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ABSTRACT: A 52-yr record of dissolved oxygen in Chesapeake Bay (1950-2001) and a record of nitrate (NO,-) loading 
by the Susquehanna River spanning a longer period (1903, 1945-2001) were assembled to describe the long-term pattern 
of hypoxia and anoxia in Chesapeake Bay and its relationship to NO,- loading. The effect of freshwater inflow on NO,- 

loading and hypoxia was also examined to characterize its effect at interannual and longer time scales. Year to year 
variability in river flow accounted for some of the obs volume, but the long-term increase was 
n w  ased river flow. From 1950-2001, the in mid summer increased substantidy 
z d  at an accelerating rate. Pra ic ted anoxic volume (DO < 0.2 mg 1.') at average river flow increased from zero in 
1950 to 3.6 X lo9 m3 in 2001. Severe hypoxia (DO < 1.0 mg I - I )  increased from 1.6 X lo9 to 6.5 X I O 9  m3 over the 
same period, while mild hypoxia (DO < 2.0 mg 1 - I )  increased from 3.4 X lo9 to 9.2 X lo9 m3. NO,- concentrations in 
the Susquehanna River at Harrisburg, Pennsylvania, increased up to Sfold from 1945 to a 1989 maximum and declined 
through 2001. On a decadal average basis, the superposition of changes in river flow on the long-term increase in NO3- 

resulted in a 2-fold increase in NO,- loading from the Susquehanna River during the 1960s to 1970s. Decadal average 
loads were subsequently stable through the 1990s. Hypoxia was p-ed with NO,- loading, but e - 
tensive hypoxia was observed in recent years than would be expected from the observed re 'p. e results 
suggested that the Bay may have become more susceptible to NO,- loading. To eliminate or greatly reduce anoxia will 
require reducing average annual total nitrogen loading to the Maryland mainstem B=n 
of 40% from recent levels. 
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Introduction 

Depletion of dissolved oxygen (no, from deep 
waters is a common feature in estuaries and othej 
coastal systems where seasonal or permanent strat- 

ion of ification of the water column restricts aerat 
~. 

bottom waters by the atmosphere (e.g., Chesa- 
peake Bav, Officer et al. 1984; Ehck Sea, Zaitsev 
i992; Baltic Sea, de Jonge et al. 1994; Long Island 
Sound, Welsh et al. 1994; Gulf of Mexico, Rabalais 
et al. 1999, 2002). Hypoxia occurs when DO con- 
centrations become sufficiently low to harm biota 
directly or to adversely affect normal ecological in- 
teractions. The DO concentration that defines hyp- 
oxia is nearly arbitrary since a continuous spec- 
trum of effects has been observed as DO declines 
from not far below saturation concentrations to an- 
oxia (complete absence of DO, Diaz and Rosen- 
berg 1995). Behavioral and physiological responses 
can occur with moderate depression of DO, with 
detrimental effects on individuals and populations 
(Breitburg et al. 1997; Breitburg 2002). Critical 
DO thresholds below which severe effects occur 
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vary. Ritter and Montagna (1999) identified 3 mg 
1-1 as a threshold for macrobenthos in Corpus 
Christi Bay, a higher value than the often-cited val- 
ue of 2 mg I F L .  Some benthic animals often tolerate 
very low DO and may readily survive concentra- 
tions as low as 1 mg 1 - I .  Even the most hypoxia- 
tolerant benthic communities become degraded or 
afaunal as DO declines to less than 1 mg I- '  and 
to anoxia (Diaz and Rosenberg 1995). Biogeo- 
chemical processes change when anoxia develops, 
leading to efflux of hydrogen sulfide and inorganic 
nitrogen (N) and phosphorus (P) from sediments 
(Fenchel and Blackburn 1979; Cowan and Boyn- 
ton 1996). Hydrogen sulfide helps maintain water 
column anoxia and is toxic to marine life. A&- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 
tional nutrient inDuts to the upper water column 
\ia upwelling provide positive feedback, contrib- 

- 
uting to further eutrophication and oxygen deple- 
tEn. Given the spectrum of effects, a variety of lev- 
els were adopted here as definitions for hypoxia, 
with descriptive terms (e.g., severe, moderate) and 
specific definitions (e.g., DO < 2 mg 1 - I )  indicated 
as needed. 

Moderate hypoxia (DO < 2 mg 1-l) to anoxia 
presently affects much to all of the below-pycnoc- 
line waters in the central one-third of Chesapeake 
Bay (102-222 km, Fig. 1) for most or all of the 
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important points of reference, the locations of Chesapeake Bay 
Water Quality Monitoring Program stations used in this study, 
arid the boundaries between major regions of the Bay (Upper 
Bay > 222 km from Bay Mouth, Mid Bay 102-222 km, Lower 
Bay 0-102 km). The station identifications are (north to south): 
CBI.1, CB2.1, CB2.2, CB3.1, CB3.2, CB3.3C, CB4.1C, CB4.3C. 
CB4.4,CB5.l, CB5.2, CB5,J,CB5.4, CB5.5,CB6.1,CB6.2,CB6.3, 
CB6.4, CB7.3, CB7.4. 

summer. Events in which a combination of wind- 
driven and tide-driven tilting of the pycnocline 
brings hypoxic waters into shallow areas or to the 
surface are common in the mesohaline Bay (Breit- 
burg 1990; Sanford et al. 1990). Following an 18- 
hr event of this nature, divers observed that the 
sediment surface was littered with dead fish (Breit- 
burg 2002). Degraded benthic communities in 
deeper portions of the mid Bay, and in adjacent 
shallower areas (Hagy 2002), also illustrate the 
harmful effects of Chesapeake Bay hypoxia. The 
extent of hypoxia in Chesapeake Bay is sufficient 
to cause significant ecological harm. There is a 
general recognition that hypoxia has probably in- 
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creased in extent in Chesapeake Bay and that a 
long-term increase in the loading rates of N and P 
is probably the primary factor leading to the pres- 
ent condition (Environmental Protection Agency 
2000). Management efforts directed toward reduc- 
ing N and P loading are being implemented (En- 
vironmental Protection Agency [EPA] 2002). It re- 
mains unclear how much improvement in hypoxia 
can be expected from reductions in N and P load- 
ing. A major source of uncertainty is an inadequate 
knowledge of long-term trends in both hypoxia 
and nutrient loading rates. 

Two well-known studies, published during the 
1980s, provide the principal basis for the current 
understanding of trends in hvD oxia since 1950 
(Flemer et al. 1983; Seliger and Boggs 1988), al- 
ihough additional descriGtion and analysis can be 

-found in other studies (Taft et al. 1980; Officer et 
al. 1984). Flemer e; al. (1983) and S e l a  
B o a s  (1988) both estimated the volume of Bay 

00 . 
water affected by hypoxia between 1950 and 1980 
using data collected during summer surveys con- 
ducted by the Chesapeake Bay Institute in approx- 
imately half the years. One and occasionally two 
surveys were conducted each summer. Flemer et 
al. (1983) examined data for 13 yr during the pe- 
riod 1950-1980 and concluded that hypoxia in- 
creased dramatically. Consistent with the present 
view, they suggested that the increase in hypoxia 

- could be attributed to increased nutrient inputs, 
noting a 2- to 3-fold increase in nitrate (NO,-) con- 
centrations at a tidal fresh Chesapeake Bay station 
between 1965 and 1980. Ssliger and Boggs (1988) 
examined the same DO data set, omitting data 
from 1972 and 1977, but with the addition of data 
from 1952, 1958, 1983, and 1984. In contrast to 
Flemer et al. (1983), they concluded that there was 
not sufficient evidence of a long-term increase in 
hypoxia. They explained most of the observed in- 
terannual differences in hypoxic volume in terms 
of interannual differences in spring freshwater dis- 
charge into the estuary and called into question 
the existence of any long-term trend. 

The results of Seliger and Boggs (1988) docu- 
mented the correlation between Chesapeake Bay 
hypoxia in summer and springtime discharge from 
the Susquehanna River. River flow-hypoxia rela- 
tionships have also been found for other coastal 
systems (e.g., Rabalais et al. 1999; Rabalais and 
Turner 2001). riv er flow is an extremely 
strong predictor of summer water column stratifi- 
cation in the middle Chesapeake Bay (Boicourt 
1992; Hagy 2002), which affects vertical mixing of 
DO across the pycnocline (Hagy 2002), and is one 
of several important factors contributing to for- 
mation of hypoxia. Increased river flow also in- 
creases nutrient transport from rivers into the 
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al. 2003), contributing to a variety of biological and 
biogeochemical responses such as increased pri- 
mary production and benthic nutrient recycling 
(Boynton and Kemp 2000). River flow as a predic- 
tor of hypoxia encompasses both direct physical 
effects and indirect biological effects associated 
with increased nutrient loading during high flow 
periods. The correlation between Susquehanna 
River discharge and nutrient loading since 1978, 
the period encompassing the most detailed nutri- 
ent loading estimates, is very strong, precluding 
statistical resolution of physical versus nutrient 
loading effects on hypoxia. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

An analysis of nutrient (N and P) loading rates 
that resolves long-term trends, interannual differ- 
ences, and seasonal patterns in nutrient loading 
rates to Chesapeake Bay would be useful because 
it would permit a direct analysis of the response of 
hypoxia to nutrient inputs. Loading from the Sus- 
quehanna River is of particular interest because 
this river contributes a large fraction of N loading 
to the system. Among the major tributaries to 
Chesapeake Bay, only the Susquehanna River flows 
directly into the mainstem of Chesapeake Bay. 
Loads from other rivers are substantially reduced, 
or even eliminated, by their respective tributary- 
estuaries before reaching the mainstem Bay (Boyn- 
ton et al. 1995). Despite the availability of ample 
measurements of N concentration over time (as re- 
vealed in this study), studies of the Susquehanna 
River have described only a general pattern of in- 
creased loading over the long term. Based on an 
all-forest scenario f h e  P recolonial period, Boyn- 
ton et al. (1995) estimated that total nitrogen (TN) 
and total phosphorus (TP) loading rates to the Bay 

ave increased 6.2-fold and 17.1-fold, respectively. 
National trends and trends within the northeastern 
United States suggest that N loading to Chesa- 
peake Bay probably increased very rapidly from 
1940 until sometime during 1970-1980, then sta- 

bilized (Smith et al. 1987; Jaworski et al. 1997; Ho- 
warth et al. 2002). Studies within the Chesapeake 
region generally match these larger trends. Flemer 
et al. (1983) observed a 2- to %fold increase in 
NO,- concentrations in the tidal fresh Bay between 
1965 and 1980, suggesting that NO,- loading from 
the Susquehanna River increased similarly over 
that time. Jaworski et al. (1992, 1997) estimated 
that TN inputs from the Potomac River were very 
stable from 1906 until mid century, increased ap- 
proximately 60% between 1954 and 1985, and sub- 
sequently decreased slightly. Hagy et al. (1998) es- 
timated that TN loading rates at the fall line of the 
Patuxent River approximately doubled between 
1960 and 1990 before decreasing substantially dur- 
ing the 199Os, principally due to N removal from zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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sewage. One may suspect that N loading from the 
Susquehanna River may have increased 2- to %fold 
since 1950. 

The objectives of this study are to document and 
analyze the changes in Chesapeake Bay hypoxia 
during the period 1950-2001 by combining the ex- 
tensive data collected by the Chesapeake Bay In- 
stitute (1950-1980) and the Chesapeake Bay Mon- 
itoring Program (1984-2001). We also characterize 
changes in N loading from the Susquehanna River 
during the same period by assembling the available 
data describing N concentrations in the lower 
reaches of the river. Recognizing the potential for 
river flow and possibly other factors to modify the 
development of hypoxia in response to increased 
nutrient loading, we also identify and quantify fac- 
tors other than N loading that explain additional 
variability in Chesapeake Bay hypoxia. 

