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Estuarine oxygen dynamics: What can we learn about hypoxia from long-time records in

the Delaware Estuary?

Jonathan H. Sharp*

College of Earth, Ocean, and Environment, University of Delaware, Lewes, Delaware

Abstract

Hypoxia and anoxia occurred in the upper Delaware Estuary throughout much of the 20th century and
diminished over the past several decades. I reviewed 30 yr of data from my laboratory’s research efforts, 40 yr of
consistent monitoring data from a multistate agency, results from inconsistent data collection from the past
century, and anecdotal information to construct a long-time picture of the decline and increase of dissolved
oxygen concentrations (DO) in the urban region of the estuary. The primary cause of the DO decline appeared to
be inputs or allochthonous materials from urban sources (reduced nitrogen and carbon). In spite of extremely
high nutrient concentrations, excess algal production did not influence DO anywhere along the tidal freshwater
stretch or the saline portion of the well-mixed Delaware Estuary; and it does not have an influence today. The
nutrient loading to the Delaware Estuary is very high, yet the typical signs of eutrophication are not obvious.
Based on a model of apparent oxygen utilization, the Delaware Bay apparently had higher primary production 50
yr ago, a time when nutrient concentrations were as high or higher than today, shellfish and finfish production
were apparently also higher, and DO was close to saturation. This analysis is offered as guidance in assessing and
managing estuarine eutrophication, which is too often considered narrowly to be the result of inadvertent
overfertilization by nutrients or a single nutrient element.

One of the major phenomena associated with estuarine
and coastal eutrophication is hypoxia caused by excessive
algal production due to nutrient enrichment (Bricker et al.
2007; Diaz and Rosenberg 2008). However, all hypoxia is
not the result of nutrient enrichment; another major cause
is from allochthonous inputs to the water of reduced
materials that require oxygen for oxidation. While this
difference is generally understood, there is a tendency to
oversimplify and associate all aquatic hypoxia with algal
response to nutrient enrichment, leading to proposals for
simplistic remedial action. Oxygen depletion of urbanized
estuarine waters probably has been observed for centuries.
The reference to “two and seventy stenches” in Samuel
Taylor Coleridge’s poem “Cologne” (Keach 1997) is
possibly an anecdotal reference to hypoxic waters in the
Rhine River in the early 1800s. Many riverine estuaries
with heavy urban biochemical oxygen demand (BOD)
burdens had severe oxygen depletion in the past and many
have had remarkable improvements in recent decades.
However, hypoxia from allochthonous sources, both
anthropogenic and natural, is still a major occurrence.
While a few recent publications differentiate these causes
(Nixon 1995; Mallin et al. 2006), and while some give
excellent overviews of eutrophication-associated hypoxia
(Diaz and Rosenberg 2008), there is an emphasis on
nutrient-stimulated hypoxia as the only phenomenon from
anthropogenic stress in aquatic systems. As an example, the
U.S. Geological Survey (USGS) definition, along with a
cited Ecological Society of America hypoxia fact sheet,
makes no mention of hypoxia from allochthonous inputs
(USGS 2006).

There is a continuing concern about nutrient eutrophi-
cation in estuarine and coastal ocean waters of the world,
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which associate increases in nitrogen fluxes with aquatic
consequences (Vitousek et al. 1997; Rabalais and Nixon
2002; Howarth and Marino 2006); this is justifiable. The
ubiquitous nature of nutrient enrichment of estuarine and
coastal waters has been linked with observations of
eutrophication (Nixon and Pilson 1983; Nixon and Buckley
2002), including bottom-water hypoxia (Officer et al. 1984).
Although a few recent publications have stressed the
complexity of estuarine ecosystem response to nutrient
enrichment (Cloern 2001; Caraco et al. 2006; Paerl 2009),
the association of nutrient enrichment with eutrophication
is often oversimplified.

The argument had been made that the loss of higher
trophic levels, not nutrient enrichment, is the main cause of
much of the deterioration of estuarine and coastal waters
(Jackson et al. 2001; Heck and Valentine 2007). This
argument has been criticized as inaccurate, emphasizing the
need for nutrient removal (Boesch et al. 2001). While it
would seem obvious that both influences contribute to
degraded estuarine waters, disagreement on the main
influence still leads to situations like the pro and con
discussions on restoration of conditions in the Chesapeake
Bay by top-down control, i.e., enhancement of higher
trophic level consumers (Newell et al. 2007), as opposed to
bottom-up nutrient controls (Pomeroy et al. 2007). These
different characterizations of the problem can lead to quite
different remedial action.

With an emphasis on nutrient loading causing eutrophi-
cation, there have been successful efforts to reduce nutrient
inputs to some estuarine and coastal waters. The reduction
of inputs, often referred to as oligotrophication, does not
necessarily result in return to the expected pre-eutrophica-
tion conditions (Carstensen et al. 2006; Duarte et al. 2009).

In this paper, the long-time changes in the chemistry and
primary production in Delaware Estuary are evaluated in



536 Sharp

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—! 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 20006).

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
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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).

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
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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
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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.

