. The estimated probability of groundwater nitrate concentration exceeding 5 milligrams per liter as N in the
Chesapeake Bay watershed. Some of the highest concentrations of nitrate in groundwater in the watershed occur in
agricultural areas of the Eastern Shore. (GT = greater than; LE = less than or equal to.)
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Figure 13. Reductions of (A) nitrogen and (B) phosphorus from nonpoint sources in
major watersheds of the Eastern Shore required to meet a 2010 Total Maximum Daily
Load (TMDL) for the Chesapeake Bay established under the Clean Water Act. Major
watersheds are shown in figure 1. Where the reduction is negative, the 2009 baseline
load is lower than the 2025 target.
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4 )
Water-Quality and Restoration Challenges in Chesapeake Bay

hesapeake Bay extends for more than 300 kilometers (km) from its

headwaters in northern Maryland to its mouth in southern Virginia, and has a
surface area of more than 11,000 square kilometers (km?) (Langland and Cronin, 2003)
(fig. 1). More than 240,000 km of tributary streams drain to the bay from a watershed
that includes parts of Delaware, Maryland, New York, Pennsylvania, Virginia, West
Virginia, and the District of Columbia. The bay is home to more than 3,700 different
species of plants and animals (U.S. Environmental Protection Agency, 2008a) and
supports commercial fisheries, tourism, international shipping, and other activities
that are vital to the economy of the Mid-Atlantic region.

Chesapeake Bay and its nontidal tributaries have been degraded in recent
decades by excessive nutrients (nitrogen and phosphorus) in the water column.
Elevated concentrations of nutrients in the bay contribute to algal blooms and
decreases in water clarity, submerged aquatic vegetation, and dissolved oxygen
(Karlsen and others, 2000; Kemp and others, 2005; Fisher and others, 2006; Bricker
and others, 2007; U.S. Environmental Protection Agency, 2008a). Algal production in
temperate estuaries is often controlled primarily by nitrogen concentrations (Vitousek
and others, 1997). Concentrations of both nitrogen and phosphorus may control
ecological production and resulting impairments in Chesapeake Bay during different
seasons, however, and phosphorus may be particularly important in the spring (Prasad
and others, 2010). Impaired conditions have occurred periodically in Chesapeake Bay
over the past 200 years, but have become particularly severe and frequent since
the 1950s (Karlsen and others, 2000; Bratton and others, 2003; Kemp and others,
2005). Under the authority of the Clean Water Act, Chesapeake Bay was listed as
“impaired” in 2000 and a Total Maximum Daily Load (TMDL) was established for the
bay in 2010 (U.S. Environmental Protection Agency, 2011b; Linker and others, 2013;
Shenk and Linker, 2013). The TMDL represents a detailed nitrogen and phosphorus
budget for the watershed, and includes mandatory quantitative load reductions
for nitrogen and phosphorus from specific sources and specific geographic areas
(fig. 13).

Restoration efforts in the Chesapeake Bay watershed in recent decades
have contributed to water-quality improvements but have been insufficient to
meet ecological standards. Concentrations of nutrients in Chesapeake Bay are
largely controlled by inputs from the bay watershed (Prasad and others, 2010),
which are mainly controlled by natural variations in precipitation and streamflow
over time (fig. 14). Changes in concentrations of nitrogen and phosphorus over
time in streams when adjusted for such known effects of streamflow and season
can be more indicative of the effects of changing sources, land management,
or other human activities than changes associated with concentration alone
(Langland and others, 2006). Such flow-adjusted concentrations have decreased
substantially in many tributaries in recent decades, but continue to increase in
others (Langland and others, 2006; Langland and others, 2013), particularly for
nitrogen in areas like the Eastern Shore where nonpoint sources are important
and groundwater is a major pathway for nitrogen transport (Hirsch and others,
2010). In spite of improved water quality in many bay tributaries, only 38 percent of
tidal waters in the bay system met dissolved oxygen standards during the summer
months of 2008, 2009, and 2010, and during 2010, water-clarity and chlorophyll-a
goals were achieved in only 18 and 22 percent of tidal waters, respectively (fig. 15)
(U.S. Environmental Protection Agency, 2011a).
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Figure 14. Annual streamflow and
nitrogen and phosphorus loads
delivered to Chesapeake Bay, 1990
through 2012. Loads of nitrogen and
phosphorus reaching the bay from
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Figure 15. A summary of

selected ecological conditions in
Chesapeake Bay, 1985 through

2012. Although water quality in the
bay varies substantially from year

to year, ecological standards for
dissolved oxygen, water clarity, and
chlorophyll-a have not been attained
in even half of tidal waters since the
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Environmental Setting of the Eastern Shore of
Chesapeake Bay

The Eastern Shore includes 11,200 square kilometers
(km?) of the Chesapeake Bay watershed east of the bay on the
Delmarva Peninsula (fig. 1). The area includes parts of western
Delaware and eastern Maryland and Virginia. The combination
of hydrogeologic, soil, and climatic conditions on the Eastern
Shore supports intensive agriculture, but also promotes the
movement of nutrients from nonpoint sources (such as agricul-
tural manure and fertilizer applications) from the land surface
to groundwater, streams, and adjacent tidal waters of the bay.

Land Use

The Eastern Shore is predominantly rural and has been
primarily agricultural for several hundred years (Allen, 2009)
(fig. 16). Only 3 percent of the Eastern Shore is urban, includ-
ing small towns such as Easton, Cambridge, and Salisbury,
Maryland, and Seaford, Delaware. Historically, the area was
almost entirely forested, although nearly all of the original for-
ests had been cleared by the middle of the 18th century within
150 years of European settlement (Allen, 2009). In 2001,

49 percent of the Eastern Shore was used for agriculture,
whereas 39 percent was regrown forests or wetlands
(Wieczorek and LaMotte, 2010a). Many of the remaining
forested areas occur in small isolated patches or in wetlands
along streams; many of the original wetland marshes have
been drained for cultivation or urban development (Allen,
2009).

Agriculture is an important economic resource on the
Eastern Shore (fig. 16). Most agricultural land is used for row
crops, primarily corn and soybeans for poultry feed, although
plant nurseries, dairy farms, and other operations are present
in some areas (Staver and Brinsfield, 2001; Denver and others,
2004). In 2012, more than 550 million broiler chickens were
produced on the Delmarva Peninsula (U.S. Department of
Agriculture, 2014).
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Figure 16. Major land use and land cover on the Eastern Shore, 2001. Agriculture, primarily corn and soybean production
for poultry feed, is the predominant land use.
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Geology and Soils

The Eastern Shore is entirely within the Atlantic Coastal
Plain, a relatively flat area that slopes gently from higher ele-
vations in the Piedmont Physiographic Province to the north
and west toward sea level at the Atlantic Coast (Fenneman and
Johnson, 1946). The Eastern Shore landscape is particularly
flat and low-lying, even more so than in other areas of the
Coastal Plain to the west of the bay and to the north in New
Jersey (fig. 17). The area is underlain by several thousand
meters of unconsolidated sediments that vary laterally and
vertically in texture and composition from relatively imper-
meable silt and clay to extremely permeable sand and gravel
(Meng and Harsh, 1988; Mixon and others, 1989; Vroblesky
and Fleck, 1991; Ator, Denver, Krantz, and others, 2005). The
central core of the Delmarva Peninsula along the watershed
divide is underlain at the surface by up to 30 or 40 meters (m)
of generally coarse, permeable, and well-weathered (primarily
quartz) sediment; younger surficial and near-surface sediments
along the coast of the bay are typically finer in texture and less
permeable (fig. 18). Soils on the Eastern Shore are generally
sandy and permeable, but also vary in composition along
with the underlying geologic parent material (fig. 19), and are
poorly drained in many areas regardless of permeability due to
the typically flat landscape (fig. 20).
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Landscape elevations on the Eastern Shore. The Delmarva Peninsula (including the Eastern Shore) is generally

more flat and low-lying than surrounding areas of the Coastal Plain such as southern New Jersey and the Western Shore.

(GT = greater than; LE = less than or equal to.)
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Figure 18. The average texture of surficial sediments on the Eastern Shore. Most near-surface sediments are
relatively coarse and permeable sand or gravel, particularly in the central core of the Delmarva Peninsula.
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Figure 19. The sand content of Eastern Shore soils. Soils on the Eastern Shore are predominantly sandy, reflecting
the texture of the underlying surficial sediments. (GT = greater than; LE = less than or equal to.)
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Figure 20. Soil drainage on the Eastern Shore. Drainage varies from well-drained to very poorly drained because of
differences in geomorphology and soil texture. In spite of the generally coarse, sandy texture, soils in many areas are
poorly drained due to the typically flat landscape.



Climate and Hydrology

Hydrologic conditions on the Eastern Shore reflect the
humid and temperate climate, a relatively flat landscape, and
the texture and composition of soils and near-surface sedi-
ments. Annual precipitation on the Delmarva Peninsula aver-
ages around 112 centimeters (cm) (44 inches), the majority of
which returns to the atmosphere through evaporation or tran-
spiration by plants (fig. 21). The remaining water drains from
the landscape through a network of nontidal streams and rivers
or (in near-coastal areas) directly to tidal waters. Overland
runoff of precipitation and occasional snowmelt contributes
a small part (generally less than 25 percent in most areas)
of streamflow on the peninsula. The majority of streamflow
is generated by water that infiltrates through the soil to the
water table and flows through groundwater to discharge arecas
in streams (Cushing and others, 1973; Hancock and Brayton,
2006; Sanford and others, 2012). The relative importance of
groundwater flow and overland runoff to streamflow genera-
tion among different areas of the Eastern Shore reflects varia-
tions in topography (fig. 17), land-surface drainage
(figs. 20, 22), and underlying soil (fig. 19) and geologic
(fig. 18) conditions.

Most groundwater flows to nearby streams through the
uppermost few meters of a shallow, surficial unconfined aqui-
fer system that is generally less than 30 m thick (Sanford and
others, 2012). The length and orientation of flow paths vary
across the peninsula (fig. 21). Groundwater generally flows
very slowly, often less than 1 meter per day (m/d) (Robinson
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and Reay, 2002). Consequently, several decades are often
required for water to move from infiltration areas at the water
table along groundwater flow paths to discharge areas in local
streams, although water may discharge to streams from short,
near-stream, flow paths within less than a year (figs. 21, 23)
(Dunkle and others, 1993; Bohlke and Denver, 1995; Staver,
2010; Sanford and others, 2012). Most groundwater discharges
to nontidal streams and rivers; a small fraction of groundwater
(less than 2 percent) discharges directly from the peninsula to
tidal waters in areas at or below sea level (Sanford and others,
2012).

More than half of the groundwater discharging to
streams on the peninsula takes more than 13 years to move
along groundwater flow paths from the water table to stream
discharge areas. In contrast, in areas of the Chesapeake Bay
watershed underlain by consolidated bedrock, less than 15
percent of groundwater discharging to streams is that old
(Sanford and Pope, 2013). A small fraction (2 to 3 percent) of
groundwater flows to confined aquifers that are present several
hundred meters below the land surface. The age of groundwa-
ter in these aquifers can be centuries or older.
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About one-third (35 percent) of the precipitation on the Eastern
Shore drains from the landscape in streamflow to Chesapeake
Bay. The majority of this water travels from upland landscapes to
streams very slowly through groundwater over a period of multiple
years or even decades.
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Figure 21. Conceptual hydrologic cycle and average annual water budget for the Eastern Shore. Most precipitation
(65 percent) returns directly to the atmosphere through evaporation or transpiration by plants. The remaining water drains from
the landscape in streamflow, most of which reaches streams through groundwater.
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Coastal Plain Dissected Upland:

Area is relatively flat to gently rolling with
predominantly well-drained soils underlain by
sandy deposits. Stream channels are incised
and the depth to water ranges from 3 to 10
meters below land surface. Most upland areas
are used for agriculture with wooded areas
generally confined to the incised sides of
narrow riparian zones and flood plains.

