
relation to development, and alleviation of, hypoxia, with
evaluation of the linkages between nutrients and estuarine
response. This assessment is offered to provide an
improved perspective on estuarine eutrophication.

Methods

The Delaware Estuary—The Delaware Estuary has been
defined by resource managers as the 100-km-long tidal
Delaware River plus the Delaware Bay (DELEP 1996). The
Delaware River, with headwaters in the Catskill Moun-
tains, provides drinking water to about 8% of the U.S.
population. The tidal freshwater stretch passes through the
sixth largest municipal region of the U.S. before grading
into a saline bay surrounded by partially undeveloped salt
marshes (Sharp et al. 1982). The Delaware Estuary has a
long economic and ecological history. Philadelphia, Penn-
sylvania, which was settled by William Penn, was the most
populous city in the colonial era (Stutz 1992). Philadelphia
is currently one of the largest freshwater ports in the world
(Sutton et al. 1996). The Delaware River carries one of the
highest tonnages of shipping in the U.S. (Sutton et al.
1996). In the mid–18th century, Benjamin Franklin
suggested regulations of street runoff and waste dumping
in the river because of the degraded river condition (Stutz
1992). The urban region of this river was considered one of
the most polluted in the U.S. by the early part of the 20th
century (Sutton et al. 1996). While there are still significant
water quality problems, the Delaware Estuary has experi-
enced one of the most successful improvements in water
quality of any estuary in the world (Albert 1988; Sharp
1988, 1994). While it is recognized that the Delaware
Estuary water quality has experienced pronounced im-
provement, a more detailed estuary-wide evaluation of the
causes and effects of the changes are offered here.

We have differentiated five zones along the Delaware
Estuary for characterizing anthropogenic influences and
primary production; these are discussed in detail elsewhere
(Sharp et al. 2009). The 100-km stretch of the upper river
and urban river regions are tidal freshwater; below 120 km,
the salinity increases from zero to about 30 at the mouth of
the bay (Fig. 1). The entire estuary is turbid, but the
turbidity maximum region is extreme (surface-water
concentrations to 100 mg L�1 total suspended sediments)
compared to the mid- and lower bay regions (Sharp et al.
2009). Dissolved nutrient concentrations in the river are
high during the entire year and are regularly diluted down
the salinity gradient to low values at the bay mouth, where
they reach almost zero in the spring (Sharp et al. 2009). The
maximum primary production in the estuary occurs in the
mid-bay region around 30–50 km from the mouth of the
bay in all seasons (Pennock and Sharp 1994; Yoshiyama
and Sharp 2006).

Analyses of the database from our microbial biogeo-
chemical research in the Delaware Estuary, combined with
observations from routine monitoring data, provide a basis
for assessing relationships among phytoplankton algae,
bacteria, plant nutrients, and organic matter in this
nutrient-rich urbanized estuary. The large changes demon-
strated for dissolved oxygen and nitrogen and phosphorus

nutrients in the water provide a unique information base to
assist in understanding hypoxia and to undertake a generic
evaluation of estuarine eutrophication.

General data and data analyses—My research group
established routine sampling stations along the Delaware
Estuary (Fig. 1). Many of the stations were at the same
location as Delaware River Basin Commission (DRBC)
stations used for their routine ‘‘Boat Run’’ monitoring. The
DRBC monitoring consisted of 1-d sampling of surface
waters along the length of the estuary, one to three times a
month from March through November since 1967. The
University of Delaware (UD) sampling was more sporadic,
usually taking 2–3 d for cruises between one and four times
in a year since 1978 (up to 13 times in the 1986–1988
period). The UD and DRBC sampling covered the same
geographic area, but the UD effort had more emphasis on
the bay and less on the river. Since the estuary is well mixed
from surface to bottom most of the time (Sharp et al. 1984,
1986), only surface samples (� 1 m below the surface) were
routinely taken and all evaluations here are based on

Fig. 1. The Delaware Estuary from the head of the tide of
the Delaware River (river km 220) to the mouth of Delaware Bay
(river km 0). Two tidal freshwater regions (upper river, urban
river) run through the Philadelphia area to 120 km (Sta. 14).
Three saline regions (turbidity maximum, mid-bay, lower bay)
extend from there to the mouth of the bay. Four of the UD
sampling stations are shown (numbered from head of tide to
mouth of bay as 1 to 26).
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surface samples. The UD database is available from http://
www.ocean.udel.edu/cms/jsharp/CruiseDatabase.htm.

