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a b s t r a c t
We used more than thirty years of water quality monitoring data collected by the United States Geological
Survey at several stations in the Altamaha River and its tributaries to examine the relationship between
population density, agricultural land use, and nutrient export from the watershed. Population densities in the
Altamaha River watershed increased during the study period, most notably in the upper watershed near
metropolitan Atlanta, while agricultural land use declined throughout the watershed. NOx, TN and P in rivers
were related to human population densities, while OC and NH+
4 concentrations in rivers were apparently
related to agricultural land use. A general pattern of increasing NOx and TN and decreasing NH+
4 , P and OC
over time throughout the watershed reﬂected changing population and land use. The overall average load
from the Altamaha River to the coastal zone during the study period was 1.1, 5.6, 16.9, 0.9 and 262 kmol km− 2
yr− 1, delivering 40, 197, 596, 30, and 9213 · 106 mol yr− 1 of NH+
4 , NOx, TN, P and OC, respectively, to the coastal
zone. The nutrient export patterns suggest that N and P loading to rivers in the Altamaha River watershed was
greatest in the upper watershed where high population densities were found, and in-stream processing,
dilution, and only moderate inputs during transit through the lower watershed resulted in relatively low export
from the watershed to coastal waters.
© 2009 Elsevier B.V. All rights reserved.

1. Introduction
Changing land-use has altered the biogeochemical signatures and
ﬂow patterns of many rivers. Development within river watersheds
impacts processes in both the river and the coastal zone (Howarth
et al., 1996; Verity, 2002a). Loading of nutrients and organic matter
from rivers can cause and/or exacerbate eutrophication, harmful algal
blooms and ﬁsh kills, reduce water quality, disrupt the heterotrophic/
autotrophic balance and/or drive system-scale changes in estuarine
production and trophic structure (Nixon, 1995; Vitousek et al., 1997;
Paerl et al., 1998; Verity, 2002a,b). Nitrogen loading to estuaries is of
particular concern, as coastal waters are often nitrogen limited and
increased nitrogen delivery can fuel excess production and lead to
eutrophication (Nixon et al., 1996; Verity, 2002b).
Human activities have greatly increased global nitrogen ﬁxation
via the Haber–Bosch process (Vitousek et al., 1997). On average about
⁎ Corresponding author. Department of Geography and the Environment, Villanova
University, Villanova, PA 19085, United States. Tel.: +1 610 519 8009; fax: +1610 519 3338.
E-mail address: nathaniel.weston@villanova.edu (N.B. Weston).
0048-9697/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.scitotenv.2008.12.066

20% of nitrogen delivered to landscapes from fertilization of
agricultural land (Turner and Rabalais, 1991), atmospheric deposition
(Fisher and Oppenheimer, 1991), human waste (Cole et al., 1993) and
other sources is exported by rivers (Howarth, 1998; Van Breemen
et al., 2002; Boyer et al., 2002). Higher nitrogen delivery to watersheds
has increased nitrogen export to coastal waters from many of the
world's rivers due to these human activities (Howarth et al., 1996;
Boyer et al., 2002).
The Altamaha River in Georgia (Fig. 1) drains one of the largest
basins on the East Coast (about 36,000 km2), and the coastal zone of
the Altamaha is an important and productive ﬁshery. Although the
Altamaha watershed remains relatively undisturbed compared with
many other watersheds on the East Coast of the United States,
development pressure has increased in the basin. In 2002, the
Altamaha River was placed on the American Rivers Organization's
list of most endangered rivers (American Rivers, 2002). The National
Oceanic and Atmospheric Administration (1996) described the
Altamaha River estuary as currently minimally impacted but likely
to exhibit increasing signs of eutrophication due to anthropogenic
activities in the watershed. In an analysis of nutrient inputs to the
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Fig. 1. Map of USGS water quality and river discharge (Q) monitoring stations, major dams, and cities with populations exceeding 50,000 (U.S. Census Bureau, 2003) in the Altamaha
River watershed. Inset shows sub-watersheds of major rivers on an outline of the state of Georgia.