Coastal Plain Lowlands and Valleys:
Located in lowlands underlain by generally
fine-grained estuarine deposits in the tidal
areas adjacent to the bay and in major river
valleys. Area is very flat and poorly drained
with the water table generally less than

3 meters below land surface. Wetlands, such
as coastal marshes and broad riparian swamps
along tidal rivers, are common. Parts of this
area have been extensively ditched to lower
the water table.
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Figure 22. Variable hydrogeomorphic conditions among different areas of the Eastern Shore. Although mostly
flat and low-lying, important differences in topography and drainage among different areas of the Eastern Shore
contribute to variable land use and water quality.
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Figure 23. Estimated age of groundwater contributing to streamflow on the Eastern Shore. Most water flows along
groundwater flow paths to local streams within a few decades, although much longer time periods are required for
water recharging the water table along watershed divides. (GT = greater than; LE = less than or equal to.)
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Chapter 3. Sources and Movement
of Nitrogen and Phosphorus on the
Eastern Shore

Where do the nutrients, nitrogen and phosphorus, on the
Eastern Shore originate, and how do these nutrients move
from upland source areas to surface waters and Chesapeake
Bay?

Fertilizer and manure applied as part of agricultural
operations are by far the predominant sources of nitrogen
and phosphorus to the landscape on the Eastern Shore. Once
on the land surface, nitrogen and phosphorus movement to
surface waters occurs primarily through the action of water.
Nitrogen is primarily transported to surface waters through
groundwater in the form of nitrate. Conversely, phosphorus
is predominantly transported over the land in runoff attached
to sediment. The pathways and amounts of these chemicals
entering surface waters are controlled by the amounts that
have been applied in excess of crop uptake, differing chemical
and physical properties of nitrogen and phosphorus com-
pounds, and by varying hydrologic, geochemical, and geologic
environments.

Sources of Nitrogen and Phosphorus

Agricultural sources supply the majority of nitrogen
and phosphorus inputs to the land surface, groundwater, and
nontidal streams on the Eastern Shore (fig. 24) (Staver and
Brinsfield, 2001; Fisher and others, 2006; Whitall and others,
2010; Ator and others, 2011). More than half (53 percent) of
the nitrogen reaching the Eastern Shore landscape is applied
in inorganic fertilizers or fixed directly from the atmosphere in
cropland; an additional 37 percent is contributed by manure.
Less than 10 percent of nitrogen applied to the Eastern Shore
is contributed by non-agricultural sources, including atmo-
spheric deposition, septic systems, and urban sources
(fig. 24) (Debrewer and others, 2007; Ator and others, 2011).
Phosphorus sources to the landscape on the Eastern Shore are

Agriculture contributes more than 90 percent of the nitrogen and
phosphorus to the Eastern Shore.

similarly almost exclusively from agricultural applications of
fertilizers (44 percent) and manure (56 percent) (fig. 24). In
the Chesapeake Bay watershed as a whole, livestock produce
36 billion kilograms (kg) of manure annually, approximately
10 times the mass produced by the watershed’s human popula-
tion (Kleinman and others, 2012). Much of the livestock is
concentrated in poultry production on the Eastern Shore.
Although nonpoint sources provide the majority of nutrients
to the land surface and nontidal streams on the Eastern Shore,
some point sources discharge directly to tidal waters and may
be the predominant source of phosphorus locally to parts of
some sub-estuaries of the bay (Boynton and others, 1995;
Whitall and others, 2010).

Fertilizer applications and poultry production on the
Eastern Shore have increased substantially in recent decades
(fig. 25) and nitrogen and phosphorus applications to crop-
land typically exceed the amounts removed in crops during
harvest (fig. 26). Although land use on the Delmarva Peninsula
has been primarily agricultural for several hundred years
(Allen, 2009), applications of nitrogen in fertilizer increased
from less than 10 million kg/yr in 1950 to around 60 million
kg/yr in 1980 (fig. 25) (Alexander and Smith, 1990; Battaglin
and Goolsby, 1995; Mid-Atlantic Water Program, 2012).
Applications of phosphorus in fertilizer similarly increased
during that period, but have since decreased. Poultry produc-
tion on the Delmarva Peninsula has also increased in recent
decades from less than 4 million broilers in 1919 to nearly 600
million by 2007 (fig. 25) (U.S. Department of Agriculture,
2009). Applications of nitrogen and phosphorus from these
sources to croplands on the Eastern Shore have exceeded crop
needs since at least the 1980s (fig. 26) (Mid-Atlantic Water
Program, 2012).

Chapter 3

Although agriculture has been a primary land use on the Eastern
Shore for several centuries, poultry production and applications of
nitrogen fertilizer increased substantially during the latter half of
the 20th century.

Applications of nitrogen and phosphorus to cropland on the
Eastern Shore typically exceed amounts that are incorporated into
crop growth and removed at harvest.
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INPUTS, IN THOUSAND KILOGRAMS PER YEAR
(PERCENT OF TOTAL)

6,480
(44%)
1,650 (2%)/ 82 (1%)/
28,300
(37%)
NITROGEN PHOSPHORUS
SOURCE

- Fertilizer applications or (for nitrogen) direct fixation from
the atmosphere by crops (Wieczorek and LaMotte, 2010b).

- Manure (Wieczorek and LaMotte, 2010c).

Atmospheric deposition (Wieczorek and LaMotte, 2010d).

- Other, including point sources (U.S. Environmental Protection
Agency, 2009) and septic systems (Maizel and others, 1997).

Figure 24. Annual inputs of nitrogen and phosphorus from various sources to the Eastern Shore.
Agriculture provides more than 90 percent of both nitrogen and phosphorus applications.
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[Broiler data are from U.S. Department of Agriculture, 2009. Estimates prior to 1950 are for total
chickens or broilers raised. Fertilizer inputs are from Alexander and Smith, 1990, Battaglin and
Goolshy, 1995, and Mid-Atlantic Water Program, 2012.]

Figure 25. Past poultry broiler production and fertilizer applications on the Delmarva Peninsula. Broiler production has increased
consistently and substantially since the early part of the 20th century. Nutrient applications to cropland on the Peninsula similarly
increased between the 1950s and 1980s, but have decreased or remained relatively consistent since that time.
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Figure 26. Average annual balance between inputs (primarily in fertilizer and manure)
and outputs (primarily in harvested crops) of nitrogen and phosphorus on cropland on
the Delmarva Peninsula in recent decades. Nitrogen and phosphorus applications to
cropland have consistently exceeded removal during harvest, leaving excess nutrients
available in the environment for transport to groundwater and (or) streams.
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Movement of Nitrogen and Phosphorus from
Source Areas to Surface Waters

Nitrogen and phosphorus compounds move from upland
source areas to streams and groundwater on the Eastern
Shore primarily through the action of water. Pathways most
important to nutrient transport in different areas therefore
depend primarily on local hydrologic and geologic conditions
that control water movement, including the slope of the
land surface and the texture, thickness, and permeability of
soils and geologic sediments. Also important are chemical
and physical properties of different compounds and local
geochemical conditions, since they control the solubility of
nitrogen or phosphorus compounds in water and the likelihood
of their persistence in water or transformation to other forms
(Dubrovsky and others, 2010).

Nitrogen and phosphorus occur in a variety of forms in
streams and groundwater. Nitrogen in chemical fertilizers and
atmospheric deposition generally reaches the land in inorganic
forms such as ammonia (NH,), ammonium (NH,"), or nitrate
(NO,), whereas nitrogen in animal wastes (such as poultry
manure) and septic effluent often occur in ammonium or
organic compounds. Much of the applied nitrogen is converted
in the soil to nitrate, which remains stable in groundwater as
long as dissolved oxygen is present, and is the most common
form of nitrogen in groundwater and streams of the Eastern

Shore (Denver and others, 2004; Ator, Denver, and Brayton,
2005; Debrewer and others, 2007) and elsewhere (Dubrovsky
and others, 2010). Phosphorus is less soluble than nitrate and
commonly occurs in solid form bound to soils or sediment
particles, although some phosphorus may dissolve in streams
or groundwater in the form of phosphate (PO,*) (Dubrovsky
and others, 2010).

Nitrogen

Nitrogen moves from source areas on the landscape to
surface waters of the Eastern Shore primarily through ground-
water in the form of nitrate (Bohlke and Denver, 1995; Ator,
Denver, and Brayton, 2005; Ator and Denver, 2012). Because
nitrate is very soluble, it dissolves easily in rainfall or other
water as it infiltrates through the soil toward the water table.
Once below the water table, nitrate similarly moves slowly
with groundwater to withdrawal wells or to discharge areas
in surface waters (fig. 27). Although nitrate remains stable
for long time periods in groundwater containing abundant
dissolved oxygen, it is converted to nitrogen gas and lost from
groundwater (through a process called “denitrification”) where
dissolved oxygen is lacking. On the Eastern Shore, hydrogeo-
logic conditions controlling the effectiveness of denitrification
in groundwater are quite variable from place to place; ground-
water generally contains more nitrate in areas with abundant
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dissolved oxygen than in areas where oxygen is limited
(Debrewer and others, 2007) (fig. 28), and denitrification
removes minimal nitrogen from groundwater discharging to
some Eastern Shore streams but substantial nitrogen in others
(see sidebar: “Nitrate Removal Through Denitrification, and
Limitations Caused by Local Hydrogeology”). Hydrogeologic
conditions in many areas are conducive to nitrate transport
from groundwater to streams, however, and 70 percent of the
nitrogen load from Eastern Shore streams to Chesapeake Bay
reaches streams as nitrate through groundwater (Domagalski
and others, 2008; Ator and Denver, 2012). Hydrogeologic
conditions in aquifer discharge areas and the resulting interac-
tions between groundwater and surface waters are complex
and variable among and within individual streams, and nitrate
contributions from groundwater may occur through diffuse or
spatially concentrated seepage through the streambed or along
flood-plain seeps (Domagalski and others, 2008; Knee and
Jordan, 2013).

Nitrogen moves from source areas on the landscape to streams
and tidal waters of the Eastern Shore primarily as nitrate through
groundwater.

Groundwater discharge contributes nitrate directly to tidal
estuaries adjacent to the Delmarva Peninsula through subma-
rine groundwater discharge (Reay and others, 1992; Gallagher
and others, 1996; Speiran, 1996; Staver and Brinsfield, 1996;
Bratton and others, 2004) as well as to nontidal tributary
streams (fig. 27). Less than 10 percent of freshwater from the
Eastern Shore reaches the bay directly through submarine
groundwater discharge (Hussain and others, 1999; Sanford and
others, 2012); most freshwater flow to Chesapeake Bay occurs
through nontidal tributary streams. Groundwater discharge of
nitrate directly to coastal bays along the Atlantic margin of the
Delmarva Peninsula is similarly much smaller than ground-
water discharge of nitrate to nontidal tributaries (Dillow and
Greene, 1999), although the relative importance of such
discharge to Chesapeake Bay is unknown. Nitrate contribu-
tions from submarine groundwater discharge may be limited
by anoxic conditions in estuarine sediments (Bratton and
others, 2004; Bratton and others, 2009) and—as in nontidal
streams—likely vary with variable hydrogeologic conditions

over different areas (Speiran, 1996; Krantz and others, 2004;
Manheim and others, 2004; Knee and Jordan, 2013). Direct
discharge of nitrate from groundwater to tidal creeks is
limited by fine-grained organic-rich sediments and associated
anoxic conditions in the northern part of the Eastern Shore in
Virginia, for example, but promoted by coarser organic-poor
sediments to the south (Speiran, 1996).