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—! were converted to molar units
using 1 mg O, L=! = 62.5 umol O L—-!. Note, that
throughout this paper, I use the molar units as umol L—1,
so that for the diatomic DO, 1 umol L—1! indicates O, not
O,; 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
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based on direct sampling for the relevant 2-month period at
the selected location.

For the period of 1950-1964, data from a Philadelphia
Water Department station (3 km downstream of our Sta. 12
were included in the 120-yr time series. This station is
considered to be close enough to represent Sta. 12. These
data were derived from the Baxter Report (1965). That
report contained summer DO values for each year for several
stations (based on 5-month averages). A figure in the report
of annual 1964 DO for that station allowed an estimate of
the ratio of the 5-month (June-October, equivalent to 106
umol L—1) to a 2-month value (July-August, equivalent to
44 pmol L—1) period. This ratio of 2.4 was then used to
convert the 1950-1964 data to the summer period.

Monthly summer DO data were available for the period
of 1936-1965 from the Philadelphia Water Department
Torresdale intake (near Sta. 7 in Fig. 1). These data were
tabulated by manually copying data from individual and
summary annual reports (Philadelphia Water Department
2005). The Sta. 7 location had considerably higher DO
concentrations than downstream in the area of the Sta. 12
(see discussion of Fig. 3B in Results). By using the average
data for Sta. 7 and a Philadelphia Water Department
station, 8 km upstream from our Sta. 12 for the period of
1950-1964 (from Young et al. 1971), an adjustment factor
was computed. The average July—August 1964 DO for the
location near Sta. 12 (equivalent to 36 umol L—-1) was
subtracted from the similar average for Sta. 7 (equivalent to
375 umol L—1) to obtain a difference of 344 umol L—!. The
Sta. 7 data were transformed to represent downstream
conditions by subtracting 344 umol L—! from the reported
data. Five of the years had slightly negative results from
this modeling (=6 to —19 umol L—!) and these five were
assigned values of 0. Since the other adjusted data had
calculated values of 0 to 172 umol L—!, this modeling
exercise was considered to be a reasonable approximation.

There is large day-to-day variability in the physical
control of DO concentrations (Sharp et al. 2009), which
results in a greater scatter when fewer samples are available
for averaging. The four data sets mentioned above for the
periods between 1936 and 1965 displayed more variability
compared to the more regular and direct data of 1967-2002.

The successful migration of anadromous fish species
requires ample DO in the water. The Delaware River was
once the major route for spawning runs of American shad
(Alosa sapidissima). An evaluation of shad fisheries landing
data and population estimates showed very large landings
in the late 1800s and a precipitous decline around 1920.
This decline has been attributed to low DO in the Delaware
River in the Philadelphia region (McHugh 1981; Killiam
and Richkus 1992). It should be noted that this “oxygen
block™ was because the waters in this urban river region are
always well mixed from surface to bottom (Sharp et al.
1986). Therefore, I assumed that the summer DO
concentration in the river in the late 1800s must have been
much higher than in the early and mid-1900s. I assigned a
value of 450 pumol L-! for the year 1890 (saturation
equilibrium concentration at about 30°C). Because most
fish can tolerate below-saturation oxygen concentrations,
this assignment was arbitrary and could be higher than
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Fig. 3. Dissolved oxygen concentrations (DO) from DRBC

Boat Run monitoring in Delaware Estuary; the dashed line shows
the 3.5 mg L~ standard (see text). The data were compiled by the
author from EPA STORET files for 1967-2005. (A) Average
monthly DO from Sta. 12 shown as open circles; running 5-yr
average DO shown as filled squares. (B) Average summer (July—
August) DO from all stations for four summers in decadal
intervals; values for individual stations are averages of from 2 to
12 samples.

necessary; however, see Discussion for confirmation. From
the Durfor and Keighton (1954) data discussed above, I
averaged the 1949-1952 data to obtain a value of 60.9 umol
L-! and used that for 1950. Census data of population in
the Philadelphia area (U.S. Census 1998) were used to
model oxygen demand. The assumption was that the BOD
in sewage effluents should be directly proportional to the
number of people being served by the sewage collection. A
linear relationship was constructed of the effect of the
population-pressure BOD using 1890 and 1950 as end-
points for the recorded population, and estimated DO
concentrations were 450 and 60.9 yumol L—!, respectively.
Simulated DO concentrations were calculated from that
regression for the 10-yr points between (1900, 1910, 1920,
1930, and 1940). It is somewhat arbitrary to assign all BOD
to sewage inputs, ignoring industrial contributions. How-
ever, population may be an indicator of pressure from both
municipal and industrial sources. Confirmation of the
approximate shape of the resulting curve is given in the
Results.
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Fig. 4. Very long time record of dissolved oxygen concen-
trations (DO) in the Delaware River near Philadelphia (Sta. 12 in
Fig. 1) from 1880 to present. The individual points represent
average summer (July—August) values for individual years. Data
for the period of 1967—present (open circles) and for 1949-1952
and 1957-1959 (solid circles) from active monitoring programs.
For the period of 1950-1964, data are transformed from the 5-
month to 2-month average (gray-filled triangles). Data from near
Sta. 7 for 1936 through 1965 were transformed to approximate
concentrations in the summer period for this location (gray-filled
squares). The 1900-1940 values are from regression against
population (x). The solid line across the left-hand y-axis represents
summer (30°C) oxygen saturation. Values for 1912 and 1914 were
computed from older measured values and an estimate of DO
content from 1893 (gray-filled circles). The dashed line across the
graph indicates the oxygen standard. See the General data and
data analyses subsection in the Methods section for more detail.