Altamaha River watershed, Schaefer and Alber (2007a) estimated that
both nitrogen and phosphorus inputs to the Altamaha River
watershed peaked in late 1970s to early 1980s, with recent decreases
largely driven by declining agricultural land use and fertilizer
application in the watershed. However, no combined spatial and
temporal studies of nutrient export in the watershed have been
conducted. Portions of metropolitan Atlanta and other rapidly
urbanizing regions lie within the upper reaches of the Altamaha
River watershed, and the high population densities in the upper
watershed are counter to the general world-wide pattern of increased
development near the coastal zone. In order to understand how
changing land use and population densities have altered material
export from watersheds of the Altamaha River and, ultimately, loading
of materials to the coastal zone, we analyzed more than thirty years
(1968–2007) of nutrient and organic carbon data from United States
Geological Survey (USGS) water quality monitoring stations in the
Altamaha River and its major tributaries. We hypothesized that land
use patterns in the Altamaha River watershed have resulted in
increasing nutrient export over time, but that nutrient concentrations
and export were greatest from the upper watershed and that dilution
and in-stream processing in the lower watershed have kept overall
export from the watershed to coastal waters relatively low.
2. Methods
2.1. Study site
The Altamaha River watershed lies entirely within the state of
Georgia, and drains about one quarter of the state's land area (Fig. 1).
Two main tributaries, the Ocmulgee and Ohoopee Rivers, originate in

the Piedmont foothills of the Appalachian Mountains and join near
Lumber City, GA to form the Altamaha River. Average discharge from
the Ocmulgee and Oconee Rivers is similar (Table 1), and together
they contribute to over 75% of the total ﬂow from the Altamaha River
to coastal waters. The lower portions of the Ocmulgee and Oconee, the
smaller blackwater Ohoopee and Little Ocmulgee Rivers, and the
Altamaha River proper transit the coastal plain. Discharge from the
Altamaha River to the coastal ocean averages about 400 m3 s− 1. Long
term mean discharge exhibits a seasonal maximum in spring and a
minimum in late summer and fall.
There are three major dams in the Altamaha River watershed, all
built for hydroelectric power generation (Fig. 1). Two dams, the
Sinclair and Lloyd Shoals dams, creating Lakes Sinclair and Jackson on
the Oconee and Ocmulgee Rivers, respectively, were completed before
the time period of this study (1953 and 1910, respectively). The
Wallace Dam on the Oconee River was completed in 1980, forming
Lake Oconee. Total area of the lakes is about 150 km2, with Lake
Jackson on the Ocmulgee River accounting for only about 12% of the
total.
2.2. Water quality and discharge data
Nitrate + nitrite (NOx; USGS code P00630), ammonium (NH+
4 ;
P00610), total nitrogen (TN; P71887), total phosphorus (P; P00665),
organic carbon (OC; P00680), discharge (Q; P00061), and water
temperature (P00010) data were obtained from water quality stations
in the Altamaha River watershed from the USGS National Water
Information System website (USGS, 2008a). Analyses were conducted
on unﬁltered water, and TN, P and OC measurements include both
dissolved and particulate C, N and P (see USGS website for methods
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Table 1
United States Geological Survey (USGS) site numbers, latitude and longitude, year of record, number of records (n), average discharge, annual water yield, distance from ocean, elevation
above sea level, and drainage area of USGS water quality monitoring stations from which data were obtained for this study (see Fig. 1).
Site

USGS site number

Longitude

Latitude

Year of record

n

Q
(m3 s− 1)

Annual water yield
(mm)

Distance
(km)

Elevation
(m)

Drainage area
(km2)

Upper Ocmulgee
Lower Ocmulgee
Upper Oconee
Lower Oconee
Ohoopee
Altamaha

02213700
02215500
02223040
02223600
02225500
02226010

− 83.6030
− 82.6740
− 83.2154
− 82.8582
− 82.1773
− 81.7651

32.6715
31.9202
33.0896
32.4802
32.0785
31.6235

1970–2006
1968–2007
1974–1996, 1999
1974–2003
1968–1979, 1990–1994, 1999
1974–2003