Methods 

STUDY AREA 

Chesapeake Bay is a large, partially stratified es- 
tuary that extends 300 km from the mouth of the 
Susquehanna River to the Atlantic Ocean (Fig. 1 ) .  
The oligohaline upper Bay has a mean depth of 
4.5 m with a deeper (10 m) channel near the east- 
ern margin. The mesohaline mid Bay has a deep 
(20-50 m) central channel flanked by shallower 
shoal areas to the east and west, giving it a deeper 
mean depth of 10 m. The polyhaline lower Bay is 
broader with a wide central channel region aver- 
aging 15 m depth as well as broad shoal areas on 
the flanks of the channel. The mean depth is 9 m. 

The physical transport regime throughout most 
of the estuary is characterized by 2-layer gravita- 
tional circulation in which net up-estuary advec- 
tion occurs below the pycnocline and net down- 
estuary advection occurs in the surface layer (Prit- 
chard 1952). In the upper Bay, circulation is ini- 
tially downestuary at all depths but makes a 
transition to the 2-layer circulation characteristic of 
the rest of the Bay. 

The watershed of the Chesapeake Bay encom- 
passes 172,000 km?. The Susquehanna River, the 
largest tributary to the Bay drains 71,200 km2, ac- 
counting for 41% of the Chesapeake Bay water- 
shed and >SO% of the area draining directly into 
the mainstem Bay (Fig. 2; Hagy 2002). More than 
98% of the Susquehanna River watershed lies up- 
stream from a flow gauging and water quality mon- 
itoring station at Conowingo, Maryland. A moni- 
toring station at Harrisburg, located upstream 
from Conowingo, includes 88% of the Susquehan- 
na River watershed. Five tributary creeks and rivers 
entering the Susquehanna River below Harrisburg 
(West Conewago Creek, Swatara Creek, Conestoga 
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FIG. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2. The entire Susquehanna River watershed with the 

lower watershed enlarged in the inset. The locations of the Har- 
risburg, Pennsylvania, and Conowingo, Maryland, river gauging 
and water quality monitoring stations in smaller tributary rivers 
within the lower Susquehanna River watershed. The cities of 
Lancaster, York, and Harrisburg are major population centers 
in the region. 

River, Codorus Creek, Muddy Creek) account for 
8% of the overall watershed and 67% of the drain- 
age area below Harrisburg. 

SOURCES OF DATA AND h A L \ T I C i U  METHODS 
This study was based on previously collected wa- 

ter quality, river discharge, and nutrient concen- 
tration data (Tables 1 and 2). The Chesapeake Bay 
Institute DO data (1950-1980) were collected by 
pumping water from depth and measuring DO us- 
ing a modified Mrinkler titration (Carpenter 
1965a). This has an estimated accuracy of 0.1% 
(Carpenter 1965b). The Chesapeake Bay Water 
Quality Monitoring Program (1985-2001) mea- 
sured water temperature, salinity, and DO using 

multiparameter water quality monitoring instru- 
ments employing a polarographic oxygen probe 
(EPA 1993). The accuracy of oxygen measure- 
ments varied with the instrument used as well as 
daily calibration and use. Winkler titration was 
used daily for a subset of measurements to ensure 
accuracy to within zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA50.5 mg I-' (EPA 1993). Expe- 
rience with similar instruments suggests that ac- 
curacy was probably somewhat better. 

An intermittent record of NO,- concentration 
in Susquehanna River waters at Harrisburg was as- 
sembled (Table 2). The 715 observations compiled 
provide an intermittent to regular record of NO3- 
from 1945 to 1995, plus several observations dur- 
ing 1902-1903. Water samples were obtained from 
surface water, but the river is very shallow and tur- 
bulent at this location. During 1945-1957, NO3- 
was monitored at a series of locations across the 
river, accessed via a highway bridge. We used the 
average value, but excluded data from the western- 
most location. At low flow, this location typically 
had much higher (2 to 10 times) concentrations 
than other locations. We confirmed that a creek 
entering the river at this location heavily influ- 
enced NO,- concentrations (Langland personal 
communication). Beginning in 1973, a single value 
was recorded for about half of the sampling dates. 
This value was a composite sample, taken to be 
representative and comparable to the earlier data 
(Langland personal communication). The mean 
of all observations was used for a few dates on 
which as many as 10-15 samples were collected. 

Monitoring of NO,- at Harrisburg concluded in 
1995. Monitoring of NO,- at Conowingo, located 
downstream from Harrisburg (Fig. 2),  began in 
1978 and resulted in 817 observations during 
1978-2001 (Table 2). The seasonally varying ratio 
of contemporaneous NO,- concentrations (1978- 
1995) was used to estimate concentrations at Har- 
risburg for 1995-2001, completing a 57-yr record. 

TABLE 1. Data types, spatial resolution, temporal resolution, and sources of data. 

of Record) Sp.acLI Resolu!ion Temporal Resolution Source 
Dam Tvpe (Period 

Chesapeake Bay Institute 
DO data (1950-1980) 

Chesapeake Bay Monitor- 

-10 stations on Bay axis, 2- 
4 m vertical resolution 
with gaps 

-20 stations on Bay axis, 1 

1-4 surveys per year, 1-2 Chesapeake Bay Institute 
per summer 

-20 surveys per year, bi- USEPA (unpublished data), Chesa- 
ing Program DO, salinity, m vertical resolution weekly during summer peake Bay Monitoring Program 
temperature data (1984- 
2001) 

Dam or Harrisburg, PA' 
( 1900-200 1 ) 

NO,- concentrations 7 locations Variable (see Table 2)  See Table 2 

' Monthly mean Susquehanna River flow at Conowingo, Maryland, prior to 1968, when flow monitoring at Conowingo commenced, 
was estimated from the flow record at Harrisburg, Pennsylvania. The flow at Harrisburg includes >90% of the flow at Conowingo. 
The two flows are related with r? > 0.99 for the period 196%2001. 

(unpublished data) 

River flow, Conowingo 1 location Daily U S .  Geological Survey (unpub 
lished data) 

.- 
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I -  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBATABLE 2. The sources of nitrate data obtained for sites in the Susquehanna River basin at Harrisburg, Pennsylvania, Conowingo, 

Maryland, and several additional tributaries to the Susquehanna River below Harrisburg. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Period Obr. Basin Location Source 

1902-1903 9 Susquehanna Harrisburg, PA Leighton (1904) 
1945-1 957 165 Susquehanna Harrisburg, PA USGS 

(unpublished data), 
Reports' 

1963-1972 88 Susquehanna Harrisburg, PA USGS2 
1973-1995 453 Susque hanna Harrisburg, PA USGS' 
1978-2001 817 Susquehanna Conowingo, MD USGSS 
1984- 1987 104 West Conewago Manchester, PA USGS' 

1986-1987 93 Swatara Creek Hershey, PA USGS9 
1984-1993 258 Conestoga Conestoga, PA USGS' 

1985-1987 160 Codorus Creek Pleasureville, PA USGS' 
1977-1981 160 Pequea Creek Martic Forge, PA USGSS 

Creek 

River 

1994 2 Muddy Creek Castle Fin, PA USGSS 

' U.S. Geological Survey (1947, 1949. 1950, 1952, 1953, 1954a, 1954b, 1955, 1956, 1957, 1960a,b). 
Data available from USGS http://water.usgs.gov/pa/nwis. 
Modern surface water quality data from the U.S. Geological Survey are available from the USGS at http://water.usgs.gov. 

NO,- was monitored in five major tributaries of 
Susquehanna River below Harrisburg over varying 
periods, mostly during the 1980s. From 2 to 258 
observations were recorded for each tributary (Ta- 
ble 2). NO,- data since 1978 were collected using 
field methods described by Ward and Harr (1990) 
and using automated colorimetric methods for the 
laboratory analysis of NO3- (EPA 1979). Standard 
manual colorimetric methods were used for the 
older data. Concentrations in the early portion of 
the record were reported as mg NO3- 1 t '  and were 
converted to mg NO,--N 1-I. Because of the simi- 
larity of the methods, and the fact that all the ob- 
served concentrations are well within the analytical 
limits of the methods used, all the data are be- 
lieved to be comparable. All references to NO,- 
indicate NO,--N. 

Historical N fertilizer use, land in farms, and hu- 
man population data were compiled for the Sus- 
quehanna watershed for the period 1940-2000 by 
summing county level data for counties substan- 
tially within the Susquehanna watershed. For the 
watershed above Harrisburg, this included 26 
counties in Pennsylvania and 6 counties in New 
York. For the watershed downstream of Harris- 
burg, this included 4 large counties in southern 
Pennsylvania. N fertilizer use data were obtained 
from the Pennsylvania Department of Agriculture 
(1963-1989, 1990-1997, 1998-1999). Land in 
farms data were obtained from U.S. Census Bureau 
(1952, 1961, 1972, 1981, 1989) and US.  Depart- 
ment of Agriculture (1999). Population data were 
obtained from the U.S. Census Bureau (2003a,b; 
unpublished data). 

CALCULATION OF HYPOXIC VOLUMES 

Hypoxic volumes are defined as the volume of 
water with DO concentration below a defined level. 

Summer hypoxic volumes were calculated for each 
year from 1950 through 2001 for which data were 
available and for each of three levels: DO < 0.2 
mg 1-' (near-anoxia), DO < 1.0 mg 1 - I  (severe hyp- 
oxia), and DO < 2.0 mg 1 - I  (moderate hypoxia). 
There was typically one cruise per summer in the 
Chesapeake Bay Institute data set, usually during 
July. Data from a July cruise were always used when 
available. In 1958, 1960, and 1972, data from Au- 
gust were used. In 1978, data from September were 
used (Table 3). To calculate hypoxic volume, the 
available mid channel oxygen data were interpo- 
lated to a 2-dimensional grid with grid cell dimen- 
sions of 1 m vertical by 1 nautical mile along the 
estuary axis (longitudinal). The grid corresponds 
to tabulated cross-sectional volumes for Chesa- 
peake Bay (Cronin and Pritchard 1975), which 
were summed for cells with DO less than the spec- 
ified maximum to compute hypoxic volume. This 
approach assumes DO isopleths are level (i.e., a 
flat oxycline), which this study found to be a rea- 
sonable assumption for Chesapeake Bay (e.g., Buz- 
zelli et al. 2002). 

The interpolation procedure involved a two-step 
process to account for the vastly smaller scales (m) 
and sharper DO gradients in the vertical dimen- 
sion as compared to the horizontal dimension 
(km). First, linear interpolation was used to ex- 
trapolate the vertical DO profile at each station to 
a 1-m interval. Linear interpolation was then used 
to extrapolate horizontally at constant depth. This 
algorithm preserved expected horizontal and ver- 
tical gradients when sampling was thorough, as was 
always the case with the Chesapeake Bay Monitor- 
ing Program data (1984-2001). Sometimes such 
reasonable results were obtained with more sparse 
data; some particular data gaps led to obvious ar- 

http://water.usgs.gov/pa/nwis
http://water.usgs.gov
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tifacts. For example, when DO measurements were 
not made below the pycnocline, the extrapolated 
vertical profile will not reflect an oxycline, even 
when it is known to exist from stations immediately 
up-estuary or down-estuary. Problems with inter- 
polation were evaluated using contour plots gen- 
erated for each year prior to 1985. 