Apparent oxygen utilization (AOU) modeling—The
AOU concept comes from Redfield et al. (1963), see
comments on application in Discussion. AOU modeling
was performed for the Delaware Estuary in summer
months using UD data for two 5-yr periods, 1978-1982
and 1999-2003. Data were averaged for different salinity
intervals (< 3, 3-9, 9-15, 15-21, 21-27, > 27 salinity) so
that each AOU value was based on 5-17 points and the
individual time period curve was based on a total of ~ 50
values. There was a consistent cooperative research survey
program run between the marine laboratories of the UD
and Rutgers University in the 1950s. Data from that
program, which were available in a cruise data report
(Kupferman 1971), were used to compare to our more
modern data. About 75 individual samplings were used for
the 1954-1957 AOU curve. With both those older data and
those from our database, I calculated theoretical DO from
the ambient temperature and salinity of the sample and
subtracted the measured DO. A positive AOU value
indicates that the waters were undersaturated, and a
negative value indicates supersaturation.

Results

At Sta. 12 in the urban river region, the 40-yr record
documented a large increase in dissolved oxygen from
about 1970 to 1990 (Fig. 3A). A regression line of the 5-yr
running averages from 1970 through 1990 showed a
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Fig. 5. Chemical concentrations in the Delaware River from

City of Philadelphia Water Department monitoring from 1913
through 2005 (near Sta. 7 in Fig. 1). Data compiled into electronic
file by N. Jaworski (pers. comm.) from records in the Philadelphia
Water Department. (A) Chloride concentrations (solid circles) and
total alkalinity concentrations (open squares). (B) Concentrations
of nitrate (solid circles) and ammonium nitrogen (open squares);
trend line for total dissolved inorganic nitrogen given as solid line.

significant annual increase of 10.4 umol L—! (#2 = 0.95,
p < 0.001). Low DO concentrations occurred over an
appreciable length of the urban river, and can be
characterized as a DO “sag.” The DO sag can be seen by
plotting average summer DO concentrations on sample
transects down the estuary (Fig. 3B). The DO sag,
although large, did not extend into the lower bay. A
consequence of this is that there appeared to be no
systematic time trend in DO concentration in the mid-
and lower bay (Fig. 3B). For Sta. 22 in the mid-bay, a
regression similar to that in Fig. 3A, of DO against a 40-yr
time period (not shown), had a slight annual decrease in
average DO of 0.9 umol L—!, which was not significant
(2 = 0.13).

A 125-yr summertime DO composite picture for the
urban Delaware River was developed to explore the time
duration of the oxygen depression (Fig. 4). It started with
close to saturation DO concentration in the late 19th
century, showed close to zero DO in the mid-20th century,
and is close to saturation again today. This combination of
data and modeling analyses, described in the Methods, is
further evaluated in the Discussion.

The total alkalinity (TA) and chloride (Cl—) content in
the urban river near our Sta. 7 (Fig. 1) show pronounced
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Fig. 6. Average present-day concentrations of nitrate, NO3

(open square), phosphate, PO, (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.

increases in the past 90 yr (Fig. 5A). The more complex 90-
yr trends of nitrate (NO3z) and ammonium (NHy) nitrogen
concentrations for the same period (Fig. 5B) are discussed
below.

A transect with annual average concentrations of NOs,
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 NH, concentration
at Sta. 12 showed a large decrease after the late 1960s
(Fig. 7A); a linear regression of 5-yr running average NH,
values for 1970-1990 gave a decrease of 4.5 umol L—! yr—!
(r2 = 0.95). The high NH,4 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 NHy, 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 NOs.

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 NHy (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 pumol L—!
yr—1 (r20f 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
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Fig. 7. Nitrogen concentrations in the Delaware Estuary from

DRBC Boat Run sampling. (A) Ammonium (NHy) 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, NO; = nitrate, DIN = total dissolved inorganic
nitrogen. (C) Similar average July values for 1997.

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
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Fig. 8. Total phosphorus (Total P) concentrations in the

Delaware Estuary from DRBC Boat Run sampling. (A) Total P
concentrations shown for Sta. 12; same symbols and data source
as Fig. 3A. (B) Ratio of DIN to Total P for summers of 1967 and
1997 along the length of the Delaware Estuary. The Redfield ratio
is shown as a dashed line.

mid-estuary, so that individual chlorophyll concentrations
were in the 40-70 ug L—! range in the area of 40-60 km
from the bay mouth (not shown). The P:B ratio was
elevated slightly compared to the rest of the estuary, but
was not high compared to the summer ratio (Fig. 9A). In
summer in the upper tidal river, the P: B ratio was high and
chlorophyll concentrations were high, average value of
> 25 ug L—1. The highest P: B ratio overall occurred in the
summer in the mid-bay with an average of about 10 ug
chlorophyll L=1. No clear trend was seen when the P:B
ratio was plotted against the DIN concentration (Fig. 9B)
and low production occurred at the highest DIN concen-
trations. Not only was there not a direct positive
correlation when the P:B ratio was plotted against NHy
concentration, there was an indication of low production at
all NH4 concentrations > 10 umol L—! (Fig. 9C).