Selected station data from the DRBC program have
been retrieved from the EPA storage and retrieval
(STORET) systems for analysis in this paper. Efforts are
underway to make this entire database (1967–present for all
stations) more readily available. The sampling and
chemical analyses for the UD data used well-described
standard methods (Sharp et al. 1982) that have been shown
to be consistent through our 30-yr period (a detailed
description of sampling, methods, and analytical precisions
is given in the Electronic Supplementary Material of Sharp
et al. 2009). The DRBC sampling and routine water quality
chemical analyses have been conducted consistently by the
State of Delaware Department of Natural Resources and
Environmental Control and were validated to conform to
EPA quality assurance, quality control criteria.

Although some winter sampling was included several
times in the sampling period, the DRBC core stations in the
Delaware River were sampled consistently between March
and November. The Paulsboro station, 135 km from the
mouth of the Delaware Bay (our Sta. 12), was downstream
of the confluence of the Schuylkill River with the
mainstream of the Delaware River, and was also down-
stream of the effluents from the Philadelphia sewage
treatment plants. Dissolved oxygen concentrations (DO)
at the Paulsboro location have been equal to or lower than
any other location in the estuary since the early 1970s, and
evaluation of oxygen data from the 1950s and 1960s
suggested that this location appears to have had the lowest
DO throughout the last half century. An indirect compar-
ison of the DRBC and UD data (Fig. 2) shows that there is
no systematic difference for DO and dissolved inorganic
nitrogen (DIN) for a 25-yr period. The DRBC data were
monthly averages, based on one to four samplings per
month while the UD data were from less frequent single
samplings. A second location for 40-yr trend analyses was
the DRBC Mahon River station, which was located near
our Sta. 22 (Fig. 1). This station is in the lower bay, near
the primary production maximum.

Consistent primary production measurements were
made in my laboratory from 1980 to the present and,
because there was only a slight trend in primary production
over this time period, evaluations and comparisons can be
made using the full time period. Chlorophyll concentration,
depth-integrated areal production (APROD) estimates, and
maximum production per volume normalized to chloro-
phyll biomass (P : B) were used as metrics (Yoshiyama and
Sharp 2006). For evaluation in this paper, P : B and
APROD were used.

An interesting database from 1913 through 2005 has
been constructed with Philadelphia Water Department
data for the Torresdale drinking water intake located close
to our Sta. 7 (Fig. 1). Tabulation derived from handwritten
records (N. Jaworski pers. comm.) was used for total
alkalinity, chloride, nitrate, and ammonium concentration
trend analyses.

Long-time DO trend—A 120-yr summer (July and
August) DO time series analysis was performed using data

from a variety of sources that are discussed here. For that
analysis, the July–August DRBC data (2–10 samplings
each year) were averaged for the annual data points from
1967 to the present for our Sta. 12 location. Evaluation of
older data from the 1950s and 1960s plus the more modern
data showed that the months of July and August almost
always had the lowest DO concentrations of the year. Thus,
the intent is for analysis of annual minimal oxygen content.
All data reported as mg L�1 were converted to molar units
using 1 mg O2 L�1 � 62.5 mmol O L�1. Note, that
throughout this paper, I use the molar units as mmol L�1,
so that for the diatomic DO, 1 mmol L�1 indicates O, not
O2; consistent with molar units for other elements like N, P,
and Si. Other data for this analysis were from data reports
with limited availability. Data for 1957–1959 (INCODEL
1960) were taken for the same location as Sta. 12. Data for
1949–1952 were from Durfor and Keighton (1954) from a
station near Sta. 12. These two data sets, plus the DRBC
data, provide annual data from 1967 to the present and less
frequent data from 1949 to 1959. All of these data were