To correct interpolation problems, adjustments 
were made to the interpolation procedure in three 
specific situations. When DO was not measured at 
the lower extent of the pycnocline, but was mea- 
sured within the bottom mixed layer, the concen- 
tration within the bottom mixed layer was assumed 
to extend upward to the lower extent of the pyc- 
nocline. When DO was not measured within the 
bottom mixed layer, the DO profile within the bot- 
tom mixed layer was interpolated from adjacent 
up-Bay and down-Bay stations, rather than inter- 
polating vertically through the pycnocline. Unless 
data were present to indicate otherwise, the DO 
contours near the northern extent of the channel 
trench were assumed to extend unmodified at con- 
stant depth to the northern limit of the trench. 
These modifications resulted in contoured DO dis- 
tributions for sparse data sets that were structurally 
consistent with contoured DO distributions o b  
served when sampling was thorough (1985-2001). 
The estimated distributions were plausible given 
the known water column structure and approxi- 
mate physical transport regime. 

The interpolation algorithm that was used to in- 
terpolate 1950-1980 DO profiles was also used to 
analyze the modern DO record (1984-2001). Ad- 
justments for incomplete data were never needed 
because the sampling regime of the modern water 
quality monitoring program was thorough and 
consistent. Because zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAtwo July cruises and corre- 
sponding hypoxic volume estimates were available zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
for each year, the average of the two values was 
used to determine an estimate of July hypoxic vol- 
ume for each year. 

STATISTICAL METHODS 
Two relatively complex multiple linear regres- 

sion models that were used are described here to 
provide more detail. Simpler regression models, 
which require little explanation, are presented 
with the results. 

The long-term change in hypoxic volume was 
evaluated using a multiple linear regression model 
that accounted for interannual differences in av- 
erage river flow. Because the variability in hypoxic 
volumes increased with the mean, the data were 
log transformed. A small constant was added be- 
fore transformation due to zero values in some 
years. Graphical analysis suggested that the rate of 
long-term change in the log of hypoxic volume in- 

creased over time. The data were fitted to the sec- 
ond-order polynomial 

where V zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= ln(V + l ) ,  V is the hypoxic volume, 
and T is the number of years since 1949. Average 
Susquehanna River flow, Q was computed for Jan- 
uary-May in each year. The optimal period of time 
over which to average river flow was evaluated by 
examining several periods. Asymmetric confidence 
bands for the predicted means were generated by 
computing confidence limits on the log-scale, then 
back-transforming. 

An estimate of average NO,- concentration at 
Harrisburg was computed for each month from 
the intermittent record of NO,- using an analysis 
of covariance model, suggested by initial graphical 
analysis. The model fits seasonality in concentra- 
tion, a seasonally varying long-term trend in con- 
centration, and a joint-point, the time at which the 
long-term trends in concentration change. The 
model has the form 

C = Po + p1sin(2nT) + P,cos(2nT) 

+ T[P3 + P,sin(2nT) + ~5cos(2nT)] 

+ s(T - To)(Pti + p,sin[2n(T - To)] 

+ P,cos[2n(T - To111 (2) 

where 

0 whenT I To 
1 when T > T o ,  

s = {  

T is the time elapsed (yr) since 1945, and To is the 
location in time of the joint-point. The coefficients 
Po, P I ,  and P2 have concentration units (mg I - ’ ) ,  
while p 3 .  . . PB are rates of change in concentration 
(mg 1 - l  yr-l). The regression model describes a 
linear but seasonally varying change in concentra- 
tion over time up to time To, when the seasonally 
varying slope may change. The rate of change in 
NO,- up to To is p3 + p,sin(PnT) + P,cos(P~rT), 
whereas after To the slope changes to P3 + pti + 

- To)]. The joint-point, To, was estimated to the 
nearest integer by fitting the model using a range 
of values and selecting the To that resulted in the 
lowest residual error. Discontinuity of model deriv- 
atives at the joint-point precluded use of nonlinear 
fitting procedures that have been suggested for fit- 
ting joint-point regression models (e.g., SAS Insti- 
tute 1989). The disadvantage of the procedure 
used is that a confidence interval cannot be esti- 
mated for the date of the joint-point. Model resid- 
uals were analyzed for goodness-of-fit and regres- 
sion model assumptions. 

tI3.i + P,)sin[2~(T - To)] + (P j  + P , ) c 0 ~ [ 2 ~  (T 
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TABLE 4. Estimated parameters of the multiple regression relating Chesapeake Bay hypoxic volumes zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfor 1950-2001 (lo9 m3) to time zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(yr) and January-May average Susquehanna River flow (m3 SI). The model is V’ = Po + PIT + P2Ty + PsQ, where V’ = ln(V + l ) ,  
V is the hypoxic volume and T is the number of years since 1949. Significance of the long-term trend was determined by significance 
for the joint hypothesis H,: PI = 0, pz = 0. 

I 
Trend ! 

Si nificance 
DO Threshold Linear Trend, Quadrauc Trend. PW,: p, = 0, River Flowdependence, 

(model rP) Intercept, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBABo P, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPn PI = 0) Ps P W o :  P, = 0) 

< 0.2 mg 1 - I  (r2 = 0.68) -0.90 3.96(10) -? - 1.52( lo ) -*  CO.01 4.60(10)-4 (p < 0.01) 
< 1.0 mg 1 - I  (r? = 0.49) 0.41 1.58(10)-* 8.94( (0.01 3.20(10)-* (p < 0.05) 
< 2.0 mg I-’ (r? = 0.45) 1.15 7.89( 10) -3 1.99( 10) co.01 1.99(10)-* (p = 0.09) 

NO,- loading at Harrisburg was computed on a 
monthly interval as the product of model-predict- 
ed NO,- concentration and the average discharge 
rate of the Susquehanna River at Harrisburg dur- 
ing the respective month, a simplification of the 
basic approach of Cohn et al. (1989). The average 
discharge in each month was computed from the 
record of daily discharge. 

Results 

Hwoxw IN CHESAPEAKE BAY, 1950-2001 

Summer hypoxic volumes in Chesapeake Bay in- 
creased significantly and dramatically from 1950 to 

10 

8 

“E 6 

- Observed - Predlcted (Observed Flow) ~ 3 ~ ~ 0 . 2  mg 1-1 
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FIG. 3. Calculated summertime hypoxic volumes for Chesa- 
peake Bay during 1950-2001 as reported in Table 3 and cor- 
responding model predictions calculating using observed river 
flow (Eq. 1 ) .  Trend lines indicate model-predicted (e.g., 1 )  hyp 
oxic volumes assuming low winter-spring average Susquehanna 
River flow (1,300 ms s-l) ,  average flow (1,700 m3 s - l ) ,  and high 
flow (2,100 m3 s-I). Note the differences in y-axis scales. - 

2001 and also depended significantly on winter- 
spring (January-May) average discharge from the 
Susquehanna River (Tables 3 and 4, Fig. 3). At any 
point in the time series, expected hypoxic volume 
was higher in years with high winter-spring river 
flow (Fig. 3). Average river flow for seasonal peri- 
ods other than winter-spring, such as spring 
(April-May; Seliger and Boggs 1988) or late winter 
(January-March), explained less of the variance. 
Incorporating additional terms in the regression 
model to accommodate several river flow averages 

I 

! I  
also did not improve the model. Residual plots in- 
dicated that the model had approximately homo- 

I 
I 

scedastic and normally distributed residuals and 
did not exhibit obvious lack of fit. Residuals were 
not autocorrelated (Durbin-Watson D = 2). 

The extent and nature of the increase in hypoxic 
volume depended on the definition of hypoxia. Be- 
cause river flow affected the extent of hypoxia at 
any point in time, river flow also affected percent- 
age increases in hypoxic volume over the study pe- 
riod. At average winter-spring river flow during 
the period (1,700 m7 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAs - ’ ) ,  the expected volume of 
near-anoxic water (DO < 0.2 mg 1 - I )  increased 
from zero in 1950 to 3.6 X lo9 m3 (95% CI: 2.4 X 
loq to 5.3 X IOy)  in 2001 (Fig. 3) .  The estimated 
volume of severely hypoxic water (DO < 1.0 mg 
1 - I )  increased 3.8-fold from 1.7 X log m3 (0.77 X 
lo9 to 3.0 X loq mS) to 6.5 X lo9 m7 (4.6 X log to 
9.2 X 10”. The estimated volume of moderately 
hypoxic water (DO < 2.0 mg 1 - I )  increased 2.7- 
fold from 3.4 X loq m3 (2.1 X lo9 to 5.3 X IO9) to 
9.2 X loq m3 (6.8 X lo9 to 12 X lo9). The volume 
of water affected by moderate hypoxia increased 
more than the volume of near-anoxic water, even 
though the proportional increase was smaller. 

The long-term increase in hypoxic volume is ex- 
pressed by the combination of the linear and qua- 
dratic trends. Statistical significance of the long- 
term trend was tested via the joint hypothesis that 
p2 = 0 and p3 = 0 (in Eq. 1). Statistically significant 
(p < 0.01) long-term trends were found for each 
level of hypoxia. A nearly linear increase was ob- 
served in near-anoxic volume. For severe and mod- 
erate hypoxia, however, the quadratic trend was an 
important component of the overall trend. The 



642 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAJ .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAD. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAHagy et al. 

u u  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAH July1959 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 
J I I 

0 

10 

20 

30 

40 4.0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
5 0  

6 10 
Q 

20 

30 

40 

50 

0 

10 

20 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
30 

40 

50 
I 

I I 

287 237 187 137 87 37 
Channel Distance from Atlantic Ocean (krn) 

Summer dissolved oxygen profiles in Chesapeake Bay 
during four years with near average January-May Susquehanna 
River f l o w  (approximately 1,700 m" ssl). Data for 1959 are from 
the Chesapeake Bay Instimtr Data Report #41 (196%). Data for 

1970 are from Taylor and Cronin (1974). Data for 1980 are 
from Cronin et al. (1982)). Data for 1991 were obtained from 
the Chesapeake Ray M;irer Quality Monitoring Program. 

FIG. 4. 

rate of increase in moderate and severe hypoxia 
has increased in recent years (Fig. 3) .  

The spatial distribution of hypoxia expanded 
southward during 1930 through 2001 from a small 
area at the landward limit of the mesohaline Bay 
to eventually encompass the entire mesohaline Bay 
and a portion of the polyhaline Bay in Virginia. 
Summer DO profiles for years with approximately 
average spring river flow illustrate the pattern of 
change without the confounding effect of river 
flow variations (Fig. 4). In July 1959, the 1 mg I - '  
DO contour intersected the channel bottom at 140 
km from the Atlantic Ocean, between Point Look- 
out, Maryland, and the mouth of the Patuxent Riv- 
er (Figs. 1 and 4). There were no DO observations 
less than 0.2 mg 1- I .  The presence of near anoxic 
or anoxic water distinguished the July 1970 DO 
profile from the 1959 profile. In 1980, the 1 mg 

I-' contour extended downestuary to approxi- 
mately 100 km from the Atlantic Ocean (Smith 
Point, Virginia), while the 2 mg I-' contour had 
changed little from 1959. The 0.2 mg I-' contour 

v 

was greatly expanded such that in most places the 
0.2 mg 1-' contour was very close to the 1.0 mg 1-1 

contour. In 1991, both the 1.0 and 0.2 mg 1-I con- 
tours extended closer to the water surface in the 
mesohaline region as compared to 1980. Of par- 
ticular note was the extension of the 1.0 and 2.0 
mg 1-' contours to include areas further to the 
south, approximately 60 km from the Atlantic 
Ocean near the mouth of the Rappahannock River 
(Figs. 1 and 4). In some recent years, notably 1998 
and 1999, the hypoxic zone expanded even further 
to the south. In 1998, a year with high winter- 
spring Susquehanna River flow, the 0.2 mg 1-' con- 
tour extended to between 60 and 240 km from the 
Atlantic Ocean, or from the Bay Bridge to as far 
south as the Rappahannock River, and included all 
the waters up to 10 m depth. In 1999, a year with 
low river flow, near-anoxic water in the mesohaline 
was greatly reduced, but a region with DO < 2.0 
mg 1-' extended to within 30 km of the Atlantic 
Ocean, separated from the mesohaline Bay by a 
region of normoxic (i.e., DO > 2.0 mg 1 - I )  water. 
In the low flow year of 2001, the region affected 
by hypoxia contracted considerably to include only 
Maryland waters. 