Nitrogen in organic compounds or other forms also
moves to surface waters over the land surface during overland
runoff following precipitation, and may constitute a substantial
part of in-stream nitrogen loads during such periods, particu-
larly in the spring following fertilizer and manure applications,
but before major crop growth. Groundwater discharge as base
flow provides the majority of streamflow on the Eastern Shore,
however, and nitrate from groundwater discharge constitutes
the majority of nitrogen in nontidal streams (Ator and Denver,
2012). Nitrate concentrations often decrease in streams during
high-flow periods, as relatively high concentrations contrib-
uted from groundwater discharge are diluted by overland
runoff containing lower nitrate concentrations (fig. 29).

Nitrate in surface waters on the Eastern Shore represents
a mixture of nitrogen contributed to the land surface in
the upstream watershed over a variety of time periods.
Groundwater generally flows very slowly, and nitrate concen-
trations in groundwater therefore reflect application rates and
other influences during previous periods when the water actu-
ally infiltrated from the land surface to the water table. Nitrate
moving through the soil to the water table close to streams and
other discharge areas may flow along short groundwater flow
paths to streams within a few years. However, several years or
decades are typically required for nitrate movement through
the surficial aquifer from source areas to streams (fig. 23), and
even greater time periods are often required for flow along
longer flow paths from watershed uplands (fig. 27) (Dunkle
and others, 1993; Bohlke and Denver, 1995; Lindsey and
others, 2003; Debrewer and others, 2007; Sanford and Pope,
2007; Denver and others, 2010). Groundwater discharge to
streams therefore represents a mixture of flow paths of differ-
ing ages from throughout the stream watershed (fig. 27), and
nitrate in streams during base flow is a mixture of nitrogen
applied during many different time periods (Lindsey and oth-
ers, 2003; Sanford and others, 2012).
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Figure 27. Idealized summary of hydrology and nutrient transport on the Eastern Shore in areas with oxic groundwater and
well-drained soils. Nitrogen transport from the land surface to streams occurs primarily through groundwater in the form of
nitrate, whereas phosphorus transport occurs primarily in overland runoff.
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Figure 29. Relation of concentrations of nitrate, phosphorus, and suspended sediment
to streamflow in Chesterville Branch, 1990-2012. Decreasing nitrate concentrations

but increasing phosphorus and sediment concentrations during periods of increased
streamflow indicate that different mechanisms are primarily responsible for the
transport of these contaminants to Chesterville Branch. Nitrate moves to Chesterville
Branch primarily through groundwater, and concentrations are highest during low-flow
periods when streamflow is primarily contributed by groundwater discharge. Sediment
and phosphorus, conversely, are lowest during low flow and move to Chesterville
Branch primarily through overland runoff during high-flow periods.
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4 )
Nitrate Removal Through Denitrification, and Limitations

Caused by Local Hydrogeology

itrogen is transported as nitrate through groundwater to streams

with minimal losses in water with abundant dissolved oxygen, but
can be lost in substantial quantities to the atmosphere in anoxic areas (fig.
30). Precipitation generally contains abundant dissolved oxygen from the
atmosphere as it infiltrates through the soil to the water table. Where soils
and aquifer sediments contain little organic material (as in many areas of the
Eastern Shore), water remains oxic (retains dissolved oxygen) and nitrate
remains stable for long time periods as the water infiltrates to the water
table and moves along groundwater flow paths to streams and coastal estu-
aries. In organic-rich soil and aquifer sediments, however, dissolved oxygen
is consumed and anoxic conditions develop as naturally occurring bacteria
consume the organic matter. In such geochemical environments, nitrate
becomes unstable and is lost to nitrogen gas through denitrification, an
important process for removing nitrate from terrestrial ecosystems world-
wide (Howarth and others, 1996).

Denitrification may substantially reduce nitrogen delivery to streams
in some areas of the Eastern Shore, but has limited effect on nitrogen
loads in streams in other areas where groundwater flow largely bypasses
anoxic conditions. Denitrification has been observed in many different set-
tings on the Eastern Shore, including at or near the land surface in soils
of depressional (Denver and others, 2014) and riverine (Jordan and oth-
ers, 2007) wetlands, along groundwater flow paths (Béhlke and Denver,
1995; Denver and others, 2010), in riparian flood plains (Duff and oth-
ers, 2008; Puckett and others, 2008), and in coastal swamps and marshes
(Speiran, 1996). The importance of denitrification to overall nitrogen
delivery to individual streams, however, depends on the local hydroge-
ology, particularly the orientation of groundwater flow paths and the
extent to which groundwater containing nitrate encounters anoxic con-
ditions prior to discharging to streams (Denver and others, 2014). Nitrate
in groundwater is most likely to encounter anoxic conditions condu-
cive to denitrification where the surficial aquifer is particularly thin
(figs. 30-1b, 30-1c, 30-4). The surficial aquifer in many areas of the Eastern
Shore is relatively thick, however, and anoxic conditions associated with
wetlands on the land surface in such areas often do not extend through the
entire thickness of the aquifer (fig. 30-2a) or have been truncated by artificial
ditching or channelization (fig. 30-3). In such areas, oxic groundwater car-
ries nitrate to streams beneath forested stream buffers (fig. 30-1a) or denitri-
fying conditions at the land surface (fig. 30-2a). Nitrate concentrations are
generally much higher in streams in areas where these conditions are com-
mon (such as the Eastern Shore) than in other areas of the Atlantic Coastal
Plain (such as, for example, the Western Shore) where the surficial aquifer
is typically much thinner (Vroblesky and Fleck, 1991; Ator, Denver, Krantz,
and others, 2005; Ator and Denver, 2012). Groundwater also carries nitrate
directly to estuaries where sediments are coarse-grained with low organic
matter (Speiran, 1996), similar to the setting in fig. 30-1a.

Chapter 3
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Figure 30. Idealized summary of hydrologic conditions and the potential for denitrification in groundwater in various
hydrogeologic settings on the Eastern Shore. Denitrification has been observed in many different settings on the Eastern Shore,
but the effectiveness of denitrification in limiting nitrogen transport through groundwater to streams varies substantially with
varying hydrogeologic conditions.
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Nitrate is lost in anoxic groundwater beneath depressional wetlands in the upper part of the Choptank River watershed. The lateral and vertical
extent of anoxic groundwater may be limited, however, and groundwater containing dissolved oxygen and nitrate may pass beneath these

wetlands to discharge areas in streams. (Denver and others, 2014.)

EXPLANATION

Hydrogeologic units

[ ] Aquifer with oxic groundwater

[ ] Aquifer with anoxic groundwater
B Confining unit

-Y-- Water table

Groundwater flow paths

~—¥ Containing nitrate

~—y Nitrate removed by denitrification
=y Likely never contained nitrate

Streams and rivers of the Nanticoke watershed have been channelized to lower the water
table. Because of this, much of the groundwater containing nitrate discharges directly through
the sandy streambed and bypasses anoxic flood-plain sediments. (Clune and Denver, 2012.)
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Short flow paths often carry nitrate through shallow groundwater to ditches in farm fields in the Pocomoke River watershed;
denitrification occurs along longer flow paths contributing to larger streams and the river. (Phillips and Donnelly, 2003;
Ator, Denver, and Brayton, 2005; Denver and others, 2010; McCoy, Sigrist, and others, 2010.)
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Figure 30.
hydrogeologic settings on the Eastern Shore. Denitrification has been observed in many different settings on the Eastern Shore,

but the effectiveness of denitrification in limiting nitrogen transport through groundwater to streams varies substantially with
varying hydrogeologic conditions.—Continued
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Phosphorus

Phosphorus moves from source areas on the land surface
to streams on the Eastern Shore primarily in overland runoff.
Phosphorus is much less soluble in water than nitrate, par-
ticularly where dissolved oxygen is abundant. Phosphorus
compounds therefore generally remain bound to soils and sedi-
ment in particulate form rather than moving to groundwater in
dissolved form, although phosphorus may dissolve in ground-
water in anoxic areas. Consequently, phosphorus transport to
streams occurs primarily during high-flow periods following
precipitation when erosion and overland runoff may mobilize
and carry soil, sediment, and attached phosphorus to streams
(figs. 27, 29) (Denver and others, 2004; Ator, Denver, and
Brayton, 2005). Unlike nitrate concentrations, phosphorus and
sediment concentrations are often greatest in streams dur-
ing high-flow periods (fig. 29). Although shallow slopes and
permeable soils and sediments typical of much of the Eastern
Shore suggest soil erosion and related phosphorus transport to
streams may be relatively minor, the transport of phosphorus
from upland sources to streams is greater in the Coastal Plain
than in other areas of the Chesapeake Bay watershed (Ator and
others, 2011). Phosphorus from manure applications in excess
of crop needs has been accumulating in Eastern Shore soils
for decades (fig. 26), and such soils may carry greater phos-
phorus to streams during runoff periods than in the past and be
less likely to sequester newly applied phosphorus (Heckrath
and others, 1995; Staver and Brinsfield, 2001). Agricultural
management practices (such as no-till cropping) that increase
phosphorus at the land surface may also increase dissolved
phosphorus in runoff (Staver and Brinsfield, 1995).

Phosphorus is much less soluble in water than nitrate, and
consequently moves from source areas on the landscape to
streams and tidal waters on the Eastern Shore primarily in solid
(particulate) form over the land surface rather than through
groundwater.
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Chapter 4. Nitrogen and Phosphorus in
Groundwater and Surface Waters of
the Eastern Shore

How high are concentrations of nitrogen and phosphorus
in groundwater, streams, and estuaries on the Eastern Shore?

On the Eastern Shore, nitrogen is common in groundwater
and surface waters and phosphorus is common in surface
waters at concentrations that are well above natural levels,
and are among the highest in the Nation. Differing concentra-
tions in different areas are attributable to varying inputs from
agriculture and other sources, as well as hydrogeologic, solil,
and other natural conditions that affect the fate and movement
of nitrogen compounds through the subsurface and phospho-
rus over the land surface.

Regional Groundwater Quality

Nitrate occurs in groundwater in many areas of the
unconfined surficial aquifer on the Eastern Shore, typically
at concentrations far greater than would be expected under
natural conditions (see sidebar: “Natural Water Quality”), and
often at concentrations high enough to affect the suitability
of the water for human consumption (Hamilton and others,
1993; Ferrari, 2001; Debrewer and others, 2007) (fig. 31). The
presence of nitrate at concentrations indicative of human con-
tamination has been reported in different parts of the aquifer
since at least the early 1970s (fig. 31) (Cushing and others,
1973; Bachman, 1984; Denver, 1986) (see sidebar: “Eastern
Shore Water Quality in a National Context”) (figs. 32, 33).
In the early 2000s, nitrate concentrations at various depths in
the surficial aquifer on the Delmarva Peninsula had a median

concentration above 5 milligrams per liter (mg/L as N), even
in relatively deep parts of the aquifer commonly used for pub-
lic supplies (Ferrari, 2001; Debrewer and others, 2007). More
time is generally required for groundwater to move to greater
depths, and the occurrence of nitrate from human sources at
similar concentrations at various depths within the aquifer
reflects the long history of agricultural nitrogen application
on the Eastern Shore (figs. 25, 26). Concentrations in about
one-third of samples from shallow groundwater in agricul-
tural areas and from deeper groundwater commonly used for
domestic supply in the early 2000s exceeded 10 mg/L, the
Federal drinking-water standard (Maximum Contaminant
Level) for nitrate in public water supplies (Debrewer and
others, 2007). Consumption of water containing nitrate at
concentrations greater than 10 mg/L can cause health prob-
lems, particularly in infants (U.S. Environmental Protection
Agency, 2004), and prolonged consumption of nitrate at even
lower concentrations in drinking water may be related to the
development of certain types of cancer (Aschebrook-Kilfoy
and others, 2012).