To test for a correlation between primary production
and AOU, samples were used from the salinity gradient of
the estuary in summer months in our 1980-2003 database
(Fig. 10A). While there was considerable scatter, the
correlation was significant (2 = 0.59, p < 0.001). There
was sufficient short-term, day-to-day variability in chloro-
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Fig. 9. Primary production normalized to chlorophyll bio-
mass (P:B) for samples from the Delaware Estuary (1980-2003).
(A) P:B along the length of the Delaware Estuary with average
values separated by season: winter (open diamond), spring (open
square), summer (solid circle), fall (solid triangle). (B) P:B vs.
ambient total dissolved inorganic nitrogen (DIN) concentration
for only mid- and lower bay for only spring and summer seasons.
(C) P: B vs. ambient ammonium nitrogen (NH,) concentration for
mid- and lower bay for spring and summer seasons.

phyll concentration and primary production that it is
difficult to discern trends with our limited irregular
sampling. The time series summer data were plotted for
two stations to look for trends over 25 yr. Sta. 14 is at the
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Fig. 10. Apparent oxygen utilization (AOU) and depth-inte-

grated areal primary production (APROD) in the Delaware Estuary.
AOU was calculated from theoretical saturation dissolved oxygen
(DO) concentration, based on ambient temperature and salinity,
from which the measured ambient DO concentration was subtracted.
Areal primary production was calculated from depth-integrated 24-h
incubations with H!4COj3. (A) APROD vs. AOU for summer months
only along the full length of the salinity gradient of the Delaware
Estuary from 1980 to 2003. (B) Summer APROD trends from 1980 to
2003 for a station at the head of the salinity gradient (Sta. 14) and one
in the mid-bay (Sta. 24). (C) AOU calculated for dissolved oxygen
(DO) samples from Delaware Estuary. Data from UD database used
for the 1978-1982 and 1999-2003 curves; data from Jersey-Delaware
cruises used for 1954-1957 curve (see the General data and data
analyses subsection in the Methods section for more detail).

head of the salinity gradient (0 salinity); Sta. 24 is in the
mid-bay, near the year-round primary production maxi-
mum (22-27 salinity). The regression analyses showed no
change over the 25-yr period for chlorophyll concentration
at either station (not shown) and no significant change in
areal primary production for Sta. 14 (Fig. 10B), but a
significant increase between primary production and time
at Sta. 24 (2 = 0.53, p < 0.001).

Summer AOU curves were made by averaging AOU
values for different salinity intervals for three 5-yr periods:
the mid-1950s, the late 1970s to early 1980s, and the present
period (Fig. 10C). At the lowest salinity interval (0-3
salinity), all three curves showed positive AOU values
(oxygen undersaturation) and the 1950s and 1970s record
showed similar values of 200-211 wmol L-!, while the
1990s value dropped to 86 umol L—1. At the highest salinity
interval (> 27 salinity), near the mouth of the bay, the
AOU value was negative (—16 to —123 umol L~! in all
three periods), indicating slight net autotrophy. The largest
difference over time was in the mid-estuary region (12-24
salinity range). The entire 1999-2003 curve showed a more
negative AOU compared to the 1978-1982 period, and the
1950s AOU curve was considerably lower than either of the
later curves. At the midpoint of 18 salinity, the 1950s value
was —225 pmol L—1, contrasted to 1970s value of +9 umol
L-L

Discussion

Dissolved oxygen in the Delaware River during the
past century—The urban river Sta. 12, where the large
DO increase was seen, was the location in the estuary where
the lowest summer DO was usually found (Fig. 3B). This is
a good location to look at improvements in water quality.
Although the record was noisy, there were both large
seasonal variations and a distinct long-time increase in DO
concentration (Fig. 3A). It should be noted that these data
were from surface-water samples and that the well-mixed
water column at this location in the tidal river had, and
continues to have, relatively uniform DO concentrations
from surface to bottom. The cleanup effort for water
quality of the Delaware River was based on the low
summer DO (FWPCA 1966) and the Clean Water Act
(CWA) standard of 3.5 mg L—! (~ 219 umol L—1) was the
guide for improvements in effluent demand. Before 1990,
the summer DO concentrations were consistently below
this standard and, since then, they have almost always been
above the standard (Fig. 3A). This result demonstrates a
successful recovery from chronic hypoxia.