362
386
251
319
89
324

47.5
150.7
72.7
119.0
32.4
392.6

215.0
354.2
300.1
326.3
355.4
342.1

486
232
411
320
194
79

76.5
26.7
70.3
45.7
22.5
9.1

6,967
13,416
7,640
11,499
2,875
35,223

details; USGS, 2008b). Six water quality monitoring stations (Fig. 1;
Table 1) were chosen for their geographical placement, length of
record and sampling frequency. Stations located near the middle of
the Ocmulgee (02213700) and Oconee (02223040) watersheds, and
near the outlets of the Ocmulgee (02215500), Oconee (02223600),
Ohoopee (02225500) and Altamaha (02226010) Rivers were included
in this study. These stations allowed the characterization of water
draining six discrete portions of the watershed of similar size, ranging
from the smaller Ohoopee River watershed (8% of total watershed
area) to the larger Upper Oconee watershed (22%; Table 1). The
number of sampling time points at each station for which NOx, NH+
4 , P,
OC and Q data were obtained exceeded 240 except for the Ohoopee
River which was sampled less frequently (Table 1). Total nitrogen was
measured less often than other variables, and was not measured at the
Upper Oconee and Ohoopee stations. Watershed drainage area and
elevation above sea level for each station were obtained from the
USGS web site (USGS, 2008a). Distance of each station up-watershed
from the coast was estimated using GIS.
2.3. Land use
Data on population density and land area by county were obtained
from the 1970 and 2000 United States Census (U.S. Census Bureau,
2003; note that this census contains data from both years). Farm
acreage and the distribution of agricultural land use by county for the
Altamaha River watershed in 1969 and 2002 were obtained from the
U.S. Department of Agriculture (1971, 2004). Sub-watershed speciﬁc
population densities and agricultural land use were estimated based
on the ratio of each county situated within the sub-watershed. Note
that these calculations could not account for population density or
agricultural land use differences within any single county. Because
even distributions were assumed, some error for counties that did not
lie entirely within a single sub-watershed may have occurred.
2.4. Calculations and statistical analyses
Average (±standard error; SE) Q, NH+
4 , NOx, TN, P and OC
concentrations were determined at each station for each site for the
period of record, and trends over time were determined with best-ﬁt
linear regressions. Concentrations were determined to be normally
distributed, and thus no data transformations were required. However, bivariate correlations between concentration and date were also
evaluated with nonparametric Kendall's tau-b tests to conﬁrm
signiﬁcance of linear regressions. To evaluate the inﬂuence of other
factors such as seasonal patterns on the long term trend, ANOVAs and
multivariate regressions including the year, the day of year, water
temperature, and river discharge were calculated for nutrients at each
station.
−2
Average (±SE) export of NH+
yr− 1)
4 , NOx, TN, P and OC (kmol km
from each sub-watershed was determined by averaging discrete
export values (calculated from concentration and discharge data) for
each year in which at least four export values were available. Using at
least four export values per year ensured less bias from individual

sampling dates on annual averages. Decadal export averages were
determined for the 1970s (1970–1979) and 1990s (1990–1999) for
each sub-watershed for comparison with land use. These decades
were chosen as they correspond with the population and agriculture
data and represent the available temporal end-points in the
watershed. The contribution of each sub-watershed to the total
watershed export of water, NH+
4 , NOx, TN, P and OC was determined
by subtracting average annual exports at each station from export
from any up-river stations. Trends in annual export over time were
determined with best-ﬁt linear regressions, and the signiﬁcance of
these regressions were conﬁrmed with nonparametric bivariate
Kendall's tau-b tests. Differences in nutrient concentrations and
export rates between sites were examined using ANOVAs with
Tukey's post-hoc comparisons. The relationships between land use
and nutrient export [nutrient export versus percent agricultural land

Table 2
Mean and standard error (SE) of nitrate + nitrite (NOx), ammonium (NH+
4 ), total nitrogen
(TN), total phosphorus (P) and organic carbon (OC) concentrations (µM) and average
−2
−1
annual export (kmol km
yr ) at each of the water quality monitoring stations in
the Altamaha River.
Site

Annual export (kmol km− 2 yr− 1)

Concentration (µM)
NOx

NH+
4

TN

Upper Ocmulgee (02213700)
Mean
47.8 9.69
86.6
SE
1.2
0.64
2.6
n
359
360
288
Group A
A
A
Lower Ocmulgee (02215500)
Mean
33.2 3.7
63.6
SE
0.8
0.3
2.3
n
368
385
180
Group B
C
B
Upper Oconee (02223040)
Mean
16.0 7.25
ND
SE
0.6
0.29
n
251
251
Group C
B
Lower Oconee (02223600)
Mean
21.3 6.88
53.2
SE
0.4
0.31
1.1
n
358
357
185
Group C
B
B
Ohoopee (02225500)
Mean
7.01 9.08
ND
SE
0.74 2.09
n
67
81
Group D
A
Altamaha (02226010)
Mean
22.7 3.76
52.7
SE
0.6
0.15
1.7
n
349
346
93
Group C
C
B