Fig. 2. An indirect comparison (separate sampling) of (A)
dissolved oxygen (DO) and (B) total dissolved inorganic nitrogen
(DIN; sum of nitrate, nitrite, and ammonium) concentrations
from 1980 to 2005 for the DRBC monitoring data and UD
research data; only sampling between March and November
is included.

Delaware Estuary oxygen dynamics 537





increases in the past 90 yr (Fig. 5A). The more complex 90-
yr trends of nitrate (NO3) and ammonium (NH4) nitrogen
concentrations for the same period (Fig. 5B) are discussed
below.

A transect with annual average concentrations of NO3,
PO4, and silicate is shown in Fig. 6. These modern
concentrations have been relatively constant over the past
two decades (Sharp et al. 2009). Sta. 7, near the Torresdale
intake for the Philadelphia Water Department, was the
location of the 80-yr records shown in Fig. 5. Sta. 12 was
the location of the data shown in Figs. 3A, 4. The Sta. 12
location was about 20 km farther downstream from Sta. 7
and, as can be seen in Fig. 3B, was in an area that had
much greater DO demand in the past than did the Sta. 7
location. Trends in nutrients can be seen with the DRBC
data set using the same river (Sta. 12) and bay (Sta. 22)
locations discussed above for DO. The NH4 concentration
at Sta. 12 showed a large decrease after the late 1960s
(Fig. 7A); a linear regression of 5-yr running average NH4

values for 1970–1990 gave a decrease of 4.5 mmol L�1 yr�1

(r2 � 0.95). The high NH4 concentrations of the late 1960s
occurred in the urban river and extended into the bay
(Fig. 7B). Most of the DIN pool in the urban river
consisted of NH4 in the 1960s, 40–80% in the summer
and up to 90% in the winter. In contrast, there was much
less reduced nitrogen today as can be seen with the 1997
summer nitrogen pools (Fig. 7C); on the order of 90–99%
of the DIN in the summer was found as NO3.

The trend for total phosphorus (Total P) for the same
urban river station is shown in Fig. 8A. The decrease in
Total P concentration was more abrupt and the present-
day concentration appeared to have been achieved earlier
than that for NH4 (P in early 1980s and N in late 1980s). A
linear regression analysis of the 5-yr average Total P values
from 1970 to 1983 indicated a decrease of 2.21 mmol L�1

yr�1 (r2 of 0.91). The large decrease in Total P gave rise to a
large change in the molar ratio of N to P throughout the
tidal river and partially down into the estuary (Fig. 8B). It
can be seen that in the past, the N : P ratio was below the

Redfield ratio for most of the urban river and down into
the bay. Today, it is considerably above the Redfield ratio
except in the mid-bay region.

Primary production was evaluated with seasonal plots of
production normalized to biomass (P : B) in Fig. 9A. In the
spring, the maximum biomass of the year was found in the

Fig. 6. Average present-day concentrations of nitrate, NO3

(open square), phosphate, PO4 (solid diamond), and silicate, Si
(solid circles) along the length of the Delaware Estuary. The
annual average is based on our data from monthly sampling in
1986–1987. Locations of Stas. 7, 12, and 22 shown.

Fig. 7. Nitrogen concentrations in the Delaware Estuary from
DRBC Boat Run sampling. (A) Ammonium (NH4) concentrations
shown for Sta. 12; average monthly values shown as open circles;
running 5-yr average concentrations shown as solid squares. (B)
Average July 1967 nitrogen concentrations along the length of the
Delaware Estuary, NO3 � nitrate, DIN � total dissolved inorganic
nitrogen. (C) Similar average July values for 1997.
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