The DO sag in 1972 extended over 60 km along the
estuary (Fig. 3B). The depth and breadth of the sag was
partially alleviated by 1982 and since the early 1990s, the
average summer DO concentrations have been above the
CWA standard throughout the estuary. The DO sag was
alleviated by improvements in water quality, especially
upgrades of the large major sewage treatment plants in the
greater Philadelphia area (Albert 1988). The waters near
the head of tide (210 km) and in the mid- and lower bay
(50-0 km) were close to saturation throughout this four-
decade period; equilibrium saturation for summer temper-
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ature around 30°C is about 450 umol L—1. The hypoxia has
been attributed (Sharp 1994) to a primary BOD, resulting
from reduced carbon and nitrogen in sewage effluents
(allochthonous inputs). This demand is independent of
algal production in the water due to nutrient enrichment.
Thus, the phenomenon is not the excess algal biomass
secondary BOD symptomatic of eutrophication. The heavy
BOD followed by improvements in the Delaware Estuary
was similar to that of a number of European riverine
estuaries; an especially good example is the Thames River
downstream of London, England (Tinsley 1998). The
essentially zero summer DO observed in the Thames up
until the 1960s had improved to about 50% saturation by
1980 (Andrews and Rickard 1980). Unlike the urban river,
the mid-estuary station had no long-term change and the
average summer values remained > 90% saturation
throughout the period of record (1972-2005). Some subtle
differences in the lower bay chemistry and primary
production during this period, and very large differences
in a longer, 60-yr, time frame are discussed below.

The DO time trend (Fig. 4) included the well-document-
ed regular increase of the past 40 yr and low values in the
period of 1920-1970, based on less regular direct data.
Anecdotal information (Stutz 1992) indicated that the
waters were close to anoxic in the warm summer months in
mid-20th century. However, because of the very large shad
landings in the late 19th century, these waters must have
been well oxygenated at that earlier time. Therefore, the
river must have contained high oxygen concentrations at
the end of the 19th century, as it does today, and had severe
hypoxia over a period of 50 yr in the middle of the 20th
century. It can also be seen (Fig. 4) that summer average
values were chronically below the water quality standard
from about 1910 to 1980.

In some of the cited reports and in archived newspaper
articles, there was discussion of stinking river waters and
strong hydrogen sulfide odors arising from the river, a
condition consistent with the very low average DO
concentrations (Fig. 4). A number of anecdotal comments
referred to concerns by the U.S. military about problems
using the river as a port. A newspaper article during World
War 1I is a good example with the quote: “The noxious
fumes most Philadelphians accept philosophically as the
‘river smell’ are threatening the usefulness of Philadelphia
as a port” (Anonymous 1944). In the article, it was stated
that hydrogen sulfide was so strong as to discolor paint on
the hulls and internal walls of navy ships (the classic
phenomenon of lead-based paint discoloring from reaction
of hydrogen sulfide to form lead sulfide) and tarnishing
silverware and trophies aboard ships. Even if monthly
average DO concentrations were above zero, there must
have been many days in the summer when the waters were
anoxic because only when the DO concentration is near
zero will sulfide be present in the water (Millero 1996).

A survey was made early in the 20th century “to protect
the public health by maintaining the rivers as fit sources of
water supply, to provide for the comfort of the citizens by
restoring the sewage laden streams to a clean condition, to
improve the port by providing a clean, sanitary harbor”
(Webster et al. 1914). The report included annual summer

DO measurements (July-August) for both 1912 and 1914 in
the Delaware River at Arch Street (very near our Sta. 12).
The average oxygen percent saturation values were used to
calculate concentrations for these two times. These values
fit relatively well with the population-modeled points
(Fig. 4), possibly suggesting an even more rapid DO
decrease in the early part of the 20th century or a slightly
lower starting point for 1890 than the saturation value
used.

All of the recent DO data came from analysis using the
Winkler titration (Winkler 1888). Presumably, the Winkler
titration was also used for the data as early as 1912, since
the method was developed and widely used before the
beginning of the 20th century. In the late 19th century,
there was concern about the quality of the Philadelphia
water supply and an 1884 report contained survey data
including DO concentrations (Leeds 1884). This report
included evaluation of DO content and concluded that the
data presented resulting from several methods were
consistent. Using July 1883 data (reported as cc per 1000
cc), an average value was calculated as 468 ymol L—!. The
DO content for the Delaware River in Philadelphia was
similar to that from the supply streams in the upper
drainage basin from the same time, so there is an
expectation that the DO should be close to saturation.
Discussion in the Leeds report indicated that the oxygen
demand should not be large and that the waters were well
oxygenated. “But a moment’s reflection will show that the
total sewage of Philadelphia, if poured into the Delaware,
would change the composition of so vast a volume of water
by extremely minute amounts” (Leeds 1884). The calculat-
ed 1883 DO value is almost identical to the saturation value
(Fig. 4). It is interesting to note that the river waters
apparently did not have much oxygen depletion then in
spite of the fact that there was a significant typhoid fever
epidemic attributed to river water according to the Leeds
report. The annual death rates from typhoid in the late
1880s of 60-70 per 100,000 residents is contrasted to fewer
than 0.5 per 100,000 by the early 1940s (Jenne 1943), after
routine water filtration was initiated. Ironically, the period
when typhoid deaths were minimized is also the time when
the effect of DO demand reached its maximum. The
concerns about microbial pathology and chemical water
quality appeared to be somewhat independent of each
other.