P

OC

NOx

NH+
4

TN

P

OC

4.75
0.18
358
A

376.4
10.4
351
C

11.1
0.6
31
A

2.02
0.26
31
A

18.8
1.0
27

0.99
0.06
31

83.4
7.1
30
C

2.72
0.07
366
BC

398.7
12.4
361
C

8.33
0.43
30
AB

1.03
0.11
30
B

24.0
16.0
19

0.92
0.07
30

183.8
20.3
30
BC

2.62
0.08
248
BC

311.3
9.1
245
D

5.71
0.64
21
B

1.64
0.17
21
AB

ND

0.74
0.09
21

105.2
12.6
21
C

3.15
0.07
355
B

385.8
8.75
349
C

5.92
0.54
30
B

1.36
0.09
30
AB

14.0
1.9
21

0.96
0.09
30

130.0
15.1
29
C

2.20
0.17
89
C

799.0
44.2
64
A

1.25
0.19
5
C

1.68
0.53
7
AB

ND

0.78
0.21
8

466.5
195.4
5
A

2.78
0.06
349
B

659.0
14.4
345
B

5.60
0.34
30
B

1.13
0.13
30
AB

16.9
3.6
13

0.85
0.07
30

261.6
26.5
30
B

The total numbers (n) of concentration and export values are indicated (note that n for
export indicates the number of years for which annual export values were calculated).
Stations that do not share the same group letter within a column have statistically
different nutrient concentrations or export values (p b 0.05; ANOVA with Tukey's posthoc test). ND: no data.
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Table 3
Signiﬁcant annual change in concentration (µM per year) and export (kmol km− 2 yr− 1
per year), best-ﬁt linear correlation coefﬁcient (R2) and signiﬁcance of the regression (p)
for nitrate + nitrite (NOx), ammonium (NH+
4 ), total nitrogen (TN), total phosphorus (P) or
organic carbon (OC) over time.
Site

Change in concentration
(µM per year)
NOx

NH+
4

Change in annual export
(kmol km− 2 yr− 1 per year)

TN P

Upper Ocmulgee (02213700)
Annual
0.84 − 0.54
change
0.14
0.19
R2
Pa
b 0.01
b 0.01
Lower Ocmulgee (02215500)
Annual
0.43 − 0.11
change
0.07
0.05
R2
Pa
b 0.01
b 0.01
Upper Oconee (02223040)
Annual
− 0.15
change
2
R
0.05
Pa
b 0.01
Lower Oconee (02223600)
Annual
0.18 − 0.11
change
R2
0.04
0.03
Pa
b 0.01
b 0.01
Ohoopee (02225500)
Annual
0.17 − 0.58
change
R2
0.09
0.13
Pa
b 0.01
b 0.01
Altamaha (02226010)
Annual
0.28
0.53
change
2
R
0.05
0.06
Pa
b 0.01
0.02

OC

NH+
4

NOx

TN

P

OC

− 0.17 − 8.65

0.21 − 0.12

− 0.03

0.25 0.19
b 0.01 b0.01

0.32 0.58
b0.01 b 0.01

0.74
b0.01

− 0.04 − 2.77
0.07
b 0.01

0.01
0.04

0.10
0.17
0.03

− 0.02

− 4.27

0.01
0.05

0.25
0.02

0.02
0.01
0.02
− 0.04
0.09
b 0.01
− 4.92
0.03
0.00

a
Note that signiﬁcance of the best-ﬁt linear regression p-values (shown) were conﬁrmed
with nonparametric tests and multivariate regressions; see text for more information.

use and log (nutrient export) versus log (population density)] for the
1970s and the 1990s was determined using best-ﬁt linear regressions.
All statistical tests were conducted using SPSS 16.0.

3. Results
3.1. Station and watershed averages
Average NOx concentrations over the study period were highest in the
Upper Ocmulgee River, followed by the lower Ocmulgee River (pb 0.01;
ANOVA with Tukey's post-hoc comparison; Table 2). Nitrate+nitrite
concentrations were lowest in the Ohoopee River (pb 0.01; Table 2).
Average NH+
4 concentrations were highest in the Upper Ocmulgee and
Ohoopee Rivers (pb 0.01), and lowest in the Lower Ocmulgee and
Altamaha Rivers (pb 0.01; Table 2). Total N and P concentrations were
signiﬁcantly higher in the Upper Ocmulgee River (pb 0.01). Organic C
concentrations were highest in the Ohoopee River, followed by the
Altamaha River, and lowest in the Upper Oconee River (pb 0.01; Table 2).
Annual NOx export (per km2) was greatest from the Upper
Ocmulgee (p b 0.01 except for the comparison with the Lower
Ocmulgee site for which the difference was not statistically signiﬁcant; ANOVA with Tukey's post-hoc comparison) and lowest from the
Ohoopee River (p b 0.01; Table 2). Annual NH+
4 , TN and P exports were
not signiﬁcantly different between sub-watersheds (p N 0.05). Annual
OC export was greatest from the Ohoopee River, followed by the
Altamaha River (p b 0.01; Table 2).
Analysis of change in NOx, NH+
4 , TN, P and OC concentration over
time indicated signiﬁcant (p b 0.01; linear regressions and nonparametric Kendall's tau-b tests) increases in NOx concentration at all sites
except the Upper Oconee, with the largest increase (0.84 μM yr− 1) at the
Upper Ocmulgee site (Table 3). Ammonium concentrations decreased
signiﬁcantly (p b 0.01) over time at all stations except the Altamaha River
site, with the largest decrease measured in the Ohoopee River
(−0.58 μM yr− 1; Table 3). Total N concentrations increased signiﬁcantly
over time in the Altamaha River (p b 0.01; 0.53 μM yr− 1; Table 3).
Signiﬁcant decreases in P concentrations were observed at both
Ocmulgee River sites, the Upper Oconee and the Ohoopee sites, while
an increase was measured at the Lower Oconee site. Organic C
concentrations decreased signiﬁcantly over time in the Upper Ocmulgee, Lower Ocmulgee and Altamaha Rivers (p b 0.05; Table 3).
Multivariate regressions and ANOVAs evaluating the inﬂuence of
seasonality and other factors on nutrient concentrations indicated