Nitrate occurs in groundwater in many areas of the Eastern
Shore at concentrations well above what might be expected
under natural conditions, and concentrations that may affect the
suitability of groundwater for drinking water are not uncommon.

Nitrate concentrations in groundwater in different areas
of the Eastern Shore are related to the distribution of sources
and natural soil and geochemical conditions affecting nitrate
fate and transport (Debrewer and others, 2007; Ator, 2008).
Concentrations are generally highest near agricultural areas,
although horizontal groundwater flow may carry nitrate to

-
Natural Water Quality

N atural water (water that has not been chemically influenced by human activities)
in aquifers and streams on the Eastern Shore is typically dilute and acidic with

~

few dissolved chemicals. Rainfall on the peninsula is generally acidic with very low con-
centrations of dissolved chemicals. The surficial aquifer on the Eastern Shore (particularly
in the central part of the peninsula) is composed of quartz-rich sediments that are relatively
insoluble and therefore include few natural minerals that may dissolve in infiltrating rain-
water (Denver, 1989; Knobel and others, 1998; Ator and others, 2000). Natural groundwater
in the aquifer is therefore typically similarly dilute and acidic, as is water in local streams,
which receive the majority of their flow from groundwater discharge. Younger sediments
common in coastal areas are generally finer-textured and contain a greater variety of min-
erals and more organic matter, however, and natural groundwater and streams in such
areas often contain a greater variety of dissolved compounds contributed from these mate-
rials (Tesoriero and others, 2004; Ator, 2008). Nitrate from natural sources such as leaf litter
and other vegetation rarely exceeds 0.4 mg/L in groundwater or 0.6 mg/L in streams on the
Eastern Shore (Hamilton and others, 1993; Clark and others, 2000).
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groundwater beneath other land uses, as well (fig. 27). Nitrate
concentrations are significantly higher in oxic groundwater
where any nitrate that is formed in the soil zone and trans-
ported to groundwater is persistent (see Chapter 3). These
conditions generally occur in areas with good soil drainage
and permeable soils and sandy aquifer sediments that promote
oxic conditions, such as in much of the central core of the
Delmarva Peninsula (fig. 31). In contrast, concentrations of
nitrate are typically low in areas with anoxic aquifer condi-
tions where denitrification is common (see Chapter 3), such as
those that generally occur in wetlands and in low-lying areas
along Chesapeake Bay and its tidal tributaries (Bachman and
others, 1998; Shedlock and others, 1999; Debrewer and others,
2007).

Nitrate concentrations have increased in groundwater in
parts of the surficial aquifer in recent decades. Nitrate con-
centrations in oxic groundwater on the Delmarva Peninsula
increased by an average of about 2 mg/L between the late
1980s and the early 2000s at depths in the surficial aquifer
typically used for domestic supplies (fig. 34), although no such
changes occurred during that period in shallower groundwater
(Debrewer and others, 2007, 2008). The increase in nitrate
concentrations in groundwater over that period is likely a
result of increasing nitrate leaching to groundwater from
increasing fertilizer and poultry manure nitrogen applications
to the landscape during previous decades when groundwater
sampled during 1988 and 2001 moved from the land surface to
the water table (figs. 25, 26).

Concentrations of ammonia, organic nitrogen, and phos-
phorus compounds in groundwater on the Eastern Shore are
generally much lower than concentrations of nitrate and gener-
ally do not exceed 0.2 mg/L (Debrewer and others, 2007).
Although concentrations of these compounds may be elevated
in poorly drained anoxic areas (Debrewer and others, 2008),
ammonium concentrations are still typically relatively low
compared to nitrate concentrations in groundwater because
ammonium is preferentially adsorbed on certain clay minerals
that are present in the soil (Denver, 1986). Once these ions are
fixed in the soil, they are not likely to be removed. Phosphorus
also is present in fertilizers, manure, and human sewage, but
is fixed by silicate clays and oxides of iron, aluminum, and
manganese in the soil zone and aquifer sediments and gener-
ally not dissolved in groundwater (Denver, 1986).
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Figure 31. Estimated probability of nitrate concentrations in
shallow groundwater exceeding 1 milligram per liter as N in areas
of the Delmarva Peninsula. Nitrate concentrations often exceed
estimated natural levels (less than 0.4 milligrams per liter) in
groundwater in many areas of the Eastern Shore, particularly in
the central core of the Delmarva Peninsula. (GT = greater than;
LE = less than or equal to.)

Estimated groundwater quality
from Greene and others, 2005
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Eastern Shore Water Quality in a National Context

utrient concentrations in streams and shallow groundwater in parts of the Eastern Shore are among the

highest in the Nation (Denver and others, 2004). Nitrogen and phosphorus sources are abundant on the
Eastern Shore, and hydrologic, geologic, and soil conditions in many areas are particularly suitable for the per-
sistence of these compounds in the environment and their movement to streams and shallow groundwater (see
Chapter 3). Consequently, nitrate concentrations in groundwater (fig. 32) and nitrogen and phosphorus concentra-
tions in selected streams (fig. 33) in agricultural areas are among the highest observed in similar settings across the
United States.

- J

Nitrate concentrations in shallow groundwater
(Agricultural areas)
. [From Denver and others, 2004.]

Median concentration of nitrate, in milligrams per liter as N.
Each circle represents a groundwater study.

® Highest (greater than 5 milligrams per liter as N)
Medium (0.4 to 5 milligrams per liter as N)
Lowest (less than 0.4 milligrams per liter as N)

Background concentration

O Bold outline indicates median values greater than
background concentration (2 milligrams per liter as N)

Average annual total nitrogen input, in pounds per acre,
by county, for 1995-98. Inputs are from fertilizer, manure,
and the atmosphere.

O Greater than 25

0 6to25

O Lessthan6

Figure 32. Summary of nitrate concentrations in shallow groundwater in selected agricultural areas of the United States.
Nitrate concentrations in shallow groundwater underlying agricultural areas on the Eastern Shore are among the highest
observed in agricultural areas of the Nation.

Total nitrogen in streams, 1993-2001 Total phosphorus in streams, 1993-2001
(Agricultural areas) [From Denver and others, 2004.] (Agricultural areas)

3 pom = 7
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Mean annual concentration, Mean annual concentration,

in milligrams per liter Nitrogen input,  * in milligrams per liter Phosphorus input, "
e Less than 0.6 in pounds per acre ® Less than 0.05 in pounds per acre
0.6t03 Less than 6 0.05t0 0.3 Less than 2
o Greater than 3 6to 25 ® Greater than 0.3 2t05
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Figure 33. Summary of nitrogen and phosphorus concentrations in selected streams draining primarily agricultural areas of
the United States. Nitrogen and phosphorus concentrations in streams in agricultural areas on the Eastern Shore are among
the highest in the Nation.
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Figure 34. Summary of nitrate
concentrations in the surficial aquifer on
the Delmarva Peninsula during 1988-90
and 2001-03. Nitrate concentrations
increased between the late 1980s and
early 2000s at depths typically used for
domestic supply.

Regional Surface-Water Quality

Nitrate concentrations in freshwater streams on the
Eastern Shore are typically lower than in nearby groundwater
(fig. 35), although concentrations of phosphorus and other
nitrogen compounds (ammonium and organic nitrogen) are
generally higher in streams than in groundwater (Shedlock
and others, 1999; Denver and others, 2004; Ator, Denver, and
Brayton, 2005). During base-flow conditions, streams are a
mixture of groundwater contributed from multiple flow paths
reflecting a variety of land uses and human impacts over time
(figs. 21, 27). The highest nitrate concentrations entering
streams with groundwater are therefore often diluted by mix-
ing with water from other flow paths that have lower nitrate
concentrations. These flow paths may have originated beneath
forests where nitrogen was not applied, contain water that
comes from older flow paths where nitrate concentrations are
low, or come from parts of the aquifer system that are anoxic.
Biological processes also may consume nitrate in streams,
particularly during the growing season. Because phosphorus
and other nitrogen compounds are typically less soluble
than nitrate and most commonly transported with sediment,
however, they often occur at much higher concentrations in
streams than in groundwater, particularly during high-flow
periods when streamflow is dominated by overland runoff
(fig. 29) (Shedlock and others, 1999; Denver and others, 2004;
Ator, Denver, and Brayton, 2005).

Nitrate concentrations in Eastern Shore streams reflect
a combination of the abundance of agricultural and other
nitrogen sources, hydrogeologic conditions that often promote
nitrate formation and transport from the land surface, and the
resulting elevated nitrate typical of shallow groundwater. The
vast majority (over 90 percent) of headwater streams on the
Delmarva Peninsula contained nitrate at concentrations greater
than natural levels (see sidebar: “Natural Water Quality™)
during base flow in the winter and spring of 2000, and about
half contained nitrate exceeding 3 mg/L (fig. 35) (Denver
and others, 2004; Ator and Denver, 2012). Similar base-flow
nitrate concentrations were observed in Eastern Shore streams
during the early 1990s (Bachman and Phillips, 1996). Nitrate
concentrations in larger streams draining primarily agricultural
areas are also typically greater than would be expected under
natural conditions (see sidebar: “Eastern Shore Water Quality
in a National Context”), but lower than in headwater streams
draining exclusively agricultural areas (fig. 36) (Ator, Denver,
and Brayton, 2005; Langland and others, 2013). Nitrate

Concentrations of nitrate in Eastern Shore streams are generally
lower than concentrations in contributing groundwater, but
concentrations of phosphorus and other nitrogen compounds
are often higher in streams. Both nitrogen and phosphorus occur
in Eastern Shore streams at concentrations that may adversely
affect aquatic ecosystems.

30 ] 10 3
r 1 c F 7
N 1 @ L ]
- E r 1 g _ F 23
s : T 2 1
52 wF . 25y IE E
£= T ] £238 [ 2 3
38 | 2Sg | ]
Se | a®8 | ]

o E r S o5

o O F s 5=
.2 10 4 s o g 01 E
— = r = E 3
= | S :

= f 5
N < r 1
oL 0.01
[From Denver and others, 2004.]
EXPLANATION
I Groundwater 29 Number of samples
[ Streams Maximum
Median
Minimum

Figure 35. Concentrations of nitrogen compounds in streams
and shallow groundwater on the Delmarva Peninsula, 2000-01.
Nitrate concentrations are often higher in shallow groundwater
than in receiving streams, but ammonia plus organic nitrogen
concentrations are generally higher in streams.
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Figure 36. Estimated average-annual flow-weighted concentrations of nitrogen and phosphorus in Eastern Shore
streams. Concentrations of nitrogen and phosphorus in streams of the Eastern Shore generally exceed natural levels.
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concentrations in Eastern Shore streams often vary seasonally;
concentrations are generally greatest in the winter months
when groundwater discharge is greatest and uptake by aquatic
plants is minimal, and lowest in the late summer when such
conditions are reversed (fig. 37) (Denver and others, 2004;
Ator, Denver, and Brayton, 2005).

Phosphorus, ammonia, and organic nitrogen are generally
present along with nitrate in Eastern Shore streams, however,
like in groundwater, typically at much lower concentrations.
Phosphorus concentrations in streams draining undeveloped
watersheds are generally less than 0.02 mg/L and rarely
exceed 0.1 mg/L (Clark and others, 2000). Concentrations of
phosphorus in Eastern Shore streams during base-flow condi-
tions are generally well below 0.1 mg/L, but can be much
higher (as high as 3 or 4 mg/L) during high-flow periods
(fig. 29), or in poorly drained areas with abundant organic
matter and low dissolved oxygen (fig. 36) (Denver and others,
2004; Ator, Denver, and Brayton, 2005) (see sidebar: “Eastern
Shore Water Quality in a National Context”). Concentrations
of ammonia plus organic nitrogen in Eastern Shore streams
during base-flow conditions are typically well below 1.0 mg/L
(fig. 35), but—Ilike phosphorus—can increase substantially
during high-flow periods (Clark and others, 2000; Ator,
Denver, and Brayton, 2005).
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Figure 37. Seasonal variability in nitrate concentrations in
the Pocomoke River, 1999-2001. Nitrate concentrations reflect
greater shallow groundwater discharge and lesser biotic
activity in the cooler months and reversed conditions during
the warmer months.