Long-time chemistry record in the tidal river—The
century-long chemical record showed that until about
1950, the Cl— content was relatively low and constant
(Fig. 5A), and since 1950, there was an increase. This
increase appears to correlate with more use of road salts
that accompany increased automobile traffic. It is possible
that more extensive disinfection of sewage effluents and
sewage treatment plant upgrades (Albert 1988) also
contributes to increased Cl—. The increase resulted in Cl—
content today that was 5 times that of a century ago. The
TA showed an increase that is < 50% overall and was fairly
linear (Fig. SA). The increase in TA probably partially
reflected the influence of increasing NOj; concentration
over this time period. There was an increase in NOj3 from a
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value of ~ 20 umol L—1 to > 60 umol L—! (Fig. 5B). The
increase in NH, through the 1960s was followed by a
decrease. The total DIN (DIN = NO; + NH,) doubled
from 1913 to the 1980s and then decreased slightly. The
increase in DIN illustrated in the Delaware River was
similar to trends found in many other estuaries in the U.S.
during this period (Jaworski and Hetling 1996).

The trends shown in Fig. 5 were consistent with the
increased effect resulting from population growth in the
greater Philadelphia area in the early 20th century that
caused the extensive DO depletion shown in Fig. 4. While
the DO depletion had a major detrimental influence on the
biology of the river and bay system (Stutz 1992; Albert
1988), the increases in Cl— and TA probably had little or no
direct effect on the estuarine biology. Since the changes in
DO concentration were accompanied by increases in the
nutrient concentrations, the relationship between nutrients
and ecosystem response was explored.

Nutrients in the river and bay over the past 40 yr—
Through examination of the present-day nutrient distribu-
tion (Fig. 6), it can be seen that both NO; and PO,
concentrations were elevated at the head of the tide (Sta. 1)
compared to what might be expected in a pristine river
(Sharp et al. 1982). These nutrients showed peaks over the
upper river concentrations in the area of our Stas. 11-14 in
the urban river (120-150 km), largely due to the effects of
sewage treatment plant effluents. All the nutrients showed
decreases due to dilution going down the salinity gradient,
from about 120 km to the mouth of the bay.

The trend analysis of NH,4 concentrations in the urban
river (Fig. 7A) showed a large decrease from the late 1960s
through the 1980s. Seasonal variations from microbial
activity, higher in winter and lower in summer (Cifuentes et
al. 1989), can also be seen along with the longer time trend.
There was a long-time increase in NOj concentration (not
shown) with the decrease in NH,4 concentration. The effect
of these changes can be seen with the large difference in
summer N speciation (Fig. 7B,C). In addition, there was an
overall slight decrease in total DIN. By comparing these
trends, it is possible to look at the correlation of DO, NHy,
and DIN. For the period of 1969-1989, a linear regression
of the 5-yr running average NH,4 concentrations gives a
decrease of 4.5 ymol L—1! yr—1!. This is the same time in
which the increase in DO, discussed above, was seen. The
result is a decrease in nitrogenous oxygen demand
coincided with the DO increase. A 5-yr running average
of DIN values for 1969-1989 (not shown) gave a decrease
of 2.2 umol L=1 yr—1. Subtracting the DIN decrease from
the NH,4 decrease, 1 attribute the equivalent of 2.3 umol
L1 yr=1 to oxidation of NHy to NOs. This nitrification
process has a stoichiometric ratio of N: O of 1: —4 (Kaplan
1983). A simple interpretation is that the decreased NHy
concentration from oxidation could account for an increase
in DO concentration of 9.2 ymol L-! yr—!, which was
similar to the measured increase of 10.4 ymol L—1 yr—1.
While the DO concentration was influenced by air—water
exchange as well as microbial activity, it is probable from
this calculation that a significant part of the oxygen
demand in the past was due to nitrification. In addition,

it is possible that some of the DIN decrease was probably
due to denitrification in the sediments. Delaware Estuary
water quality management today recognizes “‘nitrogenous
biochemical oxygen demand™ as a primary target for water
quality improvements (DELEP 1996).

The large change in N speciation between the late 1960s
and 1990s (Fig. 7B,C) illustrated the success in sewage
treatment plant upgrades where the residence time was
longer (Albert 1988) and effluents apparently contain less
reduced nitrogen than today. In addition, higher DO in the
river probably also contributed to increased nitrification
rate. The temporal trend at Sta. 22 in the Delaware Bay
(not shown) had a decrease in NH4 and DIN from the late
1970s through late 1980s even though there was no change
in DO concentration at this location.

The effect of the improvements in sewage treatment
during the 1970s through 1980s (Albert 1988) were
illustrated in the concurrent decrease in NH,4 and increase
in DO. A change also occurred with the phosphorus
concentrations (Fig. 8A), but with a different pattern and
for a different reason. The decrease of phosphorus in the
Delaware Estuary and declines in other mid-Atlantic and
New England estuaries (Jaworski and Hetling 1996;
Roman et al. 2000), in European rivers (Billen et al.
1991), and in Tokyo Bay (Kawabe and Kawabe 1997) can
be concluded to be partially due to the shift from
phosphate-containing detergents (the phosphate detergent
ban). Improvements in sewage treatment with increased
removal of P in sludge probably also contributed to the
decrease.