Although the 2-dimensional, map-view distribu- 
tion of DO in bottom waters was not measured, the 
benthic area affected by hypoxia can be inferred 
from the bathymetric profile given the same as- 
sumptions used in computing hypoxic volume, 
namely that isopleths of DO up to 2 mg 1-' main- 
tain constant depth across the channel into the lit- 
toral zone. Available cross-channel profiles indicate 
that this assumption is approximately valid on av- 
erage, which is suitable for the purposes of this 
study (Buzzelli et al. 2002). During 1950 through 
2001, the ratio of calculated hypoxic volume to 
hypoxic benthic area, essentially the mean depth 
of the hypoxic volume, was 5 to 7 m. This ratio did 
not change significantly over the long term. The 
area of benthic habitat affected by seasonally per- 
sistent hypoxia has increased in direct proportion 
to the volume of water affected by hypoxia. 

SPAT1.V. AND TEMPORU DIMENSIONS OF HYPOXLA 

Sufficient water quality data were available for 
1983-2001 to characterize not only the extent of 
hypoxia in mid summer, but also development of 
hypoxia in late spring and decline of hypoxia in 
late summer or early fall. The following describes 
these patterns, as observed in this 17-yr record. In 
mid Chesapeake Bay, bottom water DO concentra- 
tions declined monotonically and linearly begin- 
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TABLE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5. Estimated rate of DO decline in bottom waters at 

station CB4.3C (Fig. 1) during the spring period of linear DO 
decline and the estimated date on which bottom waters reached 
anoxia. Bottom waters at CB4.3C became anoxic every summer 
and remained anoxic until early fall. 

Rate of DO Decline Onset of Anoxia 
Year (mg I- '  d-') (Date) 

1985 0.103 June 20 

1986 0.096 June 22 
1987 0.146 May 28 
1988 0.182 May 26 

1990 0.119 May 20 
1991 0.089 June 6 

1993 0.184 hlay 21 
1994 0.100 June 3 

1996 0.107 June 10 
1997 0.085 June 28 

1998 0.196 May 2 
1999 0.114 June 14 
2000 0.141 May 13 
200 1 0.121 June 2 

1989 0.093 July 5 

1992 0.095 July 3 

1995 0.075 July 3 

ning in late spring and always reached anoxia by 
early summer. The Chesapeake Bay Water Quality 
Monitoring Program reports minimum DO equal 
to 0.2 mg 1 - I  due to measurement uncertainty, but 
the presence of sulfide in the water column at 
these deep sites indicates a coniplete absence of 
DO (Kemp et al. 1992). While an orderly decline 
in bottom water DO concentration appears to have 
been a consistent feature of DO dynamics in the 
mid Chesapeake Bay for some time, having also 
been observed in 1938 (Newcombe et al. 1938), 
1970 (Officer et al. 1984), 1977 (Taft et al. 1980), 
and 1979 (station 834F, EPA unpublished data), 
consistent depletion to anoxia appears to be a rel- 
atively new feature. Rates of DO decline and dates 
on which anoxia first occurred were estimated via 
regression (i.e., slope and x-intercept, respectively) 
using the 3 to 5 DO observations that described 
the spring decline in DO each year (Table 5). 
These regressions generally had r? > 0.95. The rate 
of spring DO depletion during 1985-2001 varied 
between 0.075 nig 1 - I  d-I (1995) and 0.196 (1998) 
and averaged 0.12 mg 1 - I  d-I. In an average year, 
depletion of bottom water oxygen from winter lev- 
els to anoxia occurred over a period of about 75 
d. The linear DO decline tended to occur more 
rapidly when it was initiated later in spring and 
more slowly when i t  began earlier in the year. The 
onset of anoxia was not a simple function of either 
the rate of DO depletion or the date depletion was 
initiated. The date of onset of anoxia varied s u b  
stantially, from May 2 through July 5 (Table 5), and 
was significantly correlated with winter-spring av- 

erage river flow such that anoxia occurred earlier 
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FIG. 5. The relationship between January-May average Sus- 
quehanna River flow, March-April average bottom water tem- 
perature, and the date of onset of anoxia in bottom water at 
station CB4.3C during 1985-2001. Plot symbol size is linearly 
scaled to indicate average water temperature ("C). Regression 
lines indicate the relationship between the date of onset of an- 
oxia and river flow given a particular water temperature. 

in the year when winter-spring river flow was above 
average (Fig. 5). In addition, among four years 
with river flow >2,000 m3 s-l, anoxia occurred 
much earlier when March-April average water 
temperature was high (e.g., 8.3% in 1998) as com- 
pared to years when water temperature in the same 
period averaged <6"C (1993,1994, and 1996). The 
multiple regression relating date of anoxia to river 
flow and early spring (March-April) average water 
temperature (p  < 0.05) is: 

D = 250 - 0.024Q - 7.4T (3) 

where D is the date on which anoxia first occurred 
(expressed as number of days since December 31), 
Q is the January-May average river flow (m" s-I) 

and T is the March-April average bottom water 
temperature at CB4.3C (r? = 0.38, Fig. 5). In this 
regression, the effect of river flow is significant (p  
< 0.05), but the effect of early-spring water tem- 
perature must be considered speculative (p < 0.1). 
The observed 1,380 ms s-' range in average spring 
river flow was associated with an expected 33d 
range in the date of onset of anoxia (Eq. 3). Sim- 
ilarly, the observed 3.2"C range in March-April av- 
erage bottom water temperature (5.0-8.3"C) would 
be associated with a 24d range in the date of onset 
of anoxia (Eq. 3). 

The time-integrated hypoxic volume summarizes 
both the extent of hypoxic water in the Bay and 
the fraction of the year that hypoxic conditions 
persist (Fig. 6) .  To provide some context for inter- 
pretation of these values, i t  is helpful to identify 
the likely range that might be observed. In gen- 
eral, seasonally persistent hypoxia occurs only in 
the below-pycnocline waters of the Bay, which en- 
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Frc. 6. The relationship between January-May average Sus- 
quehanna River flow and time-integrated hypoxia (annual hyp  
oxic-volumedays), where hypoxia is defined as either dissolved 
oxygen less than 0.2, 1.0, or 2.0 mg I - ’ .  The period encom- 
passed is 19852001. Hypoxia was well above the expected value 
in 1999. The maximum likely hypoxia refers to a scenario where 
hypoxia first appears in mid May and increases to affect all be- 

low-pycnocline waters in the Bay, then decreases gradually and 
disappears in mid September. 

compass about 25% of the total volume, or 12.75 
X lo9 m3. Hypoxia occurred most frequently from 
mid May to mid September, about 120 d. Hypoxic 
volume generally increased gradually to a mid sum- 
mer maximum, then decreased gradually. This pat- 
tern can be quantified as the area under the graph 
of hypoxic volume versus time, roughly a half-el- 
lipse with an area of 1.2 X 10’’ m3-d. This quantity 
reflects a likely worst-case scenario for hypoxia in 
Chesapeake Bay, where hypoxia affects all the be- 
low-pycnocline waters in the Bay for all of the pe- 
riod in which hypoxia is likely to occur. During 
1985-2001, moderate hypoxia (DO < 2.0 mg I - ] )  
was 45-84% (average = 59%) of this value. Near- 
anoxia was 7-25% (average = 17%) of this value. 
The temporal and spatial extent of hypoxia was sig- 
nificantly greater in years with high winter-spring 

average river flow (p < 0.01, Table zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6, Fig. 6 ) .  The 
extent of near-anoxia was most strongly related to 
river flow (r2 = 0.75), while the extent of moderate 
hypoxia was more variable (r2 = 0.35). Within the 
time series of these estimates (1 7 yr, as opposed to 
the entire time series of hypoxic volume in Fig. 3), 
there was no apparent increase or decrease over 
time in hypoxic-volume days that was not attribut- 
able to river flow. 

NITRATE CONCENTRATION AND LOAD 
AT HARRISBURG 

We assembled a record of NO3- concentrations 
for the Susquehanna River at Harrisburg spanning 
1903-2001. The final 57 yr of the record (1945- 
2001) were sufficient to estimate NO3- loading at 
Harrisburg in each year, while 9 measurements 
during late fall 1902 through summer 1903 provid- 
ed a less certain, but still useful, perspective on 
NO,- concentrations early in the century. 

River flow was above average in spring 1903, with 
several periods of particularly high flow. A peak 
NO3- concentration of 1.08 mg I-’ was observed 
following the first flow peak, but concentrations 
later in spring were 0.27-0.44 mg l-l, with an over- 
all springtime average of 0.55 mg I - ’ .  In summer 
and fall, concentrations averaged 0.3 mg I-’. While 
the spring concentrations are similar to spring ob- 
servations for the 1940s, the summer average is 
35% less than the average in mid century. 

NO3- concentration at Harrisburg increased 
during 1945 to 2001, with the extent of the in- 
crease varying according to season (Fig. 7). The 
increase in concentration was greatest during win- 
ter (December-February) , somewhat less during 
spring (March-April), and least during summer 
(June-August) . The highest concentrations ap- 
pear to have occurred in the late 1980s and were 
particularly high in 1989, a year in which high river 
flow occurred in late spring. Somewhat lower con- 
centrations prevailed in the subsequent 6 yr of the 
record at Harrisburg (1990-1995; Fig. 7). 

NO3- concentrations at Harrisburg during 
1995-2001 were estimated from the ratio of NO,- 
concentration at Conowingo to the concentration 
at Harrisburg. This ratio was as high as 2 during 
late summer (Fig. 8), indicating the presence of 
high-concentration NO3- sources between Harris- 

TABLE 6. Regressions relating hypoxic-volume-days ( 10’” zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAd - d )  for Chesapeake Bay for 1983-2001 to January-Ma); average Susque- 
hanna River flow (m’ s-I). The three regressions reflect hypoxic volume calculated using the three different DO levels: < 0.2, 1.0, 
or 2.0 mg I-’. 

DO Threshold Intercept ( 2  SE) Slope ( 2  SE) 

r? = 0.75, n = 17 
r? = 0.58, n = 17 
r2 = 0.35, n = 17 

< 0.2 mg I- ’ 
< 1.0 mg I-’ 
< 2.0 mg I-’ 

-6.8 (4.2) 
14 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(6.8) 
45 (9.2) 

0.018 (0.0027), p < 0.01 
0.020 (0.0043), p <I 0.01 
0.017 (0.0059), p = 0.012 
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FIG. 7. Seasonal and long-term zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(1945-2001) distribution of 
nitrate concentration (mg NO,-N I - ' )  at Harrisburg, Pennsyl- 
vania, illustrated via contours (upper panel) and temporal dis- 
tribution of raw observations (lower panel). The size of the plot 
symbol in the lower panel indicates concentration. Concentra- 
tions for 1945-1995 were measured at the Harrisburg monitor- 
ing station. Concentrations for 1995-2001 were estimated from 
values obtained at the Conowingo monitoring station (Fig. 8). 

burg and Conorsringo and seasonally lower concen- 
trations in the mainstem of the river (Fig. 7). Com- 
pared to summer, these sources were proportion- 
ately less important during the high zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAflow period of 
November-May, when the Conowingo:Harrisburg 
NO,- ratio was only slightly greater than 1.0 (Fig. 
8). NO,- concentrations at Harrisburg, estimated 
using these monthly ratios, continued the down- 
ward trend that appeared to have begun in 1990 
(Fig. 7). 