Nitrogen and phosphorus in stream water contribute
to excessive algal growth and other ecological deterioration
of freshwater streams on much of the Eastern Shore.
Concentrations of nitrogen greater than 0.71 mg/L and (or)
phosphorus greater than 0.031 mg/L in streams of the eastern
Coastal Plain may cause excessive plant growth and other
conditions detrimental to aquatic organisms, and these concen-
trations have been recommended as criteria to protect aquatic
communities (U.S. Environmental Protection Agency, 2000).
Nitrate concentrations, alone, commonly exceed 0.71 mg/L
in Eastern Shore streams (fig. 35), and phosphorus concentra-
tions greater than 0.031 mg/L are not unusual (fig. 36) (Clark
and others, 2000; Ator, Denver, and Brayton, 2005). Although
the growth and decay of algae and aquatic plants and resulting
oxygen depletion depend on the availability of light and other
habitat conditions as well as water quality, such conditions in
Eastern Shore streams are apparently generally not limited by
the availability of nutrients. Overall, the structure and compo-
sition of communities of benthic aquatic organisms in Eastern
Shore streams are typically fair, poor, or very poor (fig. 38)
(Chesapeake Bay Program, 2012).

Nutrient concentrations in Eastern Shore streams are
increasing, particularly where nonpoint sources are important
and groundwater is a dominant pathway for nutrient transport.
Nitrate concentrations in the Choptank and Nanticoke Rivers
have increased consistently since the mid-1960s (fig. 39),
primarily due to increasing nitrate concentrations in ground-
water discharge (fig. 34), the predominant source of water
and nitrate to those rivers (Hirsch and others, 2010; Robert
Hirsch, USGS, written commun., 2013). Similarly, total
nitrogen and phosphorus have increased since the mid-1980s
in the Choptank River, in spite of the restoration of streamside
buffers to forest in much of the Choptank watershed since the
1990s (Sutton and others, 2010) (fig. 39). Suspended-sediment
yields in the Choptank River have generally increased since
2001, but on average, have decreased since 1985 (Moyer and
others, 2012). Phosphorus transport to streams occurs primar-
ily in particulate form attached to sediment, and increasing
phosphorus concentrations during a period of decreasing sedi-
ment concentrations (possibly due to forested buffer restora-
tion) suggests that dissolved phosphorus transport may be
increasing and (or) that average concentrations of particulate
phosphorus on sediment particles moving to the Choptank
River are increasing.
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Figure 38. Ecological conditions in Eastern Shore tributaries to the Chesapeake
Bay assessed by sampling communities of benthic aquatic organisms. Ecological
conditions in Eastern Shore streams are generally fair, poor, or very poor.
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Figure 39. Trends in (A) average nutrient yields during 1985 through 2010 and
2001 through 2010, and (B) nitrate concentrations from the mid-1960s through 2013
in the Choptank River near Greensboro, Maryland. Nutrient concentrations have
generally increased in the river over recent decades.
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Water Quality in Tidal Estuaries

Degraded ecological conditions in tidal reaches of
major streams draining the Eastern Shore reflect high inputs
of nitrogen and phosphorus from contributing watersheds.
Eutrophic conditions in Chesapeake Bay may be controlled
by either nitrogen or phosphorus inputs during different
seasons (Prasad and others, 2010), and include excessive algal
growth and related decreases in dissolved oxygen, submerged
aquatic vegetation, and habitat for benthic organisms (Bricker
and others, 2007; McCoy, Spotts, and others, 2010; U.S.
Environmental Protection Agency, 2011a). Water quality and
benthic habitat in Eastern Shore sub-estuaries to Chesapeake
Bay are often similarly fair or poor (Fisher and others, 2006;
U.S. Environmental Protection Agency, 2008b); eutrophic
conditions (particularly chlorophyll-a levels), for example,
were high or moderately high in tidal reaches of the Chester
and Choptank Rivers and in Tangier and Pocomoke Sounds
during 2004, and worsened in the Chester and Choptank
River estuaries between 1999 and 2004 (Bricker and others,
2007). Dissolved oxygen levels in deeper waters in the
Choptank River estuary decreased between 1984 and 2004,
and approached minimum water-quality standards during wet
years (Fisher and others, 2006).

Nitrogen and Phosphorus in Major Eastern
Shore Watersheds

Locally variable land use, associated nutrient inputs, and
hydrogeologic, soil, and other natural conditions contribute
to similarly variable nitrogen and phosphorus concentrations
in streams and groundwater in different parts of the Eastern
Shore and resulting differences in nutrient contributions to
Chesapeake Bay. Local differences in natural drainage and
other hydrologic conditions are reflected in differing rural
landscapes among major Eastern Shore watersheds within
the broader agricultural setting (fig. 40). These differences
are related to variations in natural conditions (see Chapter 2)
and contribute to variable inputs and transport of nitrogen and
phosphorus to tidal waters (fig. 41). Some areas have similar
landscape characteristics (such as, for example, forested ripar-
ian wetlands) but different subsurface conditions that affect
the potential for denitrification in groundwater (see sidebar:
“Nitrate Removal Through Denitrification, and Limitations
Caused by Local Hydrogeology”). Phosphorus transport from
areas receiving similar inputs also varies substantially with
variable soil conditions that affect phosphorus retention on the
landscape or movement to streams. Local studies in different
areas of the Eastern Shore (see following sections) illustrate
the importance of these differences to predominant pathways
of nutrient transport in different areas, and results from these
studies can be extrapolated to understanding nutrient transport
in other parts of the Eastern Shore and the wider Coastal Plain
region where relevant physical conditions are similar.
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Figure 40. A summary of selected landscapes on the Eastern Shore. Variable landscapes and hydrogeology affect the inputs and
transport of nutrients among major Eastern Shore watersheds.
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Figure 41. Estimated nitrogen and phosphorus inputs to the landscape from various

sources, 2002, and average annual outputs in streamflow to Chesapeake Bay. Nutrient
outputs vary among major Eastern Shore watersheds and generally represent less
than 25 percent of inputs.
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Chester River Watershed

Natural soil and hydrogeologic conditions promote the
movement of nutrients from the land surface to surface waters
in much of the Chester River watershed, although a thin sur-
ficial aquifer limits nitrogen movement through groundwater
in some areas. The watershed includes 760 km? of the upper
Eastern Shore (fig. 42). Agriculture, mostly the production of
corn, soybeans and small grains, covers about 60 percent of
the watershed and contributes 87 percent of the nitrogen load
and 95 percent of the phosphorus load from the watershed
to Chesapeake Bay. Agriculture in the watershed is typically
underlain by well-drained sandy soils (see Chapter 2) that
promote the formation of nitrate and its movement to shallow
groundwater (see Chapter 3) (fig. 30-1). Concentrations of
nitrate in these areas are consequently often between 10
and 20 mg/L in groundwater (Domagalski and others, 2008;
Denver and others, 2010) and greater than 3 mg/L in streams
(Bohlke and Denver, 1995; Bachman and others, 2002; Ator,
Denver, and Brayton, 2005; Domagalski and others, 2008).
Nitrate is the major form of nitrogen in streams, as would be
expected if most nitrogen transport to streams occurs through
groundwater (Domagalski and others, 2008). Phosphorus
concentrations in groundwater are generally less than 0.1 mg/L
(Bachman and others, 2002) but can be much higher in
streams during periods of overland flow following storms
when surface transport of nutrients occurs (fig. 29) (Ator,
Denver, and Brayton, 2005).

Nitrate concentrations in streams in the Chester River
watershed are typically lower than in contributing ground-
water, and reflect variability in land use and the thickness
of the surficial aquifer. The general lack of human inputs in
the forested eastern headwaters is reflected in surface-water
nitrate concentrations that rarely exceed 1 mg/L (fig. 36)
and average nitrogen and phosphorus yields that are among
the lowest in the watershed (fig. 42). In agricultural areas,
however, the thickness of the surficial aquifer varies and is
a primary control on the movement of nitrate from ground-
water to local streams (Bohlke and Denver, 1995; Bachman
and others, 2002; Ator, Denver, and Brayton, 2005; Denver
and others, 2010) (fig. 30-1) (see sidebar: “Nitrate Removal
Through Denitrification, and Limitations Caused by Local
Hydrogeology”). The surficial aquifer is relatively thick (up to
30 m) beneath Chesterville Branch, a tributary in the northern
part of the watershed, and much of the nitrate in groundwater
discharges with minimal losses to streams (fig. 30-1a). Nitrate
concentrations in Chesterville Branch during base flow have
been measured between 8 and 10 mg/L. In watersheds of the
Morgan Creek and the Corsica River tributaries, however,
some streams have incised completely through the surficial
aquifer into an underlying fine-grained deposit, and much of
the discharging groundwater is forced through shallow anoxic
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Chester River just east of Chestertown, Maryland.
Photograph by Jane Thomas, Integration and Application
Network, University of Maryland Center for Environmental
Science (ian.umces.edu/imagelibrary/).

sediments (fig. 30-1b) or through seeps to the flood plain,
where denitrification can occur (Hancock and Brayton, 2006)
(see Chapter 3) (fig. 30-1c¢). Nitrate concentrations in these
streams during base flow are consequently generally lower
than in Chesterville Branch, but still around 5 mg/L (B6hlke
and Denver, 1995; Bachman and others, 2002; Ator, Denver,
and Brayton, 2005; McCarthy and Capel, 2009; Denver and
others, 2010).

Phosphorous is transported to streams in the Chester
River watershed from agricultural areas primarily with
water and sediment during periods of overland runoff.
Concentrations of phosphorus in streams are generally higher
than in groundwater, and during runoff periods can approach
1 mg/L (fig. 29). Phosphorus yields from the Chester River
watershed are highest where the potential for runoff carrying
phosphorus-laden sediment from agricultural fields is greatest,
such as where land-surface slopes are steepest.

Natural conditions in the Chester River watershed
promote the relatively efficient transport of nutrients from
application areas to Chesapeake Bay. On average, nutrient
yields from the Chester River watershed to Chesapeake Bay
are very similar to or greater than those from the Choptank
and Nanticoke Rivers, in spite of lower average inputs
(fig. 41). Particularly efficient nitrogen transport is facilitated
by the generally thick and permeable surficial aquifer; phos-
phorus transport within the watershed is facilitated by average
land slope and relief in the Chester River watershed that is
generally greater than in watersheds further south (see
Chapter 2). Reductions of 190 tons of nitrogen and 10 tons of
phosphorus per year will be required to meet the TMDL for
the Chesapeake Bay in this watershed (fig. 13). The majority
of these reductions will be required from agriculture, the larg-
est local source of nutrients (fig. 41).
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Figure 42. The Chester River watershed. The watershed is located on the upper Eastern Shore and is primarily agricultural.
Nutrient yields from the land surface to streams are generally lower in the forested eastern headwaters than in the remainder of the

watershed, which is predominantly agricultural. (GT = greater than; LE = less than or equal to.)
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Choptank River Watershed

Anoxic groundwater around current and former wetlands
limits nitrogen movement through groundwater in parts of
the Choptank River watershed, although natural conditions
promote nitrate transport through groundwater to streams in
other areas. Agriculture covers about 60 percent of the land
in the Choptank River watershed (fig. 43) and contributes
more than 80 percent of the load of nitrogen and phosphorus
from the watershed to Chesapeake Bay (fig. 41). A large part
of the headwaters, however (particularly in the east above
Greensboro, Maryland), includes poorly drained uplands (see
Chapter 2) where agriculture is interspersed with large tracts
of forested wetlands. Streams in this area are generally low
gradient and channelized, and artificial ditches lower the water
table beneath depressional wetlands in agricultural fields. In
other areas of the watershed (such as around the Tuckahoe
Creek tributary to the west), however, better drainage and
greater stream incision are common, ditching is less prevalent,
and agricultural tracts are generally larger. Nitrate in oxic
groundwater commonly exceeds 20 mg/L beneath agricultural
fields with well-drained soils, but is less than 1 mg/L in
poorly drained forested areas with minimal nitrogen inputs
and around current and former wetlands where groundwater
is typically anoxic (Staver, 2010; Denver and others, 2014)
(see sidebar: “Nitrate Removal Through Denitrification, and
Limitations Caused by Local Hydrogeology™).