With the decrease in Total P, the molar ratio of N:P
changed in much of the estuary (Fig. 8B). The well-known
Redfield ratio of 16:1 for N:P (Redfield et al. 1963) has
been used in aquatic systems as a guideline for evaluating
the comparative growth limitation by N or P for
phytoplankton (Hecky and Kilham 1988; Pennock and
Sharp 1994). According to that guideline, the urban
Delaware River waters would appear to have been N-
limited in the past and to be P-limited today. However,
with high nutrient concentrations, there was probably not
strong nutrient limitation; but the shift in relative N and P
controls may have had an influence on the overall
microbial biogeochemistry. The high P in the river was
also seen in the lower bay in the past. A plot of Total P at
Sta. 22 is similar to that in Fig. 8A with values about half
of those in the river (not shown). The N : P ratio in the bay
remained fairly consistent over the past 40 yr with 5-yr
running average values near or below Redfield ratio. It
should be pointed out that Total P was used for the N: P
ratio since only Total P data were available for the full time
period. We have found that the majority of the particulate
P was loosely sorbed PO, on particles which desorbed in
seconds (Lebo 1991; Lebo and Sharp 1992). Thus, probably
most of the Total P was readily available for biological use.

Primary production and nutrients—The large increase of
nitrogen and phosphorus nutrients in nearshore waters of
the world is the reason for concern about estuarine nutrient
eutrophication (Howarth and Marino 2006). An underlying
observation is that when phytoplankton biomass as
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chlorophyll was plotted against nitrogen loading or
concentration from multiple water bodies that there was
a strong positive correlation (Nixon and Pilson 1983). This
portrayal gave a good composite picture of global
eutrophication, but it overemphasized the idea of a direct
ecosystem response to nitrogen. In estuaries like the
Delaware, where nutrient concentrations were elevated
above natural levels and where strong light limitation,
nutrient ratios, and other factors also influenced phyto-
plankton response, there was no linear relationship
between a single nutrient and phytoplankton biomass or
production (Sharp 1994; Yoshiyama and Sharp 2006).

The plot of maximum production per volume normal-
ized to chlorophyll biomass (P:B) can be interpreted as a
physiological response to environmental controls.
Throughout the estuary, there was greater production in
summer than in the other seasons (Fig. 9A). In the spring,
summer, and fall, the relatively low P:B ratio near the
mouth of the Delaware Bay appeared to be related to
nutrient limitation (Pennock and Sharp 1994). There was a
fairly pronounced minimum in production in the region of
the turbidity maximum (~ 100 km) in spring, summer, and
fall, which was due to light limitation (Pennock and Sharp
1986). A comparatively low P:B ratio in the urban river
region was attributed to contaminant inhibition (Sharp
1994; Yoshiyama and Sharp 2006).

It is possible to evaluate the influence of nutrients on
primary production by directly comparing ambient nutri-
ent concentration measured at time of the sample collection
to the production measured on the same sample. The
phytoplankton biomass (chlorophyll) or areal primary
production was not correlated to nitrogen nutrient
concentration throughout the estuary (not shown). The
mid- and lower bay regions have clearer waters with less
light limitation and no indication of contaminant limitation
of primary production. Production here in the spring and
summer seasons was higher than in the fall and winter.
However, the lack of increase in production with increasing
N in this region (Fig. 9B) suggested that any influence of
increased nutrients must be expressed on a time scale longer
than ambient concentration and probably more through an
ecosystem level, not as a direct response by primary
producers. Smith (2007) has also recently suggested the
need for using direct primary production measurements to
understand eutrophication although he suggested that the
P:B ratio was not the best metric. I have plotted
chlorophyll, volume-based maximum production, depth-
integrated areal production, and P:B against total DIN,
individual nitrogen nutrients, phosphate, and silicate. In all
cases, these plots show no simple systematic empirical
relationship. I prefer using the P:B ratio rather than
chlorophyll or production alone because normalizing for
biomass appeared to give a better physiological indicator
than primary production alone.

The lack of positive relationship between the P: B ratio
and NHy concentration (Fig. 9C) also showed low produc-
tion with elevated NH,4 concentration (Fig. 9C). This figure
and figures based on data subsets for individual regions
and seasons (not shown) were examined to discover that
the maximum production was found at 2-5 gmol L—! NHy,

with considerably lower production > 10 gmol L—1. This
somewhat surprising observation, discussed by Yoshiyama
and Sharp (2006), was recently shown to also occur in the
San Francisco Bay (Dugdale et al. 2007).

Simulated primary production over the past 50 yr—For
the analyses of areal primary production and AOU,
samples only from the salinity gradient were used
(Fig. 10); on the distance axis, this represented the range
from 120 to 0 km. At the upper end of this region, severe
oxygen depletion was seen in the past. In the mid- and
lower bay, oxygen concentrations have been near or above
saturation in summer throughout the 40-yr period of
analyses as was discussed above.

While our direct measurements of primary production
cover only the last 25 yr, it was possible to evaluate the
historical primary production with surrogate data. The
AOU concept was developed to assess the integrated
influence of oxygen demand in subsurface oceanic waters
(Redfield et al. 1963). In the original AOU concept, the
authors postulated that isolated oceanic subsurface waters
would have no influence on DO concentrations other than
in situ microbial processes; being removed from atmo-
spheric mixing and below the photic zone, these waters
would experience DO decreases from respiration.