Table 4
Sub-watershed speciﬁc and total watershed area, discharge (Q), annual load (106 mol yr− 1) and export (kmol km− 2 yr− 1) of nitrate + nitrite (NOx), ammonium (NH+
4 ), total phosphorus
(P) and organic carbon (OC), and the contribution (percent) of each sub-watershed to the total watershed area, water (discharge) and load.

Area
Q

km2
m3 s−1

Load

NOx
NH+
4
TN
P
OC

106 mol yr− 1

NOx
NH+
4
TN
P
OC

kmol km− 2 yr− 1

Export

Percent Area
%
Water
NOx
NH+
4
TN
P
OC

Upper
Ocmulgee

Lower
Ocmulgee

Upper
Oconee

Lower
Oconee

Upper
watershed

Ohoopee Altamaha Lower
watershed

Total
watershed

6,967
47.5

6,449
103.2

7,640
72.7

3,859
46.3

24915.2
269.7

2,875
32.4

10308.0
122.9

35223.2
392.6

77.4
14.0
131.2
6.9
581

34.4
− 0.2
190.5
5.5
1885

43.6
12.5

179.9
29.4
482.1
23.4
3961

3.6
4.8

13.6
5.7
113.6b
4.4
3911

17.2
10.5
113.6
6.6
5252

197.1
40.0
595.7
30.0
9213

11.1
2.0
18.8
1.0
83

5.3
0.0
29.5
0.8
292

1.8
0.8
11.0b
0.6
526

1.7
1.0
11.0
0.6
510

5.6
1.1
16.9
0.9
262

19.8
12.1
39.3
35.1
22.0
22.9
6.3

18.3
26.3
17.4
− 0.6
32.0
18.2
20.5

21.1
23.1
6.9
14.3
19.1b
14.5
42.4

29.3
31.3
8.7
26.4
19.1
22.0
57.0

5.7
804
5.7
1.6
0.7
105
21.7
18.5
22.1
31.3
18.8
8.7

24.5
3.1
160.4 a
5.4
691
6.3
0.8
13.9a
1.4
179

7.2
1.2
19.3
0.9
159

11.0
11.8
12.4
7.8
26.9a
18.1
7.5

70.7
68.7
91.3
73.6
80.9
78.0
43.0

2.2
1341
1.2
1.7
0.8
467
8.2
8.3
1.8
12.1
7.5
14.6

7,433
90.5

‘Upper Watershed’ includes the Ocmulgee and Oconee watersheds, and ‘Lower Watershed’ includes the Altamaha and Ohoopee watersheds.
a
Export from combined upper and lower Oconee sub-watersheds, with a watershed area of 11,499 km2 (32.6% of total) and average discharge of 119.0 m3 s− 1 (30.3%).
b
Export from combined Ohoopee and Altamaha sub-watersheds, with a watershed area of 10,308 km2 (29.3% of total) and average discharge of 122.9 m3 s− 1 (31.3%).
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that the day of year, water temperate, and river discharge at the time
of sampling were in some cases signiﬁcantly (p b 0.05) correlated with
concentrations of NOx, NH+
4 , TN, P and OC (data not shown). However,
these variables did not inﬂuence either the signiﬁcance or the
magnitude of long-term trends calculated using simple linear
regressions. For simplicity and clarity, only the best-ﬁt linear
regressions for long-term trends are considered (Table 3).
Annual export of NOx increased signiﬁcantly at both the Upper
Ocmulgee and Lower Ocmulgee sites, with the greatest change
(0.21 kmol km− 2 yr− 1 per year) at the Upper Ocmulgee site
(p b 0.03; linear regressions and nonparametric Kendall's tau-b tests;
Table 3). Signiﬁcant decreases in NH+
4 and P export from the Upper
Ocmulgee site and OC export from the Upper Oconee site over time
were observed (p b 0.02; Table 3).
Total average annual loading from the Altamaha River to the coastal
zone from 1974 through 2007 (in units of 106 mol yr− 1 ±SE) was
197.1 (±12.1) for NOx, 40.0 (±4.4) for NH+
4 , 595.7 (±84.1) for TN, 30.0
(±2.5) for P, and 9213 (±933) for OC (Table 4). The contribution of each
sub-watershed to the total export was estimated and compared with the
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relative watershed area and water export (Table 4). The Upper Ocmulgee
sub-watershed had the highest NOx export and contributed to nearly 40%
of the total watershed NOx export, while accounting for only 12% of the
total water export. The upper Altamaha River watershed (the combined
Ocmulgee and Oconee sub-watersheds) accounted for about 70% of the
total watershed area and water delivery, but contributed over 90% of the
total NOx, 81% of the TN and 78% of the P delivered to coastal waters.
However, the upper Altamaha watershed accounted for only 43% of the
OC (Table 4). This is in contrast to the lower Altamaha River watershed
(the combined Ohoopee and Altamaha sub-watersheds) which
accounted for about 30% of the overall area and water delivery but
contributed only 8.7% of the total NOx and over 57% of the OC to the
overall watershed export (Table 4).
3.2. Land use
Population density was greatest near metropolitan Atlanta and the
cities of Macon and Athens, GA in both 1970 and 2000 (Fig. 2). All
counties in the Altamaha River watershed experienced population