Very high NO3- concentrations in the largest 
gauged tributaries to the Susquehanna River be- 
tween Harrisburg and Conowingo (Table 2, Fig. 2) 
can likely explain the increased ratio of concentra- 
tions at Conowingo to concentrations at Harris- 
burg during summer, when flow along the main- 
stem of the Susquehanna is at a seasonal minimum 
and concentrations are also at a seasonal mini- 
mum. While the average summer NO,- concentra- 
tion at Harrisburg in recent years was 0.5 to 0.7 mg 
1 - I ,  the average of available measurements was 
higher for (in decreasing order of drainage area) 
West Conewago Creek (2.2 mg I - ' ) ,  Swatara Creek 
(3.1 mg l - l ) ,  Conestoga River (6.7 mg 1 - I ) ,  C o d e  
rus Creek (3.1 mg l - l ) ,  and Muddy Creek (4.0 mg 
1 - l ) .  These basins collectively account for 67% of 
the drainage area between Harrisburg and Con- 
otvingo. Average flow and NO,- concentrations 
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FIG. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8. The seasonal pattern in the ratio of NO,- concentra- 
tion at Conowingo, Maryland, to NO,- concentration at Harris- 
burg, Pennsylvania, computed from the period of overlapping 
records (1978-1995). 

show that during summer the confluence of the 
highly NO,--enriched Conestoga River and the 
Susquehanna River added only 3% to the average 
Susquehanna flow but increased NO,- concentra- 
tion by up to 20%. If sufficient data were available, 
a similar analysis for the other major tributaries 
would likely account for much of the remaining 
difference that was observed. While an estimate of 
the Conowingo:Harrisburg ratio for NO,- was 
needed to estimate concentrations at Harrisburg 
for 1995-2001, i t  is worthwhile to point out that 
summer concentration estimates are relatively less 
important for addressing NO,- loading to the Bay 
because much higher winter-spring river flow and 
NO,- concentrations account for much of the an- 
nual NO,- load (see later discussion). 

A multiple regression modeling the 1945-2001 
Harrisburg NO,- time-series as a function of sea- 
sonally varying long-term trends (Eq. 2, Table 7) 
explained about half of the overall variance (r4 = 
0.54) with residuals consistent with model assump- 

T-LE 7. Parameter estimates zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 2  SE) and statistical signifi- 
cance for the regression parameters of Eq. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 ,  describing the 
long-term and seasonal changes in NO,- concentration at Har- 
risburg, Pennsylvania, from 1945-2000. ne = not estimated, ns 
= not significant. 

S!g"lfiCa*Ke. 
Paramrter Esumate P(H,: B t  = 0 )  

44 (ne) 
0.47 (0.023) 
0.016 (0.03) 
0.13 (0.03) 
0.014 (0.00073) 
0.0034 (0.00096) 
0.0046 (0.0011) 

-0.034 (0.0038) 
-0.017 (0.0053) 
-0.015 (0.0054) 

ne 
<0.01 

ns 
<0.01 
<0.01 
10.01 
10.01 
<0.01 
CO.01 
<0.01 
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FIG. 9. Predicted (via Eq. 2) versus observed NO,- concen- 

tration during 1945-2001 in the Susquehanna River at Harris- 
burg, Pennsylvania (upper panel), and predicted KO,- concen- 
tration versus residual error (lower panel). 

tions (Fig. 9). Model results suggested that average 
NO,- concentrations peaked in 1989 and provided 
the following estimates of average concentration 
and rates of change. Concentrations in 1945 aver- 
aged 0.46 mg 1bL,  with only slightly higher values 
in winter-spring than in summer. Over the ensuing 
44 yr, annual mean NO,- at Harrisburg increased 
at an average rate of 0.014 mg I - '  yr-l, reaching a 
maximum annual mean concentration of 1.1 mg 
I - ' ,  a 2.4fold increase. After 1989, concentrations 
decreased at a relatively more rapid rate of 0.034 
mg 1 - L  yr-l reaching 0.86 mg 1-* in 2001. U'inter- 
spring average concentrations increased more r a p  
idly (up to 0.02 mg 1-' yr-') from 1945-1989, 
reaching an average winter-spring concentration 
of 1.3 mg ] - I ,  2.7-times 1945 levels in winter- 
spring. Winter-spring concentrations subsequently 
declined to 0.94 mg 1-' by 2001, remaining 2-fold 
greater than 1945 concentrations. 

The long-term pattern of NO,- loading was 
strongly affected by interannual and interdecadal 
differences in river discharge. During 1945-1960, 
river flow varied around the long-term average. Be- 
low-average flow prevailed in most years during the 
1960s (1961-1969) and 1980s (1980-1989), where- 
as above-average river flow prevailed during most 
of the 1970s (Fig. 10). Extreme high and low flow 
characterized the 1990s. While a relatively constant 
increase in average NO,- concentration was ob- 
served during 1945-1969, annual NO,- loading 
changed little, averaging 20 Gg yx-' (Gg = lo9 g) 
as river flow declined from average to drought con- 

i9031945 1950 1955 1960 1 9 6  I970 1975 lOB0 1985 lgg0 1995 2ooo 

FIG. 10. January-May and annual total NO,- loading, and 
January-May and annual average flow from the Susquehanna 
River at Harrisburg, Pennsylvania, during 1903 and 1945-2001. 
Dotted lines indicate 1945-2001 means of winter-spring and 
annual average river flow. NO,- data for 1903 were obtained 
from Leighton (1904). Annual NO,- loading for 1903 could not 
be estimated due to insufficient data. 

ditions in the 1960s. During the 1970s, higher flow 
returned, increasing NO,- loading to an average 
of 37 Gg yr-], a nearly %fold increase (Fig. 10). 
Decadal average NO,- loading never subsequently 
exceeded this maximum. During the 1980s, as 
NO,- concentrations continued to increase, aver- 
age NO3- loading decreased slightly to 31 Gg yr-' 
due to lower average river flow. Despite decreasing 
NO,- concentrations in the 199Os, average NO,- 
loading increased to 33 Gg in the 1990s as several 
years of record river flow contributed very high 
loads. High river flow through most of the year in 
1996 contributed to a new record NO,- load, ex- 
ceeding the 1972 record load that resulted from 
the summer flood following Tropical Storm Agnes. 
The three highest winter-spring NO.+- loads in 
1945-2001 occurred in conjunction with floods in 
1993, 1994, and 1996 (Fig. 10). 

Nutrient loading by the Susquehanna River at 
Conowingo (Fig. 2) has been estimated since 1978 
using detailed field data and well-developed esti- 
mation procedures (Langland et al. 2001). Average 
NO,- loading at Harrisburg (this study) was highly 
correlated with average NO,- loading estimates for 
Conowingo (n = 20, p < 0.01). We developed 
fhct ional (model 11) regressions relating annual 
mean and winter-spring NO,- loading at Conow- 
ingo ( Lh.03,c) to corresponding average loading 
rates at Harrisburg (L,,,.,,): 

Annual: 

LNos,c, = 1.89 + 1.36LKc1:,,H (r? = 0.97) (4) 

Win ter-Spring: 

Lso3,c = -0.42 + 1.39L,0,H (rz = 0.98) (5) 

The regression slopes, being substantially great- 
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er than 1, reflect the fact that river flow is 10% 
higher at Conowingo as compared to Harrisburg 
and that NO3- concentrations are also higher at 
Conowingo (Fig. 8). 

NO,- loading accounted for zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA70% of TN loading 
at Conowingo. NO3- loading at Harrisburg was 
also strongly correlated with TN loading at Con- 
owingo (n = 20, p < 0.01). Therefore, we devel- 
oped model I1 regressions to relate TN loading at 
Conowingo ( Lm.,-) to NO3- loading at Harrisburg 
(LNo,.H ) : 

Annual: 

LTN,C = -0.16 + 1.99L,O3.H (r2 = 0.90) (6) 

Win ter-Spring: 

LTN,, = -2.75 f 2.o3LNOS.H (r2 = 0.94) (7) 

These regressions provide a means to estimate 
loading targets for the current monitoring loca- 
tion, Conowingo, on the basis of historical loading 
estimates for the Susquehanna River at Harrisburg. 

HYPOXIC VOLUME AND NITRATE LOADING 

During 1950-2001, mid summer hypoxic volume 
in Chesapeake Bay was positively correlated with 
win ter-spring NO3- loading from the Susquehan- 
na River (Fig. 11, see Table 8 for statistical details). 
While this result was expected, closer examination 
revealed unexpected complexity. Foremost was the 
observation that Susquehanna River NO,- loading 
did not explain as much variability in hypoxic vol- 
umes as river flow and a long-term second-order 
(Le., quadratic) trend over time (Table 4). Because 
Chesapeake Bay hypoxia was hypothesized to have 
increased in response to increased N loading, one 
might have expected that NO,- loading would pre- 
dict hypoxic volumes best. Adding average river 
flow to regressions that included NO,- loading, on 
the theory that river flow modifies the ecosystem 
response to NO,- loading, did not improve these 
models (p  > 0.05). This result can be understood 
in statistical terms. Whereas the modeled temporal 
trends included an accelerating increase in hyp- 
oxic volume, NO3- concentrations began to de- 
cline in 1990 in opposition to the continued in- 
crease in hypoxic volumes (Fig. 3).  Models that 
predicted hypoxic volume from NO,- loading un- 
derpredicted hypoxia in the most recent years (Fig. 
11). 

The relationship between time and expected 
hypoxic volume given a fixed level of nutrient load- 
ing can be explored via the semi-partial correlation 
coefficient, which describes the correlation be- 
tween one variable and another variable that has 
been corrected for its correlation with a third var- 
iable. The quantity rT(v'ILso,H) quantifies the cor- 
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FIG. 11. The relationship between January-May total NO,- 
loading at Harrisburg, Pennsylvania, and hypoxic volume in 
Chesapeake Bay (1950-2001). Plot symbols indicate decadal (or 

longer) periods in the record (1950-1969, 1970-1979, 1980- 
1989, 1990-2000). Vertical lines indicate the present (1990- 
2001) average winter-spring NO,- load and the target (Goal) 
NO,- load that may be required to eliminate or nearly eliminate 
anoxia. 

relation between time and hypoxic volume after 
the effect of NO,- loading at Harrisburg on hyp- 
oxia has been removed. For log-transformed hyp- 
oxic volume (DO < 1.0 mg I - l ) ,  rT(v'II~Nol,H) = 0.47 
(p < 0.01), meaning that the expected hypoxicvol- 
ume given a particular NO,- loading rate in- 
creased over time (Fig. 11) .  The squared semi-par- 
tial correlation coefficient, r+(vILNo,,H), indicates 
that time explains an additional 22% of the vari- 
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TABLE 8. Parameters of the regression zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAv' zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(Po + Pz) + ; B1LNosH + PsT, where V' is hypoxic volume, transformed as in Eq. 5, 
L,,,,, is the winter-spring total NOS- loading at Harrisburg (Gg season-', 151 d),  and T is years since 1949. In order to emphasize 
the assumed importance of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBANO,- loading, the model was fitted sequentially, by fitting V' = Po + P,L, + E ,  then fitting E = P2 + PsT 
+ E ' ,  then substituting the second model into the first. 

J. D. Hagy et al. 

Tirnede endenr 
Intcrce I, NO; Load Effect, ResidufTrend. 

DO Threshold (overall zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6) Pa + zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8: BI (parual r2) !% ( P W U ~  r') 

(r2 = 0.62, p < 0.01) 

(rZ = 0.44, p < 0.01) 

(r2 = 0.37, p < 0.01) 

DO < 0.2 mg I - '  -0.88 0.060 0.020 
(r2 = 0.36, p < 0.01) 

(r2 = 0.25, p < 0.01) 

(r2 = 0.17, p = 0.01) 

(r2 = 0.37, p < 0.01) 

(r2 = 0.22, p < 0.01) 

(rZ = 0.25, p < 0.01) 

DO < 1.0 rng 1- '  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.36 0.040 0.013 

DO < 2.0 mg I - '  1.02 0.071 0.012 

ance in hypoxia beyond that explained by NO,- 
loading. 