As in most areas of the Eastern Shore, groundwater
provides the majority of nitrate to streams in the Choptank
River watershed (Knee and Jordan, 2013), and concentrations
in individual streams reflect concentrations in local contribut-
ing groundwater. Nitrate concentrations in small streams in
predominantly poorly drained and forested sub-watersheds
are generally less than 0.5 mg/L (McCarty and others, 2008;
Denver and others, 2014). In agricultural areas, concentrations
during base flow are generally higher in well-drained parts
of the Tuckahoe Creek watershed (often 4 to 5 mg/L) than in
more poorly drained areas of the Choptank River watershed
farther east (about 2 mg/L) (McCarty and others, 2008).
Nitrate concentrations in the Choptank River have increased
consistently since the 1960s, primarily due to increasing
nitrate concentrations in groundwater discharging to the river
(fig. 39) (Fisher and others, 2006; Hirsch and others, 2010).
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Choptank River watershed flooded farm field, June 2006.
Photograph by Jane Thomas, Integration and Application
Network, University of Maryland Center for Environmental
Science (ian.umces.edu/imagelibrary/).

Phosphorus concentrations in the Choptank River gener-
ally range from less than 0.01 mg/L during base flow to about
0.2 mg/L during higher flow (Sprague and others, 2000).
Concentrations of phosphorus have increased over time in the
river, in spite of decreasing concentrations of suspended sedi-
ment (Fisher and others, 2006; Langland and others, 2013).
Increasing concentrations of phosphorus in the river during
a period of decreasing sediment concentrations suggests
increasing dissolved phosphorus transport in the watershed or
increasing average phosphorus content on suspended sedi-
ment. These conditions may be related to increasing phospho-
rus saturation in watershed soils and resulting decreasing soil
retention of applied phosphorus (Ator and others, 2011).

Hydrogeologic and landscape conditions that are more
conducive to anoxic conditions and denitrification (particu-
larly in the headwaters) promote slightly less efficient nutrient
transport from the Choptank River watershed than from the
Chester River watershed. In spite of more intensive inputs
of fertilizer and manure in the Choptank River watershed,
average yields of nitrogen and phosphorus to Chesapeake Bay
are very similar to those from the Chester River watershed
(fig. 41). Reductions of approximately 105 tons of nitrogen
and 23 tons of phosphorus per year will be required in the
Choptank River watershed to meet the 2010 TMDL for the
Chesapeake Bay (fig. 13).
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Figure 43. The Choptank River watershed. The watershed covers 1,800 square kilometers from its headwaters in Kent County,
Delaware to its tidal estuary near Cambridge, Maryland. As in the Chester River watershed, nutrient yields are generally lower in
the forested eastern headwaters where wetlands are common than in the remainder of the watershed where agriculture and well-
drained soils are more common. (GT = greater than; LE = less than or equal to.)
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Nanticoke River Watershed

Water quality in the Nanticoke River watershed reflects
locally variable land use and hydrologic conditions. Most
of the Nanticoke River watershed is in the low-relief upland
characteristic of much of the central Delmarva Peninsula (see
Chapter 2). Incision of nontidal streams is generally limited
but channelization and artificial ditches are common (fig. 40).
Where successful in areas of well-drained sandy soils and
a thick (up to 30 m) surficial aquifer, artificial drainage has
lowered the water table in support of agriculture, which covers
about 41 percent of the Nanticoke River watershed (fig. 44),
and includes intensive poultry production. Forest and wetlands
cover much of the remainder of the watershed, particularly in
the eastern headwaters where drainage has been less success-
ful. Agriculture contributes 85 percent of the nitrogen load
and 92 percent of the phosphorus load from the watershed to
Chesapeake Bay (fig. 41). In agricultural areas, nitrate con-
centrations in groundwater commonly exceed 10 mg/L (Clune
and Denver, 2012) and concentrations in headwater streams
and ditches are similarly elevated (Andres and others, 2007;
Clune and Denver, 2012). Nitrate concentrations in forested
areas rarely exceed 1 mg/L. Average yields of nitrogen and
phosphorus are greatest in the central part of the watershed
where agriculture is concentrated, and relatively low in the
poorly drained forested headwaters and in riparian wetlands
near major stream channels (fig. 44). In the main stem of the
Nanticoke River, nitrate concentrations range from around 3
to 5 mg/L and phosphorus concentrations range from less than
0.1 during base flow to about 0.5 mg/L during storms (Andres
and others, 2007). As in the Choptank River, nitrate concentra-
tions in the Nanticoke River have increased consistently since
the 1960s due to increases in nitrate in discharging groundwa-
ter (Robert Hirsch, USGS, written commun., 2013).

Although nutrient applications in the Nanticoke River
watershed (particularly manure) are greater, on average, than
in the Chester, Choptank, or Pocomoke River watersheds,
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Poultry farming in the Nanticoke River watershed.
Photograph by Jane Thomas, Integration and Application
Network, University of Maryland Center for Environmental
Science (ian.umces.edu/imagelibrary/).

transport to streams is generally less efficient, especially for
phosphorus (fig. 41). The generally flat landscape, extremely
permeable soils beneath agricultural areas, and forested ripar-
ian zones along most of the Nanticoke River likely limit runoff
and associated phosphorus transport in many parts of the
watershed. Potential reduction of nitrate transport in riparian
areas, however, is limited by channelization, that has discon-
nected much of the stream network from riparian wetlands and
the thick surficial aquifer, which allows much of the nitrate in
groundwater to bypass the riparian zone and discharge directly
through sandy streambed sediments (see sidebar: “Nitrate
Removal Through Denitrification, and Limitations Caused by
Local Hydrogeology”) (fig. 30-3) (Clune and Denver, 2012).
The Nanticoke River watershed is larger with greater overall
inputs than the other major watersheds (fig. 41), and a greater
reduction in nitrogen (470 tons) and phosphorus (24 tons) is
required to meet the Chesapeake Bay TMDL (fig. 13).
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Figure 44. The Nanticoke River watershed. The watershed is the largest of the major watersheds on the Eastern Shore, covering
about 2,120 square kilometers. Nutrient yields to streams are generally greatest in the central part of the watershed where
agriculture is concentrated. (GT = greater than; LE = less than or equal to.)



54 Understanding Nutrients in the Chesapeake Bay Watershed and Implications for Management and Restoration—the Eastern Shore

Pocomoke River Watershed

Water quality in the Pocomoke River watershed reflects
particularly poor natural drainage and complex natural and
human-impacted groundwater hydrology in the upstream
watershed. Unlike the other major watersheds on the Eastern
Shore, the Pocomoke River watershed is extremely flat,
low-lying, and poorly drained with large tracts of forested
wetlands (fig. 45). Soils in many areas are sandy, however,
and have been effectively drained to support crop production
with nearly 2,000 km of artificial ditching (Bricker and others,
2003). The Pocomoke River channel and its major tributaries
also have been straightened and channelized, although exten-
sive riparian wetlands remain (fig. 40). Poultry production
is widespread in agricultural areas and manure applications
constitute most of the nitrogen and phosphorus inputs to the
landscape (fig. 41). Agriculture contributes more than 80
percent of the nitrogen and 90 percent of the phosphorus load
from the watershed to Chesapeake Bay (fig. 41).

Water quality in the Pocomoke River watershed reflects
a complex shallow groundwater-flow system (see sidebar:
“Nitrate Removal Through Denitrification, and Limitations
Caused by Local Hydrogeology”) (fig. 30-4). Nitrate is lost
over time to denitrification in groundwater in a thin (generally
3- to 6-m thick) shallow surficial aquifer, but has been
measured at concentrations as high as 60 mg/L (Phillips and
Donnelly, 2003). Nitrate is generally undetectable, however,
in an underlying anoxic aquifer (Ator, Denver, and Brayton,
2005; Denver and others, 2010). When the water table is high,
short flow paths to drainage ditches in the shallow aquifer
contribute an important source of flow and relatively rapid
transport of nitrate to local surface waters (Ator, Denver,
and Brayton, 2005; McCoy, Sigrist, and others, 2010). When
ditches are dry or stagnant during drier periods, however,
longer flow paths in the deeper aquifer maintain base flow in
streams. Concentrations of nitrate as high as 15 mg/L have
been measured in headwaters ditches and decrease down-
stream as more denitrified water from the surficial aquifer
and deeper water from the underlying aquifer discharges to
streams. Concentrations of nitrate in the main stem of the
Pocomoke River range from less than 1 mg/L to about 5 mg/L
with a median of about 2 mg/L (Ator, Denver, and Brayton,
2005).
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Pocomoke River. Photograph by Ben Fertig, Integration and
Application Network, University of Maryland Center for
Environmental Science (ian.umces.edu/imagelibrary/).

Concentrations of total phosphorus in the Pocomoke
River are generally below 0.2 mg/L during base flow but
increase to over 1 mg/L during stormflow. Phosphorus
attached to soil particles is mobilized by bank erosion in the
field ditches or suspended bed load in streams (Ator, Denver,
and Brayton, 2005). Soil-bound phosphorus from excessive
historical applications represents a continuing source of phos-
phorus to surface waters and therefore greatly complicates
management efforts to restore water quality (McCoy, Sigrist,
and others, 2010). Another potential source of phosphorus in
the Pocomoke River system is groundwater discharge from the
deeper anoxic aquifer where concentrations of dissolved phos-
phorus greater than 0.6 mg/L have been measured (Shedlock
and others, 1999). This phosphorus is bound to iron particles
that form in the flood plains and can dissolve in anoxic condi-
tions (Bricker and others, 2003).

In spite of relatively high rates of applied nitrogen and
phosphorus in the Pocomoke River watershed, average yields
to the bay are generally lower than from other major water-
sheds (fig. 41). The required nitrogen and phosphorus load
reductions as part of the Chesapeake Bay TMDL are smaller
than in the Chester, Choptank, Nanticoke, or Virginia Coastal
watersheds, at about 58 tons and 7 tons per year, respectively
(fig. 13).
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Figure 45. The Pocomoke River watershed. The watershed covers about 1,225 square kilometers and land use is predominantly
forested with wetlands. Nutrient yields from the land surface to streams are generally lower than in other major watersheds,
particularly where agriculture is interspersed with poorly drained soils and wetlands. (GT = greater than; LE = less than or equal to.)
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Virginia Coastal Watersheds

The Delmarva Peninsula in Virginia is a narrow spit of
land that runs generally from north to south (fig. 46), and
streams in the Virginia Coastal watersheds on the Eastern
Shore flow generally to the west over relatively short distances
from a well-drained upland near the watershed divide in
the east to tidal waters of Chesapeake Bay in the west. The
average land-surface elevation is only about 5 m (fig. 17).
Coastal lowlands along Chesapeake Bay are generally poorly
drained with forests and wetlands in the north but include
excessively well-drained sandier soils in the south (figs. 19,
20). Agriculture (including the production of corn, soybeans,
small grains, poultry, and vegetables) and rural residential
development is therefore confined to uplands near the drainage
divide in the north, but extend from the drainage divide to the
shore of the bay, often with no fringing wetlands, in the south
(fig. 46). Variable drainage conditions and the resulting land
use are reflected in in-stream nitrogen yields that are generally
greater in the south than in the north; phosphorus yields are
greatest in agricultural areas near the drainage divide (fig.