The AOU concept has been extended to seasonally
stratified coastal waters (Sharp and Church 1981). In that
analysis, we postulated that the summer thermocline isolated
the bottom waters and exchange with surface waters would
only occur slowly by diffusion controlled by concentration
gradients. Since air—water exchange can occur in surface
waters, it might appear that to extend the concept to surface
estuarine waters is unwarranted. However, in the presence of
very high microbial metabolism, the air-water exchange
becomes comparatively slow (Sharp et al. 1982; Culberson
1988). As was seen in Figs. 3A and 4, the very high microbial
oxygen demand caused chronic average low summer DO
content in surface waters because microbial demand was in
excess of what atmospheric exchange could resupply. Also,
we have often measured 120-150% oxygen saturation in
surface waters of the mid—Delaware Bay in the summer with
high levels of primary production. In this case, photosyn-
thetic production was in excess of what atmospheric
exchange could remove.

Highly positive or negative AOU values probably
indicated a cumulative multi-day influence in the absence
of strong wind to increase air—water exchange. Each
primary production value was the result of a 24-h
incubation started at the time the ambient DO was
measured. The measured DO value used to calculate
AOU probably represented the influence of metabolic
activity integrated over many hours prior to sample
collection. Because individual primary production and
DO values represented the varying influences of the
immediate time period (multiple hours to a few days),
AOU values gave an approximate representation of the
oxygen exchange over several days. In the plot in Fig. 10A,
positive AOU values (less than saturation DO) were found
at low production and negative AOU values (DO
supersaturation) at high production. This use of average
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AOU analysis is suggested for large-scale evaluations to
look at comparative net autotrophic or heterotrophic
balance; in the present use, it does show a significant
positive correlation to primary production.

The production increase in recent years in the lower bay
(Fig. 10B) was consistent with other indications that there
was a decrease in phosphate limitation for production.
Because of changes in phosphate sorption and desorption
from changing water chemistry, there was an increase in
delivery of phosphorus from the tidal river region to the
lower bay in the 1980s (Lebo 1991; Lebo and Sharp 1992,
1993). The increase in phosphate in the lower bay was
different from and independent of the decrease in Total P in
the river in the 1970s. An alternation has been shown
between light limitation, N-limitation, and P-limitation
(Pennock and Sharp 1994). The P-limitation occurred in
the late spring and probably determined the amount of
organic matter available for summer nutrient regeneration
as the ultimate control of summer primary production
(Cifuentes et al. 1988, 1989).

Examining the AOU curves (Fig. 10C), the recent
decrease in AOU at the lowest salinity was consistent with
changes between the low oxygen concentration shown in
Fig. 4 for the tidal river in the 1950s and 1970s and the
higher concentrations of today. This is mentioned to show
that the indirect AOU model exercise with broad averaging
gives information consistent with the more direct monitor-
ing data. The more negative AOU curve in the modern vs.
late 1970s (Fig. 10C) was consistent with the increased
primary production shown in Fig. 10B. The even more
negative AOU values for the mid-estuary region for 1954—
1957 appeared to indicate that there was a considerably
higher primary production in the 1950s compared to
modern times. In fact, by comparing the 1950s AOU curve
to the two modern ones, it appeared that the entire saline
portion of the estuary had higher primary production in the
past than it has today.

Although there were no data of direct measures of
primary production from the 1950s, fisheries yields of
shellfish and finfish were higher in that time period than
today (Sutton et al. 1996; DELEP 1996). The high fisheries
yields suggested that populations of higher trophic levels
were not notably smaller than today. An inference is that
there was higher primary production supporting higher
secondary production at a time when nutrient concentra-
tions were also very high.

I suggest that the Delaware Estuary is not an unusual
environment, but that instead, there are generic lessons to
be learned from the long-time perspective described herein.
While increased nutrient loading from anthropogenic
activities probably can cause more direct deterioration in
some estuaries than others, there is need for a more
thorough evaluation of microbial biogeochemistry in
individual estuaries, rather than generic simple indirect
correlations. As has been cautioned recently, nutrient
removal will not necessarily result in return to estuarine
water quality conditions similar to those before nutrient
enrichment (Duarte et al. 2009). Here, I also provide
caution on overinterpretation of expected influences from
elevated nutrient concentrations. Anthropogenic nutrient

enrichment certainly causes problems, but it is necessary to
recognize that other anthropogenic influences also are
involved in the deterioration of estuarine and coastal
ecosystems. We must recognize that all aquatic ecosystems
are complex and that the combination of nutrient
enrichment, habitat alteration and destruction, depletion
of higher trophic levels, and inhibition by contaminants
other than nutrients all contribute to deterioration of
desired amenities. The overabundance of a single nutrient is
not necessarily the cause of the estuarine deterioration. It is
critical that we clearly understand the relationship between
nutrients and phytoplankton response in waters where we
have inadvertently enriched with nutrients. This reevalua-
tion is all the more urgent because at the other end of the
nutrient spectrum, the oligotrophic open ocean, there is
continuing interest and concern about purposeful fertiliza-
tion to increase algal response and draw down anthropo-
genic excess atmospheric CO, (Buesseler et al. 2008; Cullen
and Boyd 2008).
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