Semi-partial regressions quantify the increase in 
hypoxia expected over time given a particular N 
loading rate. These predict that one expects no 
anoxia in 1950 (i.e., T = 1)  when integrated win- 
ter-spring NO,- loading at Harrisburg (LSO,,H) is 
<15 Gg (Table 8).  In 1995 (T = 46) we expect 
anoxia to affect 1.3 X lo9 m3 of deep water given 
the same NO,- load. Factors other than increased 
NO,- loading account for this quantity of anoxic 
water. One may also say that if winter-spring NO,- 
loading were reduced to 15 Gg, that this amount 
of anoxia would persist today, even though the Bay 
would have enjoyed no anoxia at this loading rate 
in 1950. Expected anoxia at average flow in 1995, 
based on trends analysis (reflecting the actual load- 
ing rate) is 3.0 X IO9 m3. Increased NO,- loading 
accounts for 57% of the anoxia expected at aver- 
age flow in 1995, while other factors must explain 
the additional long-term increase. 

Discussion 

TRENDS ipi CHESAPEAKE BAY HYPOXL~, 1950-2001 

The results of this study show that the volume 
of water affected by hypoxia in mid summer in 
Chesapeake Bay increased dramatically during 
1950-2001 and that this long-term trend was mod- 
ulated by interannual differences in average win- 
ter-spring river flow (Tables 3 and 4, Fig. 3).  The 
increase in hypoxic volume appears to have accel- 
erated, especially in the case of moderate hypoxia 
(DO < 2.0 mg I - ' ) .  

Two major features of the long-term trend are 
of particular interest. Extensive summer anoxia 
now occurs regardless of winter-spring river flow 
(Table 3, Fig. 3).  Prior to 1968, anoxia appears to 
have been limited to years of high winter-spring 
river flow. Even in high flow years, summer anoxia 
was previously limited in spatial extent compared 
to recent years. Because of the particularly adverse 
consequences of anoxia, this change marked an 
important shift in the ecological history of Chesa- 

peake Bay (see discussion of sedimentary record, 
below). The second important feature of the long- 
term trend is the massive expansion, largely since 
1980, of the volume and area of the Bay affected 
by moderate hypoxia (DO < 2.0 mg 1-I; Tables 3 
and 4, Fig. 3).  Hypoxia now affects areas of the Bay 
that were formerly unaffected, even in high flow 
years. The newly affected areas include high-me- 
sohaline and polyhaline regions of the Bay, includ- 
ing Virginia waters (Fig. 4).  In 1999, a year char- 
acterized by severe drought in Maryland, but not 
in Virginia, hypoxia occurred in Virginia waters, 
even though hypoxia in Maryland was milder than 
usual. This pattern of expansion to the south cor- 
responds directly to the long-term increase in phy- 
toplankton biomass, in which the largest increases 
have occurred in the southern Bay (Harding and 
Perry 1997). 

Earlier studies of hypoxia in Chesapeake Bay 
(Flemer et al. 1983; Seliger and Boggs 1988) may 
have reached equivocal results due to issues con- 
cerning interpolation method, inclusion or exclu- 
sion of data from individual years, definitions of 
hypoxia, and the means by which river flow effects 
were included in the analysis. This study overcomes 
these limitations in part through a larger data set 
spanning a large range of hydrologic conditions. 
Data since 1984 easily resolve the major spatial pat- 
terns in DO along the main axis of the Bay. We 
also computed and analyzed hypoxic volumes for 
several DO thresholds, avoiding the limitations of 
a single, arbitrary choice. Like the earlier studies, 
this study used data collected on an axial transect 
of the Bay that do not fully characterize the 3 4 -  
mensional pattern of hypoxia. Data collected on 
lateral transects of the mid Bay (US. Environmen- 
tal Protection Agency, unpublished data) show var- 
iability in DO at constant depths across the hori- 
zontal axis of the Bay. High-resolution DO profiles 
collected on lateral transects using an undulating 
towed instrument platform also demonstrate the 
presence of complex, temporally variable S-dimen- 
sional water column structure in Chesapeake Bay 
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(Chesapeake Bay Land Margin Ecosystem Re- 
search Program unpublished data). When evalu- 
ating only the location of DO contours less than 
2.0 mg l-l, the available evidence suggests that no 
systematic bias is introduced by computing hypoxic 
volumes using axial (i.e., 2-dimensional) data. This 
approach is preferred for continuity with the older 
data and because most of the lateral data can pro- 
vide only a limited characterization of the complex 
Mimensional water quality structure. Most impor- 
tantly, the major conclusions regarding the long- 
term trends in hypoxia are probably insensitive to 
choice of 2-dimensional or 3-dimensional analysis, 
or any reasonable choice of interpolation method, 
because the magnitude of the documented change 
is zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAso large. 

While the increase in hypoxia during 1950-2001 
was very clear, a continued upward trend during 
1985-2001 was not evident when one only consid- 
ers observations from those years, the period cov- 
ered by the higher-resolution Chesapeake Bay 
Monitoring Program data set. \Vi thin this shorter 
record, the only significant predictor of hypoxic 
volume was winter-spring average river flow, where 
the highest summer hypoxic volumes occurred 
when spring river flow was highest (Fig. 6). This 
raises the question of whether the long-term in- 
crease in hypoxic volume may have in fact stabi- 
lized in recent years, even as within the context of 
the long-term trend it appears that hypoxia contin- 
ued to increase more rapidly than ever. An impor- 
tant factor to consider is the potential for subtle 
changes in trends or responses to external forcing 
to be resolved against a highly variable back- 
ground, even with a long time series. Since much 
variability remains unexplained, ecological chang- 
es may not be resolved until a substantial response 
has occurred over a reasonably long period. In this 
regard, the data provide conclusive evidence for 
long-term change over the entire time series, but 
less conclusive evidence for differences in trends 
across subsets of the record. Decadal-scale patterns 
in ecological forcing appear to exacerbate this 
problem zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAby introducing statistical problems. For 
example, average river flow increased during 
1985-2001, principally due to several years of very 
high river flow in the 1990s (1993, 1994, 1996, 
1998). As a result, long-term trends, river flow ef- 
fects, and nutrient loading effects are largely con- 
founded within this period. The longer record pro- 
vides a different perspective. In the 1950-2001 
time series, recent record high hypoxic volumes 
(e.g., 1993, 1998) contribute to the upward trend 
in hypoxic volume (Fig. 3) and are not explained 
by the high river flow in those years (Table 3). In 
the shorter time series (1985-2001) these extreme 
events drive the estimated response of hypoxia to zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

- 

river flow (Fig. 6) .  This study leaves open the pos- 
sibility that trends in hypoxic volume may have 
changed in ways that cannot be resolved. It seems 
reasonable to ask whether recent observations de- 
part significantly downward from the expectation 
derived from the longest time series available, rath- 
er than whether recent observations indicate a 
trend when considered in isolation. In this light, 
there does not yet appear to be substantial evi- 
dence that hypoxia has begun to stabilize or de- 
crease. While an optimist may view the most recent 
observations reported in this study (1999-2001) as 
the genesis of a decreasing trend, such optimism 
may be tempered by the extensive hypoxia report- 
ed in 2003 (U.S. Environmental Protection Agency 
unpublished data). 

Analyses of temporal trends in time series must 
consider the statistical independence of observa- 
tions. The same question is relevant in ecological 
terms. Namely, do high nutrient load, river flow, 
and hypoxia in one year contribute to higher hyp- 
oxia in a subsequent year? Including prior year 
NO,- loading or hypoxia in regressions did not 
significantly improve predictions, suggesting that 
development of summer hypoxia does not depend 
substantially on hypoxia or nutrient loading in the 
previous year. The lack of any significant lag effect 
of loading or hypoxia during the 199Os, when large 
changes in river flow occurred in concurrent years, 
supports this conclusion (Figs. 3 and 6). These re- 
sults do not address whether longer-term eutro- 
phication-driven ecological change could have af- 
fected the sensitivity of Chesapeake Bay to nutri- 
ent-driven eutrophication and hypoxia. For exam- 
ple, benthic communities can suffer mass mortality 
due to anoxia and require an extended recovery 
period to develop mature communities that in- 
clude older individuals of long-lived species. Simi- 
larly, seagrass beds recover slowly. Ecological feed- 
back effects at these longer-time scales will not be 
realized at annual time scales and cannot be de- 
tected through simple autocorrelation. Such re- 
sponses might be realized after several years of 
above-average flow (e.g., 1993-1994) or below-av- 
erage flow (e.g., 1999-2001), or in response to de- 
cadal-scale patterns (e.g., dry period in late 1980s). 

EARLY DO DATA zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAND THE SEDIMENTARY RECORD 

Hypoxia and some anoxia were observed during 
summer in Chesapeake Bay between Patuxent Riv- 
er and Annapolis, Maryland, as early as the 1930s 
(Newcombe and Horne 1938; Newcombe and 
Lang 1939; Newcombe et al. 1939; Officer et al. 
1984). At 50 m depth near Patuxent River 
(38"18'N, 76'25'W) bottom waters were fully oxy- 
genated on July 7, 1936, anoxic on August 3, 1936, 
and hypoxic on August 10 and 20, 1936. In the 

I 
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following year, moderate hypoxia (1.9 mg 1-I) was 
first observed at the same location on May 7, 1937, 
then DO declined to anoxia on July 29, 1937. No 
anoxia was observed in 1938, but hypoxia was 
found from May 18 through August 30. Moderate 
to severe hypoxia was also observed near Annapolis 
in 1938 (Newcombe et al. 1938), suggesting that 
hypoxia extended continuously between Patuxent 
River and Annapolis. The 1936-1938 observations 
of hypoxia were made over a range of spring hy- 
drologic conditions, from above-average river flow 
in 1936-1937 to below-average zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAflow in 1938, the 
year no anoxia was observed. Chesapeake Bay was 
vulnerable to summer hypoxia and some anoxia as 
early as the 1930s, with levels modulated by river 
flow. Investigators in the late 1930s recognized the 
extent, severity, and possible significance of sum- 
mer hypoxia in Chesapeake Bay. Truitt (1937, p. 
13) stated: “It has been shown that, during sum- 
mer, an extensive bottom stratum of water that is 
very low in oxygen content extends over a wide 
section of the Bay.” Truitt (1938, p. 9) reported 
that “studies are in progress which aim to show 
how important these so-called ‘oxygen deserts’ are 
in the economy of the Bay.” 

Geochemical and microfossil evidence obtained 
in recent years from sediment cores has provided 
further evidence for the long-term development of 
eutrophication and hypoxia in Chesapeake Bay 
(Cooper and Brush 1991, 1993; Helz et al. 2000; 
Karlsen et al. 2000; Zimmerman and Canuel 2000; 
Adelson et al. 2001; Colman and Bratton 2003). 
These studies corroborate the view assembled here 
and provide additional information. Studies of the 
sedimentary record used multiple markers for dat- 
ing strata in cores and a remarkable array of mark- 
ers for ecological change. These include sediment 
organic carbon and biogenic silica content, iron, 
sulfur, osmium, and molybdenum geochemistry, 
lipid biomarkers, and pollen, diatom, and forami- 
niferan microfossils. Results indicate that some 
ecological change began shortly following Euro- 
pean settlement, particularly increased sedimenta- 
tion (Cooper and Brush 1993; Helz et al. 2000), 

-butthat eutrophicatio- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. oxia . was 
largely l i z t e a  to the 3c)t.h centucy. Sulfur and lipid 
biomarker records show that hypoxia increased 
from 1934 to 1948, coincident with increased de- 
position of phytoplankton-derived and microbially- 
derived organic matter (Zimmerman and Canuel 
2000). Foraminiferan zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfasyl ’ s and molybdenum geo- 
chemistry indicate that anoxia was not prevalent 
until the late 1960s to early 1970s (Karlsen et al. 
2000; Adelson et al. 2001), consistent with this 
study. Sedimentary records also confirm that an- 
oxia was first prevalent at the landward limit of the 

-4 - 

deepcirculation of Chesapeake Bay and then ex- 
panded to the south (Adelson et al. 2001). 