46). Agricultural sources provide 79 percent of the nitrogen
load and 81 percent of the phosphorus load from the water-
sheds to Chesapeake Bay (fig. 41). A reduction of 401 tons of
nitrogen and 25 tons of phosphorus, annually, will be required
from the Virginia Coastal watersheds to meet the TMDL for
Chesapeake Bay; unlike in other major watersheds, the major-
ity of nitrogen reduction from this area will be required from
wastewater treatment or combined sewer overflows (fig. 13).

Nitrate concentrations in streams and groundwater of
the Virginia Coastal watersheds reflect variable land use and
hydrogeologic conditions, as in other areas of the Eastern
Shore. Concentrations in groundwater beneath agricultural
fields commonly exceed 10 mg/L where sandy soils and dis-
solved oxygen are abundant, but are less than 1 mg/L in areas
with fine-grained organic-rich soils where dissolved oxygen
is lacking (Speiran, 1996) (see sidebar: “Nitrate Removal
Through Denitrification, and Limitations Caused by Local
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The Eastern Shore of Virginia. Photograph by Ben Fertig,
Integration and Application Network, University of Maryland
Center for Environmental Science (ian.umces.edu/
imagelibrary/).

Hydrogeology”). Groundwater discharge carries nitrate
directly to tidal waters through coarse-textured sediments,
even beneath forested buffers with fine-textured sediments
along the shoreline. In areas with fine-textured sediments,
however, nitrate in groundwater is generally removed through
denitrification prior to discharge (Speiran, 1996). On average,
nearly one-quarter (23 percent) of nitrogen applied to upland
landscapes in the Virginia Coastal watersheds is carried in
streamflow to Chesapeake Bay; nitrogen transport from this
area is generally more efficient than from other major water-
sheds (fig. 41), possibly because relatively short transport
distances from upland source areas to tidal waters (particularly
in the south) limit opportunities for nitrogen loss or seques-
tration in uplands. Phosphorus delivery from upland source
areas in the Virginia Coastal watersheds to Chesapeake Bay is
similar to other parts of the Eastern Shore with similarly flat
landscapes, such as the adjacent Pocomoke River watershed
(fig. 45).
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Figure 46. The Virginia Coastal watersheds. These watersheds are generally small, and streams and groundwater flow over
relatively short distances before discharging to tidal waters. Average nitrogen yields from the watersheds vary from north
to south with similar changes in land use and drainage characteristics; phosphorus yields are generally highest near the

watershed divide in the east. (GT = greater than; LE = less than or equal to.)
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Wye River near Bryantown, Maryland. Photograph by Jane Thomas, Integration and
Application Network, University of Maryland Center for Environmental Science (ian.umces.
edu/imagelibrary/).
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Mouth of the Corsica River flowing into the Chester River, Eastern Shore of Maryland.
Photograph by Ben Longstaff, Integration and Application Network, University of Maryland
Center for Environmental Science (ian.umces.edu/imagelibrary/).
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Chapter 5. Understanding Nitrogen
in Support of Water Resource
Management on the Eastern Shore

Why are nitrogen concentrations elevated in Eastern
Shore groundwater and streams, and why are they continu-
ing to increase? What management practices might reduce
nitrogen concentrations and how much time will this take?

Natural hydrogeologic and geochemical conditions pro-
mote the formation and movement of nitrate from the abundant
(primarily agricultural) nitrogen sources on the Eastern Shore
to groundwater, streams, and estuaries. Increasing nitrate
concentrations over time largely reflect increasing nitrogen
applications in previous decades. Limiting the movement of
nitrate to the water table could reduce concentrations very
quickly in shallow groundwater, although many years or
decades would be required before significant reductions occur
in deeper groundwater or receiving surface waters.

Why are nitrogen concentrations elevated in
Eastern Shore groundwater and streams?

Widespread and abundant nitrogen sources and natural
soil and aquifer conditions conducive to the transport and sta-
bility of nitrate in the environment are responsible for elevated
nitrate concentrations in groundwater and surface waters on
the Eastern Shore. The application of manure and fertilizers
to agricultural areas is the predominant source of nitrogen
to the landscape on the Eastern Shore (see Chapter 3), and
agriculture occurs widely throughout the area (see Chapter 2).
The average intensity of nitrogen applications to the landscape
on the Eastern Shore is consequently much higher than in the
remainder of the Chesapeake Bay watershed (fig. 11). Some
of the nitrogen that is applied, but not used, by crops or other
plants moves directly over the land surface to streams with
storm runoff, but the majority is converted to nitrate in the
soil and moves through the ground with infiltrating precipita-
tion to groundwater (Ator and Denver, 2012). Natural soil and
aquifer conditions in much of the Eastern Shore (particularly
in the areas most suitable for agriculture) ensure that nitrate is
generally stable for long periods and is not typically lost to the
atmosphere through denitrification or to other environmental
processes. Also, nitrate is very soluble and moves easily with
groundwater to withdrawal wells or to discharge areas in sur-
face waters (see Chapter 3). As a result, nitrate concentrations
in streams and groundwater on the Eastern Shore are among
the highest in the Chesapeake Bay watershed (figs. 9, 12) and
the entire United States (figs. 32, 33).

Why are nitrogen concentrations in streams and
groundwater on the Eastern Shore increasing?

Increasing nitrogen concentrations in groundwater and
streams on the Eastern Shore reflect increasing nitrogen appli-
cations in previous decades. Nitrate concentrations in ground-
water in parts of the surficial aquifer on the Eastern Shore
have increased in recent decades (fig. 34), in spite of relatively
constant nitrogen applications during the same period (fig. 25)
(Debrewer and others, 2007, 2008). Nitrogen concentrations in
selected streams on the Eastern Shore have similarly increased
recently (fig. 39), primarily due to increasing nitrate in con-
tributing groundwater (Hirsch and others, 2010). Because
most nitrogen movement to streams on the Eastern Shore
occurs in the form of nitrate through groundwater (fig. 27)
(Ator and Denver, 2012), and groundwater flow is very slow
(fig. 23) (Dunkle and others, 1993; Sanford and others, 2012),
several years or decades are often required before the effects
of changes in nitrogen application rates, land-management, or
other practices are fully reflected in streams and groundwater
chemistry. Increasing nitrate in groundwater on the Eastern
Shore between 1988 and 2001 was the result of increasing
nitrogen applications through the 1970s (fig. 25) (Debrewer
and others, 2007, 2008).

Most nitrogen moves from landscape application areas to Eastern
Shore streams through groundwater very slowly over a period
of multiple years or decades. Consequently, changes over time

that are observed in Eastern Shore streams reflect increasing or
relatively high nitrogen applications in past decades.

Comprehensive information about land management
could support a more thorough understanding of changes over
time in nitrogen concentrations in groundwater and streams
on the Eastern Shore. Certain land-management practices may
substantially reduce nitrogen movement from upland source
areas to groundwater and streams and have been increasingly
used on the Eastern Shore in recent years for that purpose
(see following sections). Changes over time in water quality
are often gradual, however, and can be difficult to detect and
(especially) to explain. Although available regional summaries
of management practices over counties or large watersheds
can be useful for comparison to similarly broad spatial pat-
terns in water quality, more detailed information about the
nature, extent, and location of such practices would support
a more thorough understanding of their importance to water-
quality trends.
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What management practices might be most
effective at reducing nitrogen concentrations?

Managing agriculture and other human activities on the
landscape to limit the movement of nitrogen from source areas
to surface waters typically involves limiting nitrogen applica-
tions and (or) modifications to increase the effectiveness of
natural nitrogen removal. Management practices designed to
limit runoff and soil losses (such as riparian buffers, contour
tillage, or manure or fertilizer injection) also may be effective
at limiting the movement of nitrogen in particulate form from
the land surface to surface waters (Staver and Brinsfield,
2010a). Nitrogen, however, moves from the landscape to
streams on the Eastern Shore primarily through groundwater
in the form of nitrate (Ator and Denver, 2012). Such practices
may limit nitrate transport through groundwater in certain
hydrogeologic settings (Bohlke and Denver, 1995; Lowrance
and others, 1997; Puckett, 2004; Puckett and others, 2008),
but may be relatively ineffective for reducing nitrogen trans-
port in other areas and may actually promote the movement
of nitrogen retained on fields to groundwater. Winter cover
crops can sequester excess soil nitrogen in vegetation and
thereby limit losses to groundwater (Staver and Brinsfield,
1998; Hively and others, 2009; McCoy, Spotts, and others,
2010; Staver and Brinsfield, 2010a, b) (fig. 47). When not
needed, limiting manure applications on fields for crops may
limit nutrient losses over the land surface and to groundwater
(Staver and Brinsfield, 2001); the State of Delaware plans to
prohibit winter manure applications and relocate manure to
nutrient poor areas as part of efforts to limit nutrient losses to
the bay (Kleinman and others, 2012). Wetland restoration and
controlled-drainage structures have been used to retain water
on the landscape and increase the likelihood of nitrogen losses
through denitrification (Sadeghi and others, 2008).

Various conditions and processes limit the effectiveness
of management practices for reducing nitrogen transport from
the land surface to surface waters. Nitrate may be reduced to
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Local hydrologic and geologic conditions specific to different
areas substantially affect the movement of nitrogen from uplands
to streams, and therefore, the effectiveness of management
practices intended to limit nitrogen in streams.

nitrogen gas in anoxic riparian areas, but often passes beneath
riparian zones to discharge areas in streams (Bohlke and
Denver, 1995; Denver and others, 2010). Variable hydrogeo-
logic conditions on the Eastern Shore contribute to variable
nutrient retention in riparian buffers; nitrate losses may be
substantial where a thin surficial aquifer restricts groundwater
to shallow flow paths, but minimal where a thicker surficial
aquifer permits deeper groundwater flow (Lowrance and
others, 1997; Ator, Denver, Krantz, and others, 2005).
Restoration of streamside buffer areas to grass or forest in

the Choptank River watershed failed to decrease base-flow
nitrogen concentrations in streams between 1986 and 2006,
although this may be attributable to coincident increasing
nitrogen applications or to insufficient buffer width, age, or
extent (Sutton and others, 2010). Nitrogen losses in riparian
zones also depend upon the types and amounts of available
carbon, such as from leaf litter and other plants (McCarty and
others, 2007). The effectiveness of cover crops at reducing
nitrogen losses to groundwater varies with the species of cover
crop and previous crop, the method and date of planting, soil
types, and precipitation (Ritter and others, 1998; Hively and
others, 2009; Staver and Brinsfield, 2010a). Nitrogen removal
in artificial ditches varies with ditch management, including
ponding to retain water on the landscape during certain
periods and dredging frequency (Sadeghi and others, 2008;
Shigaki and others, 2009).

With any management technique that is used, significant
differences between nitrogen and phosphorus requirements
for plant growth, content in animal manure commonly applied
to cropland on the Eastern Shore, and chemical and physical
properties controlling environmental fate and transport,

substantially complicate the design of
management practices that would be

effective for both nutrients (Staver and
Brinsfield, 2001). Removal of manure
and the use of chemical fertilizers to
customize applications to crop needs
can substantially reduce nutrient appli-
cations to crops in excess of plant needs
(McCoy, Sigrist, and others, 2010).