Fig. 2. 1970 and 2000 population density and population growth from 1970 to 2000 by county in the Altamaha River sub-watersheds (U.S. Census Bureau, 2003).
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Table 5
Total population, population density and population change between 1970 and 2000 (U.S. Census Bureau, 2003) and agricultural land use and agricultural land use change between
1969 and 2002 (U.S. Department of Agriculture 1971, 2004) in sub-watersheds of the Altamaha River and the overall Altamaha River watershed.
Watershed/Sub-watershed

Area (km2)

Ocmulgee
Upper Ocmulgee
Lower Ocmulgee
Oconee
Upper Oconee
Lower Oconee
Ohoopee
Altamaha
Overall watershed

13,587
6147
7439
11,276
7323
3953
2970
7533
35,365

Population

Population
density (km− 2)

Population change
(%)

Agricultural land
use (%)

Agricultural land use change
(%)

1970

2000

1970

2000

1970–2000

1969

2002

1969–2002

861,509
604,115
257,394
256,353
197,120
59,233
36,121
89,627
1,243,610

1,808,149
1,463,319
344,830
504,007
427,025
76,982
45,269
120,113
2,477,537

63.4
98.3
34.6
22.7
26.9
15.0
12.2
11.9
35.2

133.1
238.0
46.4
44.7
58.3
19.5
15.2
15.9
70.1

109.9
142.2
34.0
96.6
116.6
30.0
25.3
34.0
99.2

40.54
33.39
46.45
40.34
43.20
35.03
52.43
51.85
43.88

26.80
19.65
32.72
25.53
28.08
20.81
36.68
34.82
28.94

− 33.9
− 41.2
− 29.6
− 36.7
− 35.0
− 40.6
− 30.0
− 32.8
− 34.1

growth between 1970 and 2000, with growth ranging from less than
10% to over 500% (Fig. 2). The largest population increases were
observed in counties in the Upper Ocmulgee and Oconee watersheds

between Atlanta and Athens (Fig. 2), with the Upper Ocmulgee
watershed experiencing the greatest growth (142%; Table 5). Population increases of between 25% and 35% from 1970 to 2000 were found