SWONAL. DEVELOPMENT OF HYPOXU 

The seasonal pattern of hypoxia and anoxia is 
an important aspect of DO dynamics. Late spring 
patterns of DO depletion and even formation of 
anoxia does not appear to have changed dramati- 
cally. DO declined in spring much the same in the 
late 1930s as recently (Newcombe and Horne 
1938; Newcombe et al. 1939; Officer et al. 1984), 
sometimes reaching hypoxia or anoxia during May. 
Once reaching anoxia DO subsequently increased 
within a short period, whereas today anoxia per- 
sists throughout the summer. Weekly DO measure- 
ments at a Patuxent River site in 1944-1946 (Beav- 
en 1947) showed that DO declined to anoxia on 
June 1, 1944, but increased the following week and 
continued to increase each week for the remainder 
of the summer. Adequate organic matter has been 
available in late spring to support DO depletion 
since at least the 1930s. Given increased organic 
matter production in recent years, oxygen demand 
in the mid Bay is probably no more substrate-lim- 
ited in spring than in earlier years. The surprising 
2-mo variability in the timing of DO depletion is 
most likely regulated principally by physical fac- 
tors: water column stratification and water temper- 
ature (Fig. 5). Historical recovery of DO during 
summer suggests that metabolic rates became sub- 
strate limited by early summer (Beaven 1947). 
Even in the modern eutrophic Bay, the seasonal 
maximum sediment oxygen demand precedes the 
seasonal temperature maximum (Kemp and Boyn- 
ton 1992). Summer rates remain limited by the 
quantity and quality of organic substrates, but the 
extent of substrate limitation is clearly less than in 
earlier years. The similarity between springtime 
DO dynamics in the 1930s and the modern Bay 
may be attributed to similarity in physical controls, 
while the dramatic differences in the persistence 
and extent of hypoxia and anoxia is likely attrib- 
utable to nutrient enrichment and the resulting 
ecological changes. 

Spatial patterns in DO in summer, rather than 
temporal patterns in spring are the best indicator 
of eutrophication-related changes in anoxia, par- 
ticularly for tracking historical developments and 
the response of hypoxia to management. Spring- 
time DO depletion may change in response to 
large-scale climate cycles or global warming, which 
is expected to bring warmer winter temperatures 
and increased winter-spring river discharge to the 
mid Atlantic region (Najar 1999). Following a 
warm, wet winter, hypoxia may occur as much as 2 
mo earlier than in years with low winter-spring riv- 
er flow and low springtime temperatures (Fig. 5). 
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Hypoxia on the northwest shelf of the Black Sea 

has been blamed for eliminating 100-200 tons of 
benthic macrofauna and demersal fishes km-2 and 
with reducing sturgeon and turbot catches (Zaitsev 
1992). No studies have shown that a decline in 
commercial fisheries in Chesapeake Bay has oc- 
curred as a direct result of increased hypoxia and 
anoxia, although a modeling study has quantified 
the extent to which food web shifts associated with 
hypoxia may limit food resources available to de- 
mersal fish (Hagy 2002; Baird et al. In press). Sim- 
pler measures also show the significance of in- 
creased Chesapeake Bay hypoxia. In an average 
flow year around 1950 (as predicted by modeled 
trends) severe hypoxia (DO < 1.0 mg I- ' )  affected 
38% of the below-pycnocline volume of the mid 
Bay and 13% of below-pycnocline waters Baywide. 
By 2001, hypoxia affected more than 100% of mid 
Bay below pycnocline waters (i.e., hypoxia spilled 
into the lower Bay) and 52% of below-pycnocline 
waters Baywide. Hypoxia affected a much smaller 
fraction of the overall mainstem Bay volume (Le., 
including the surface layer). In the early 1950s, 
only 3% was affected, while this amount increased 
to 13% by 2001. While a relatively small fraction of 
the overall Bay volume is affected by hypoxia, hyp- 
oxia may be very important in the mid Bay. 

Benthic and pelagic habitats at all depths may 
have had adequate oxygen to remain productive as 
late as the 195Os, even if deeper benthic habitats 
were limited to hypoxia-tolerant species and sub- 
ject to periodic hypoxia-induced mortality in high 
flow years (e.g., 1952). By 1980, deepwater macro- 
benthos was likely absent in the mid Bay. The pres- 
ence of near-anoxic water near the pycnocline 
(Fig. 6) may have increased the impact of aperi- 
odic events bringing below-pycnocline waters onto 
shallower flanks of the Bay (Breitburg 1990; San- 
ford et al. 1990). While benthic communities can 
potentially survive moderate hypoxia until nor- 
moxic conditions return by using a variety of adap- 
tive strategies (Diaz et al. 1992), mortality is more 
rapid under severe hypoxia and especially in the 
presence of hydrogen sulfide (Diaz and Rosenberg 
1995). Urhile aperiodic events bringing below-pyc- 
nocline waters into shallower habitats have proba- 
bly a1waJ.s occurred, the detrimental effects of 
these events may now be much greater due to an- 
oxia. This mechanism could account for more de- 
graded benthos in shallow normoxic areas adja- 
cent to hypoxic areas (Hagy 2002). 

Increased anoxia has affected the biogeochem- 
istry of the Bay, perhaps accounting in part for the 
accelerating increase in hypoxic volume. The P ef- 
flux from anoxic mesohaline sediments in mese 

- 

haline Chesapeake Bay is 50-150 &mol mW2 h-l, 
while P efflux from oxic sediments is apparently 
negligible (Cowan and Boynton 1996). For the es- 
timated anoxic sediment area in the 199Os, 5.7 X 
los m2, this amounts to an additional 2.1-6.3 X lo4 
kg P d-l, -3-10 times recent annual average P 
loading rates from Susquehanna River to Chesa- 
peake Bay. Anoxia prevents coupled nitrification- 
denitrification, which occurs at significant rates in 
warm, organic rich, but oxic sediments (Seitzinger 
1988). Summertime ammonia (NH,') efflux from 
the mesohaline Bay sediments in recent years was 
substantially greater than elsewhere in the Bay 
(Cowan and Boynton 1996). Assuming a reason- 
able potential for summertime denitrification is 
50-100 Fmol m-2 h-' (Seitzinger 1988), the addi- 
tional NH,+ efflux associated with anoxia amounts 
to 9.6 X lo3 to 1.9 X lo4 kg N d-I, or 10% of the 
annual average and 11-23% of summer average 
Susquehanna River TN loading rates for 1984- 
1996. Both N and P fluxed from sediments to the 
lower water column are isolated from the phyto- 
plankton community by the pycnocline, but trans- 
fer to the euphotic zone occurs through upwelling, 
limited turbulent diffusion across the pycnocline, 
and transverse circulation (Malone et al. 1986). Re- 
generated N attributable to anoxia may be espe- 
cially important due to the close spatial proximity 
of this source to the N-limited phytoplankton com- 
munity (Fisher et al. 1992) relative to more distant 
riverine sources. 

HISTOFUCAL TRENDS IN NITROGEN LOADING 

The NO,- record beginning in 1945 describes a 
nearly linear long-term increase in NO:3- concen- 
tration at Harrisburg from 1945 to 1989, when con- 
centrations began to decline (Table 7, Fig. 7). We 
examined how changes in N inputs to the water- 
shed may have contributed to this trend, using an 
N budget for the 1990s (Boyer et al. 2002) as a 
model for the analysis. Boyer et al. (2002) con- 
cluded that the largest sources of N are presently 
atmospheric N deposition (27%), N fixation in ag- 
ricultural lands (28%), and imported food and an- 
imal feed (26%). Other sources, including N fer- 
tilizer application (15%), account for a smaller 
fraction of inputs. Data we assembled reveal that 
N fertilizer application and atmospheric N depo- 
sition increased significantly (Fig. 12) and likely 
contributed to increased N export. Agricultural 
land uses decreased 50% (Fig. 12). An initial anal- 
ysis suggests that crops (or pasture) that fix little 
or no N (e.g., pasture, corn, wheat) decreased, 
while N-fixing crops (e.g., alfalfa hay, soybeans) 
may have increased (U.S. Department of Agricul- 
ture, unpublished data). Agricultural N fixation 
appears to have changed very little. We did not 
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FIG. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA12. Commercial nitrogen fertilizer use, farm land, in- 
cluding cultivated land and pasture, human population, and 
atmospheric deposition of nitrogen oxides. Stacked areas indi- 
cate total for the entire Susquehanna River watershed. Land in 
farms and fertilizer use for above Harrisburg exclude the frac- 
tion of the watershed in New York, about zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA25% of the watershed 
above Harrisburg. Apparent decline in fertilizer use from 1982- 
1992 may reflect systematic underreporting of fertilizer sales 
during this period. Sources: Pennsylvania Department of Agri- 
culture (1963-1989, 1990-1997, 1998-1999), U.S. Census Bu- 
reau (1952, 1961, 1972, 1981, 1989, 2003a, 2003h); U.S. De- 
partment of Agriculture (1999). Atmospheric NO, deposition 
computed from NO, emissions and regression model from Ja- 
worski et al. (1997). 

attempt the complex computation of net impor- 
tation of food and feed (Boyer et al. 2002), how- 
ever, we examined trends in the human population 
(Fig. 12) and animal populations (not shown) to 
estimate the change in their dietary N needs. 
While the composition of the animal population 
changed (e.g., fewer dairy cows, more hogs and 
chickens), the aggregate dietary N requirements 
changed very little, provided that the estimates of 
per capita N requirements used by Boyer et al. 
(2002) are valid for 1950. The increase in dietary 
N requirements of the human population is small 
relative to other changes (assuming 5 kg person-' 
yr-l; Boyer et al. 2002). We suspect that, given de- 
creased pasture in the watershed and national 
trends toward the use of animal feeding operations 
and imported feed (National Research Council 
2000), the current rate of importation of animal 
feed (Boyer et al. 2002) represents a substantial 
increase relative to 1950. Further work is needed 
to reduce uncertainty and reach more quantitative 

conclusions. It appears that atmospheric N depo- 
sition and fertilizer application both contributed 
significant increases in N inputs to the watershed 
since 1950. We are less certain of the trends in 
importation of food and feed; this could have con- 
tributed a larger increase in N inputs than the oth- 
er N sources combined. 

From our NO,- loading estimates (Fig. 10) and 
our Eq. 6, we computed that the streamflow export 
of T N  from the Susquehanna watershed in 1950 
was approximately 30 Gg yr-l, about 40% of the 
estimate of Boyer et al. (2002) for the 1990s. As- 
suming initially that among the N inputs to the 
watershed only atmospheric NO, deposition and N 
fertilizer application (Fig. 12) were different in 
1950 from current estimates (Boyer et al. 2002), 
we compute that the watershed exported only 12% 
of TN inputs via the river. If net food and feed 
importation was zero in 1950, this figure increases 
to 16%. Both estimates are much less than the cur- 
rent 23% export (Boyer et al. 2002). The long- 
term increase in N export appears to reflect both 
increased N inputs to the watershed and a substan- 
tial decrease in the fraction of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBArZ inputs stored or 
lost within the watershed. 