Figure 47. Changes in nitrate
concentrations over time in groundwater
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beneath adjacent fields after the

initiation of winter cover crops in 1988.
Groundwater nitrate concentrations
decreased after use of cover crops began.
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How long will it take to see water-quality
improvement and, in the meanwhile, how will
we know if land-management or restoration
practices are working?

Significant time periods often pass before management
practices produce the desired effects on local waters, these
effects are propagated downstream, and receiving waters
respond to these effects (Meals and others, 2010). The effects
of landscape management practices designed to reduce
nitrogen pollution in Eastern Shore streams will require
years to become fully realized in surface waters, but would
likely become apparent more quickly in shallow groundwater
beneath nitrogen application areas. If precision applications,
cover crops, or other management practices are effective in
reducing nitrogen leaching from the land surface to the water
table, such reductions should be evident very quickly with
reduced nitrate concentrations in shallow groundwater and
water of the overlying unsaturated zone (fig. 47). If these
reductions are sustained over time, lower nitrate concentra-
tions will continue to move slowly along groundwater flow
paths as water from previous years with higher nitrate concen-
trations moves out of the system to streams. Eventually, nitrate
concentrations in streams will begin to decrease with increas-
ing discharge of groundwater with reduced nitrate concentra-
tions. In general, small streams receive water from primarily
shorter groundwater flow paths and will therefore improve

more quickly, although larger streams that receive water from
longer flow paths may require much more time.

Decades will likely be required before the effects of man-
agement practices at the land surface are reflected in decreas-
ing nitrogen contributed to the Chesapeake Bay from streams
on the Delmarva Peninsula. Nutrient management practices
have reduced nitrogen losses from the land surface to streams
since the 1970s (Sanford and Pope, 2013), and the use of
cover crops that may specifically limit nitrogen movement to
the water table has increased on the peninsula in recent years
(fig. 48). Because groundwater flow is very slow, however,
much of the nitrogen from previous decades remains in the
groundwater system and will continue to discharge to streams
in future years. For this reason, even stable fertilizer and
manure applications at average 2007—12 levels will result in
continuously increasing nitrogen in streams in future decades,
and an estimated 13-percent reduction in such applications
would be required simply to maintain in-stream nitrogen
at current levels (fig. 49). Even a 40-percent reduction of
nitrogen at the water table would be insufficient to reduce
annual nitrogen loads from the peninsula to Chesapeake Bay
to an estimated 5,000 metric tons, the U.S. Environmental
Protection Agency (EPA) target for bay restoration, within the
next 35 years (fig. 49). If nitrogen movement to the water table
were to stop completely, the restoration goal would likely be
met by 2020, but as much as 2,500 metric tons of nitrogen
would continue to discharge annually from groundwater to
Delmarva streams through at least 2050 (fig. 49) (Sanford and
Pope, 2013).

Decades will be required before nitrogen currently in Eastern
Shore groundwater moves through to local streams and the
effects of any current land-management practices on surface-
water quality are fully realized.
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Figure 48. Use of cover crops on the Delmarva Peninsula, 1985-2011. Use of cover
crops has increased substantially in recent years.
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Figure 49. Forecasted nitrogen delivery from the Eastern Shore to Chesapeake
Bay under selected potential management scenarios. Even if loads of nitrogen

to groundwater on the Eastern Shore are substantially reduced in future years,
groundwater will continue to discharge nitrate from applications in previous years to
Chesapeake Bay tributaries.
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Chapter 6. Understanding Phosphorus
in Support of Water Resource
Management on the Eastern Shore

Why are phosphorus concentrations elevated in
sediment and water resources on the Eastern Shore and
(in some areas) increasing? What can be done to reduce
phosphorus concentrations in the environment and how long
might that take?

Applications of phosphorus (in livestock manure and
fertilizer) to Eastern Shore farmland in recent decades have far
exceeded the amounts necessary for crop growth, and phos-
phorus has consequently increased in the environment. Unlike
nitrate, phosphorus is relatively insoluble in water under most
natural conditions, and excess phosphorus in the environment
generally accumulates in agricultural soils rather than moving
into groundwater.

Why are phosphorus concentrations elevated in
many agricultural soils on the Eastern Shore?

Phosphorus has accumulated in agricultural soils in
parts of the Eastern Shore at levels far in excess of agricul-
tural needs (Staver and Brinsfield, 2001; Leytem and others,
2003). Although phosphorus applications in fertilizer have
decreased in recent decades (fig. 25), farming practices on the
Eastern Shore since the latter half of the 20th century have
generally involved importing phosphorus in fertilizer and (or)
applying phosphorus in manure in greater amounts than what
is removed in agricultural products (fig. 26). Nutrient manage-
ment plans for crops often involve limiting the transport of
nutrients to water resources by limiting application to crop
uptake requirements (Staver and Brinsfield, 2001). Livestock
(primarily chickens) on the Eastern Shore produce more than

Phosphorus compounds are relatively insoluble and tend
to accumulate in particulate matter (such as soils) in areas
of application. Phosphorus applications in excess of crop
requirements over a number of years have resulted in elevated
phosphorus levels in certain cropland soils.

8 million kg of phosphorus in manure annually (Wieczorek
and LaMotte, 2010c), most of which is spread on croplands.
The crop needs for nitrogen and phosphorus generally differ
from their relative content in poultry manure, however, and
applying manure sufficient to meet crop nitrogen needs
often results in a threefold or fourfold over-application

of phosphorus (Staver and Brinsfield, 2001). Phosphorus
application in fertilizer (fig. 25) and excess over crop needs
(fig. 26) have decreased since the latter half of the 20th
century; however, applications of phosphorus in fertilizer and
manure to cropland on the Eastern Shore in Maryland and
Delaware in 2007 remained approximately 5 and 10 kilograms
per hectare (respectively) greater than crop needs (fig. 26)
(Mid-Atlantic Water Program, 2012). Because phosphorus
compounds are relatively insoluble in water, applied phospho-
rus in excess of crop needs generally attaches to and accumu-
lates in soils rather than moving to groundwater.

Why is phosphorus moving into streams and
groundwater on the Eastern Shore?

Continuing accumulation of excess phosphorus in Eastern
Shore soils likely promotes the movement of phosphorus
into local streams and groundwater. Phosphorus concentra-
tions in groundwater on the Eastern Shore are typically below
0.1 mg/L, but may be higher in areas with anoxic conditions
where phosphorus is more soluble (Denver and others, 2004;
Debrewer and others, 2007). Phosphorus concentrations in
streams during base flow are similarly generally below 0.1
mg/L, but are often as high as 3 or 4 mg/L during storms
(Denver and others, 2004; Ator, Denver, and Brayton, 2005).
Mean annual phosphorus concentrations in the Pocomoke
River are among the highest in the Nation (Denver and others,
2004). Phosphorus is much less soluble than nitrate and typi-

Chapter 6

Increasing phosphorus accumulation in Eastern Shore soils
may make newly applied phosphorus more likely to move into
groundwater and streams.

cally attaches to solid particles such as soil or sediment grains
rather than dissolve in water. Soils can only hold a limited
amount of phosphorus, however, and as phosphorus accu-
mulates at higher and higher concentrations, newly applied
phosphorus becomes less likely to attach to the soils and more
likely to move into groundwater (Staver and Brinsfield, 2001;
Maguire and Sims, 2002; Leytem and Sims, 2005; Domagalski
and Johnson, 2011). Also, erosion during and following storm
events often carries soil, sediment, and attached phosphorus
directly to streams in overland runoff. Phosphorus transport
from source areas on the land surface to streams is more
efficient in the Coastal Plain (particularly the Eastern Shore)
than in other areas of the Chesapeake Bay watershed, possibly
because of historically excessive phosphorus applications to
cropland and resulting greater movement to groundwater or in
overland runoff (Ator and others, 2011).
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Why is phosphorus continuing to increase in the
Choptank River in recent years?

In the Choptank River, the largest nontidal Chesapeake
Bay tributary on the Eastern Shore, phosphorus concentrations
increased significantly between 1985 and 2008, coincident
with a significant decrease in suspended-sediment concentra-
tions (Moyer and others, 2012). Because phosphorus move-
ment into and through surface waters generally occurs in solid
form attached to soils and other sediment particles, trends in
phosphorus concentrations often mimic those in suspended
sediment. Increasing phosphorus in the river in recent decades
in spite of decreasing sediment concentrations suggests that
individual sediment grains in the river carry (on average)
greater particulate phosphorus than in the past, and (or)
that phosphorus transport to the river in the dissolved phase
may be increasing. Although the particular reason for recent
phosphorus trends in the river remains unclear, either or both
of these conditions could be a result of increasing phosphorus
saturation in cropland soils in the Choptank River watershed.
As with nitrogen (see Chapter 5), more detailed information
about the nature and location of land-management practices
intended to limit the movement of phosphorus from agricul-
tural areas to water resources could support a more thorough
evaluation of changes over time in phosphorus concentrations
in Eastern Shore streams.

What management practices may be most
effective at limiting phosphorus movement to
Eastern Shore streams and groundwater?

Land-management practices designed to limit the move-
ment of phosphorus from upland application areas to surface
waters often involve limiting soil erosion. Phosphorus com-
pounds are relatively insoluble and typically remain bound
to soil particles when applied in excess of crop or other plant
needs. Riparian buffers, contour tillage, conservation tillage,
and other land-management practices designed to minimize
soil erosion are therefore often similarly effective at limiting
phosphorus transport (Staver and Brinsfield, 2001). The
effectiveness of these practices typically varies significantly
among different sites and conditions (Sharpley and others,
2002; Sutton and others, 2010), however, and may be limited
in flat areas such as the Eastern Shore, where erosion is
unlikely (Staver and Brinsfield, 2010a). Phosphorus has been
applied to Eastern Shore crops at rates much higher than crop

requirements since at least the 1930s (fig. 26), however, and
Eastern Shore soils may have a reduced capacity to absorb
additional phosphorus (Ator and others, 2011). In addition,
phosphorus retention at the land surface resulting from prac-
tices such as conservation tillage may increase the transport
of phosphorus in dissolved form (Staver and Brinsfield, 2001;
Sharpley and others, 2002). Phosphorus transport increased
following no-till practices on one farm in the Wye River
watershed in the 1990s because reduced transport of particu-
late phosphorus was more than offset by increased transport
of dissolved phosphorus (Staver and Brinsfield, 2010a).
Reducing the reservoir of phosphorus in cropland soils may
be effective at reducing phosphorus concentrations in Eastern
Shore streams and groundwater. Removing phosphorus from
the soil can be accomplished by nutrient management prac-
tices to ensure that new applications of phosphorus are smaller
than phosphorus removal at harvest (Jarvie and others, 2013).

How long will it take to see water-quality
improvement and, in the meanwhile, how will
we know if land-management and restoration
practices are working?

Several years or decades may be required before effects
of land-management practices are fully realized in surface-
water phosphorus concentrations on the Eastern Shore.
Reducing phosphorus applications below crop requirements
should reduce phosphorus levels in cropland soils, although
such reductions will occur slowly in areas where excessive
soil phosphorus from previous applications greatly exceeded
the annual uptake requirements of crops (McCollum, 1991).
Riparian buffers, conservation tillage, and other land-manage-
ment practices intended to limit erosion or sediment transport
should be similarly effective at limiting the movement of sedi-
ment-associated phosphorus to streams (Staver and Brinsfield,
2001). Such practices may increase the storage of phosphorus
in upland landscapes, however, which may require years or
decades to move to stream channels (Jarvie and others, 2013).
Once sediment and associated phosphorus reaches streams,
delivery to downstream tidal waters may be similarly delayed
as sediment is deposited within stream channels and trans-
ported only intermittently during high-flow periods (Jarvie and
others, 2013). Due to the relatively minor role of groundwater
in phosphorus transport, long time periods typically required
for groundwater flow should be minimally important to phos-
phorus changes over time in streams.
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