Fig. 3. 1969 and 2002 agricultural land use (percent farm acreage by county) and percent change in agricultural land use from 1969 to 2002 in the Altamaha River watershed (United
States Department of Agriculture 1971, 2004).
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in the Lower Ocmulgee, Lower Oconee, Ohoopee and Altamaha
watersheds (Fig. 2; Table 5). From 1970 to 2000, population doubled
in only one of 31 counties in these four sub-watersheds (Fig. 2).
Population densities in the Lower Oconee, Ohoopee and Altamaha
sub-watersheds remained below 20 km− 2 in 2000, while density in
the Upper Ocmulgee reached 238 km− 2 (Table 5). Total population
density for the entire Altamaha River watershed doubled from
35.2 km− 2 in 1970 to 70.1 km− 2 in 2000 (Fig. 2; Table 5).
Agricultural land use by county ranged from less than 10% to over
70% in the Altamaha River watershed (Fig. 3). Every county with one
exception lost farm acreage from 1969 to 2002 resulting in an overall
decrease from 43.9% to 28.9% agriculture land use in the Altamaha
River watershed (Fig. 3; Table 5). Changes in agricultural land use by
county from 1969 to 2002 ranged from a slight increase in one county
to losses of more than 80% in two counties, with most counties losing
between 20% and 60% of their agricultural land in the four decade
period (Fig. 3). Sub-watershed speciﬁc losses of agricultural land use
had a much smaller range (30.0% to 41.2% loss), with the Upper
Ocmulgee and Lower Oconee watersheds losing the largest portion of
agricultural land (Table 5). The Lower Ocmulgee, Ohoopee and
Altamaha sub-watersheds had the highest agricultural land use in
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both 1969 and 2002 (Table 5). Population densities and agricultural
land use were closely related. A regression of population densities in
1970 and 2000 versus agricultural land use in 1969 and 2002,
respectively, yielded a signiﬁcant relationship [Table 5; (% Ag) =
−19.57 log(Pop) + 67.8, R2 = 0.62, p b 0.01].
3.3. Land use and river export
There was a signiﬁcant relationship between watershed population density and annual NOx, TN and OC export (Fig. 4). A log–log
regression of average decadal sub-watershed NOx export in the 1970s
and the 1990s compared with sub-watershed population densities in
1970 and 2000, respectively (Fig. 4, top), yielded a signiﬁcant
relationship [log(NOx Export) = 0.70 log(Pop) − 0.42; R2 = 0.71;
p b 0.01; note that each of these decadal comparisons is also signiﬁcant
independently; p b 0.05]. Increasing population densities between
1970 and 2000 corresponded to increased NOx export from the subwatersheds of the Altamaha River over this time period (Fig. 4). A log–
log regression of average decadal sub-watershed TN export in the
1970s and the 1990s compared with sub-watershed population
densities in 1970 and 2000, respectively (Fig. 4, middle), yielded

Fig. 4. Average (± SE) decadal nitrate + nitrite (NOx; top), total nitrogen (TN; middle) and organic carbon (OC; bottom) export from sub-watersheds of the Altamaha River against
the sub-watershed human population density for 1970–1979 (using year 1970 population density) and 1990–1999 (using year 2000 population density). The best-ﬁt linear
regressions for these data and from the study by Peierls et al. (1991) for NOx and Howarth et al. (1996) for TN are given (note that the relationship for TN in this study is marginally
signiﬁcant due to limited number of data points; p = 0.07). Best-ﬁt linear regressions for signiﬁcant relationships are shown.

3354

N.B. Weston et al. / Science of the Total Environment 407 (2009) 3347–3356

a marginally signiﬁcant relationship [log(TN Export) = 0.34 log
(Pop) + 0.61; R2 = 0.45; p = 0.07; note that the Upper Oconee and
Ohoopee sub-watersheds are not included in this regression as TN
was not measured at these stations]. In all of the sub-watersheds
included in this regression, including the overall Altamaha River
watershed, increasing population densities between 1970 and 2000
corresponded to higher TN export (Fig. 4). A similar comparison of
decadal (1970s and 1990s) sub-watershed OC export and population
density (Fig. 4, bottom) resulted in a signiﬁcant negative relationship, with lower OC export in the 1990s than the 1970s [log(OC
Export) = − 0.40 log(Pop) + 2.92; R2 = 0.41; p = 0.03; note that the
individual decadal comparisons are not statistically signiﬁcant;
p N 0.05]. There were no signiﬁcant relationships between subwatershed NH+
4 or P export and population density (p N 0.05).
When comparing the relationships between average decadal
export (1970s and 1990s) with sub-watershed agricultural land use
(in 1969 and 2002, respectively), we found a signiﬁcant negative
relationship between NOx export and agricultural land use [NOx
Export = − 0.26 (%Ag) + 16.1; R2 = 0.48; p b 0.01; note that decadal
comparisons were signiﬁcant individually; p b 0.01]. Agricultural
land use was positively correlated with OC export [OC Export = 7.25
(%Ag) − 54.0; R2 = 0.40; p = 0.03; note that individual decadal
comparisons were also signiﬁcant; p b 0.05]. Phosphorus export
was negatively correlated with agricultural land use in the 1970s
[P Export1970s = − 0.04 (%Ag) + 2.68; R2 = 0.89; p b 0.01], but was
not signiﬁcantly correlated with land use in the 1990s or when considering both decades together (p N 0.05). There were no signiﬁcant
relationships between NH+
4 or TN export and agricultural land use
(p N 0.05).
4. Discussion
Population growth and land use change in the Altamaha River
watershed have altered concentrations and export of materials from
the watershed, and thus delivery of these materials to the coastal
zone. In this regard, the Altamaha River is similar to most other
world rivers. Development, increasing population, and changes in
land use have altered the delivery of nutrients and organic matter to
rivers and estuaries globally (Pinckney et al., 2001). However, the
spatial patterns of these changes in the Altamaha River are different
from most other watersheds. On average globally, about 60% of the
world's population lives within 100 km of the ocean (Vitousek et al.,
1997). In the Chesapeake Bay watershed, for instance, much of the
nutrient input occurs in the lower portions of the watershed
(Sprague et al., 2000). Population densities in the lower and coastal
portions of the Altamaha River (the Altamaha, Ohoopee and Lower
Oconee sub-watersheds) are low and have remained relatively stable
(Table 5), with generally less than 50% growth between 1970 and
2000 (Fig. 2). The upper portion of the Altamaha River watershed
near metropolitan Atlanta, in contrast, has relatively high population
densities, and these regions experienced more than a doubling in
population from 1970 to 2000 (Table 5). Therefore, much of the
impact of population growth has been concentrated in the upper
portions of the Altamaha River watershed, in contrast to most
watersheds world-wide. Despite high population densities in the
upper watershed (Fig. 4; Table 5) and increases in N concentration
and export over time (Fig. 4; Table 3), nutrient export from the
Altamaha River to the coastal zone remains relatively low compared
with many other rivers.
Trends in river nutrient concentrations and nutrient export from
the sub-watersheds of the Altamaha River watershed were closely
associated with population densities in the watershed. Over three
decades of water quality monitoring by the United States Geological
Survey show that average concentrations of NOx, TN and P were
highest in the Upper Ocmulgee River (Table 2), where the highest
population densities were found (Fig. 2; Table 5). NOx concentrations