The decline in N concentrations during the 
1990s likely reflects as many factors as the long- 
term increase, potentially including decreased at- 
mospheric deposition since 1980 (Fig. 12). A de- 
tailed study of changes in the watershed during 
this period attribute decreased N concentrations to 
implementation of agricultural best management 
practices, especially in the lower watershed, which 
help prevent loss of N from the land to surface 
waters (Sprague et al. 2000). 

NITROGEN LOADIKG A~VD CHESMEAKE BAY HYPOXIA 

The long-term increase in hypoxia occurred 
concurrently with a long-term increase in NO,- 
loading (Figs. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 and 10) and chlorophyll zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa concen- 
trations (Harding and Perry 1997). Substantial lev- 
els of anoxia first appeared in 1970 (Fig. 3),  coin- 
cident with the dramatic increase in NO,- loading 
associated with a return to high river flow levels 
(Fig. 10). Correlations between NO,- loading and 
hypoxic volumes (Fig. 11) further illustrate the 
broad relationship between NO,- loading and hyp- 
oxia over the past 50 yr. In view of known mecha- 
nisms relating N loading to patterns of eutrophi- 
cation and hypoxia, one may infer that N loading 
contributed to eutrophication and the long-term 
increase in hypoxia in Chesapeake Bay, a pattern 
widely observed elsewhere (Boesch 2002). 

_The observed relationshim between NO,- load- 
ing- and hypoxia Dresented some unexpected re- 
sults. The d egree of correlation is relatively Gw, 

t. While this may be 



Hypoxia in Chesapeake Bay, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1950-2GOI 653 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
seen as undermining the value zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof the relationships 
as predictive tools, one must recognize the inher- 
ent variability of hypoxia. For example, hypoxia in 
1996, the year with the highest loading rate in the 
record (Fig. lo) ,  was less extensive than in either 
the low flow year preceding it (1995) or the flood 
year 2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAyr later (1998, Fig. 3) .  Although complex 
water quality simulation models may be able to bet- 
ter account for the differences between these years 
than simpler models, it is questionable whether 
such simulations can accurately predict all the 
changes that might occur to the ecosystem if load- 
ing were returned to 1950s loading levels. These 
retrospective relationships provide a valuable ad- 
dition to the manager’s toolbox, which may be 
used to suggest loading targets or to corroborate 
or qualify conclusions reached through other 
means. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 

Another unexpected result was that river flow 
did not account for additional unexD lained vari- 
ance in the relationship between NO,- loadins 
and hypoxia. M’e had expected that an extended 
record of NO,- loading would allow us to resolve 
physically-controlled (Le., via stratification) vs. bi- 
ologically controlled (i.e. via nutrient loading) 
mechanisms by which river flow affects hypoxia. 
We hypothesized that less hypoxia would occur 

- I 
when a given N loading rate occurred at low river 
flow (late in the record) versus average or high 
river flow (earlier in the record). We fnund instead 

- 

that when e ffects associated w i x  NO,- load%-g 
were explained, river flow did not explain further 
differences. Moreover, at a given NO,- loading 
rate, more hypoxia occurred late in the record (Ta- 
ble 8, Fig. l l ) .  Even as NO,- concentrations de- 
creased during the 1990s (Fig. 7; Sprague et al. 
2000), hypoxia increased in both high and low 
flow years relative to the 1980s. 

M7e examined and discounted several alternative 
explanations. M’e considered whether NO,- or TK 
loading from the Susquehanna River to the Bay at 
Conowingo increased, while loading and concen- 
tration at Harrisburg decreased. Our results and 
those of Sprague et al. (2000) confirmed that 
changes in loading were similar at both sites since 
1978. We also considered the possibility that N 
loading from other sources increased total loading, 
while loading from the Susquehanna basin, the 
largest source, was stable. We also found that this 
was unlikely. TN loading to the Maryland main- 
stem Bay in recent years is -80 Gg yr-’ (Boynton 
et al. 1995), of which the Susquehanna River con- 
tributes approximately 60 Gg y-’ (computed from 
U.S. Geological Survey estimates, Langland et al. 
2001), or 75%. While changes to other sources 
could have a significant effect, they would have to 
be proportionately large to have a substantial effect 

I 

on Chesapeake Bay. The decade of the 1990s was 
a period of rapid economic development and p o p  
ulation growth, particularly in the suburban coun- 
ties surrounding Washington, D.C. and Baltimore. 
In 9 suburban counties in this area, population 
grew by 646,000 or 20% (U.S. Census Bureau un- 
published data). N loading from the major western 
shore tributaries was either unchanged or de- 
creased (Sprague et al. 2000). In the Potomac Riv- 
er basin, increases in loads from urban sources 
were offset by reductions from agricultural sources 
while in the smaller Patuxent River basin, large re- 
ductions in point source loadings reduced the fall 
line N load by up to 66% (Sprague et al. 2000). 
Atmospheric N inputs directly to the surface of the 
Bay most likely contribute <lo% of the overall in- 
put (Boynton et al. 1995; Wang et al. 1997). Al- 
though estimated changes in deposition directly to 
the Bay were not found, estimates for watershed 
areas immediately surrounding the Bay suggest any 
increase in atmospheric N loading is limited to zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
<5% (Sprague et al. 2000), limiting the effect on 
overall loading to <1%.  

A remaining hypothesis, which cannot be dis- 
cohnted, is that the repeated occurrence of very 
high flow and N loading. (1993. 1994, 1996, 1998) 
led to a persistent increase in the susceptibilitv Qf 
the Bay to e u t r o m o n  an d hypoxia. Such . -  - 
changes may explajn the long-term pattern of in- 
creased hypoxia relative to N loading (Table 8, Fig. 
11). Increased susceptibility could result from loss 
of filtration capacity associated with the now de- 
pauperate benthic communities in b ‘d Bay 
(Hagy 2002) and the near elimination of oyster 

populatiom from m ainstem Bay (Smith 2001). 
Submerged aauatic vegetation, known to trap nu- 

also declined significantly in the period since 1965 
(Orth and Moore 1984 ),  potentially contributinr 
to increased susceptuty  nf the 

Changes in the stoichiometric ratios of nutrients 
may also have contributed to eutrophication. For 
example, while dissolved silica has not increased in 
rivers across the world, N and P have increased 
(Justic et al. 1995). Such changes favor increased 
phytoplankton production in formerly N or P lim- 
ited systems and increases the potential for silica 
limitation. The latter may promote noxious non- 
diatom phytoplankton or contribute to increased 
sinking of diatoms (Conley and Malone 1992). 

Although the long-term pattern of P loading 
could not be documented, loading likely increased 
from historic levels until actions were taken to re- 
duce loads (Boynton et al. 1995). Management ac- 
tion in the early 1980s reduced TP and ortho- 
phosphate (PO,3- or DIP) loading from the Sus- 
quehanna River dramatically (Sprague et al. 2000; 

trients and sediment in -oral zones. his\ - 
a. 
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Langland et al. 2001) as N loading continued to 
increase. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAs a result, the average dissolved inorgan- 
ic nitrogen:dissolved inorganic phosphorus (DIN zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA: 
DIP) loading ratio (atomic) increased from 120 in 
1979 to 350 during 1988-1998. The period of high- 
est DIN : DIP loading ratio corresponded to the pe- 
riod of most extensive hypoxia. We hypothesize 
that increased DIN : DIP ratio could affect the spa- 
tial and temporal distribution of phytoplankton 
production, affecting the subsequent response of 
hypoxia. Increased P limitation would likely exac- 
erbate P limitation in the freshwater reaches of the 
Bay (Fisher et al. 1992) and promote increased N 
concentration and primary production downestu- 
ary, a pattern observed by Harding and Perry 
(1997). The ecological consequences of effecting 
large changes in the ratios of nutrients through 
management actions warrant further investigation. 

RESTORATION AND LOADING TARGETS 

The long-term record of NO,- loading and hyp 
oxia assembled here affords the opportunity to 
suggest a N loading target that, if attained, should 
lead to acceptable levels of hypoxia. To devise such 
a loading target first requires a definition of a rea- 
sonable hypoxia reduction goal. Given that hyp- 
oxia has been present in some form for much of 
the 20th century, the goal of completely eliminat- 

ably unreasonable. Due to the particularly seveLe 
ecological conseauences of anoxia, including zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAgoo- 

tion, eliminating or nearlv e l i m i n a t i w  a 
desirable goal that from an historical perspective 
pay also be achievable. Water quality criteria for 
D T &  Bay require DO > 1 mg 1-’ 
even in the deepest waters, but implementation 
guidelines recommend considering e= erne 
,events when evaluating possible -in mcnt 
(EPA 2003). This goal is consistent with DO con- 
ditions observed during 1950-1970. During this 
time, winter-spring NO,- loading averaged 15 Gg 
with annual NO,- loading averaging 20 Gg yr-I. 
During 1970-2000, winter-spring and annual 
NO,- loading averaged 22 Gg and 34 Gg y r ’ ,  re- 
spectively (Fig. 11). The historical level of NOs- 
loading at which anoxia was relatively uncommon 
may be a reasonable N loading goal (Fig. 11). This 
would represent a reduction of current winter- 
spring NO,- loading by 32% and annual NOs- 
loading by 41%. Based on the relationships be- 
hveen NO,- loading at Harrisburg and T N  loading 
at Conowingo (Eqs. 10 and l l ) ,  the target levels 
for TN loading at Conowingo would be 28 Gg for 
winter-spring TN loading and 40 Gg zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAF-] for an- 
nual TN loading. Assuming TN loading from all 
sources to the Maryland mainstem Bay increased 

- ing hypoxia from deep waters of the Bay is prob 

tn -- 
. .  

I 

in proportion to Susquehanna River TN loading, 
proportional reductions would be needed to 
achieve the hypoxia reduction target. Given the 
rate of TN loading of 81 Gg yr-l estimated for the 
Maryland mainstem Bay by Boynton et al. (1995) 
and the target 41% reduction, the TN load from 
all sources to this portion of the Bay should be 
reduced to 48 Gg y r l .  This N loading reduction 
target is surprisingly close to the goal set forth in 
the 1987 Chesapeake Bay Agreement (EPA 1987, 
p. 3) to “achieve by the year 2000 at least a 40% 
reduction of nitrogen and phosphorus entering 
the main stem of the Chesapeake Bay.” Note that 
this reduction goal is for the total load, not the 
controllable load as was proposed in the years fol- 
lowing the 1987 Chesapeake Bay Agreement. 

This study shows that while hypoxia was related 
peer the long term to nutrient loading., interan- 
nual variability associated with river flow, climate, 
and weather patterns. and perhaps internal ecosys- 
%em dynamics, is considerable. In response to pro- 
tracted nutrient enrichment, the ecosystem may 
have become more 

_hvnoxia and anoxia (e.g., Fig. l l ) .  Restoration 
must proceed with persistence. Suggestions that 
current levels of hypoxia and 
feature of ChesaDe-v arp dp-s trablv false. 
Assertions that hypoxia does not have significant 
detrimental effects on living resources in the Bay 
are also dubious (Hagy 2002). 

In upcoming years, restoration efforts will face 
mounting challenges regarding management of 
hypoxia. Not only do increasing human pressures 
on the landscape make i t  difficult to limit nutrient 
loading rates, climate change may also affect hyp- 
oxia in Chesapeake Bay. Najjar (1999) concluded 
that annual discharge from the Susquehanna River 
could be expected to increase 24% in response to 
an expected doubling of atmospheric CO, and as- 
sociated global warming. This study shows that 
both increased river flow and warmer winter water 
temperatures hasten the formation of anoxia in 
Chesapeake Bay during late spring and promote 
the maintenance of hypoxia during summer. In- 
novative and aggressive environmental manage- 
ment efforts will be needed to achieve needed nu- 
trient loading reductions. 

_-e 
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