increased at greater rates in the Ocmulgee River than in other rivers in
the watershed (Table 2), and signiﬁcant increases in NOx export from
the Ocmulgee River watershed were observed over the study period
(Table 3). Nitrate + nitrite and TN export were signiﬁcantly correlated
with population density in the sub-watersheds, and export generally
increased from the 1970s to the 1990s concomitant with population
increases (Fig. 4).
The relationship between population density and nitrogen export
from watersheds is well documented (Peierls et al., 1991, Howarth
et al., 1996). Indeed, the relationship between NOx export and
population density in sub-watersheds of the Altamaha River was
quite similar to that found by Peierls et al. (1991) in the world's major
rivers (Fig. 4, top). The relationship between TN export and population
density in the Altamaha (Fig. 4, middle) was similarly in good
agreement with the observations by Howarth et al. (1996) in regions
of the North Atlantic (Fig. 4, middle). Sewage inputs associated with
human populations (Cole et al., 1993), atmospheric deposition (Fisher
and Oppenheimer, 1991) and fertilizer use (Turner and Rabalais, 1991)
in watersheds all increase nitrogen inputs to rivers. Schaefer and Alber
(2007a) estimated that nitrogen inputs to the Altamaha watershed
sources peaked in about 1982 at a rate of 257 kmol km− 2 yr− 1. In their
analysis, fertilizer application associated with agricultural land use
tended to be the largest source of N, although net import of food and
feed became the largest N source in 2002 due to declines in agriculture
and increased human population (Schaefer and Alber, 2007a). Atmospheric deposition of N was a relatively minor (about 15% of total N
sources), and did not vary notably over time or between subwatersheds. Schaefer and Alber (2007a) found no relationship
between N inputs to sub-watersheds of the Altamaha River and the
average N exported from them. Further, the decline in N supply to the
watershed from the 1970s to present (Schaefer and Alber, 2007a) is
not reﬂected in the river NOx and TN concentrations or export that we
report here (Tables 2 and 3). We found that NOx and TN export were
positively correlated with population density (Fig. 4), and either not
signiﬁcantly related (TN) or negatively correlated (NO x) with
agricultural land use in the watershed. Ammonium concentrations
declined over time at many sites, as did export from the Upper
Ocmulgee (Table 3). Our data therefore suggest that NOx and TN
export from watersheds in the Altamaha River system are more
closely related to N inputs associated with human populations than
with agricultural N use, but that NH+
4 export may be more inﬂuenced
by agriculture.
Supply of P from watersheds to the rivers in the Altamaha River
Watershed also appears to be more closely associated with population densities than with agriculture. Phosphorus concentrations were
highest in the Upper Ocmulgee (Table 2) where population densities
were highest and agricultural land use lowest (Table 5). Agricultural
land use and P export from rivers were negatively correlated in the
1970s, further suggesting that agricultural use of P did not drive
patterns of P export in this watershed. In addition, average P
concentrations were signiﬁcantly correlated with average NO x
concentrations at all stations [data from Table 2, P = 0.06 (NOx) +
1.68, R2 = 0.77, p = 0.02]. This suggests a similar mechanism of NOx
and P delivery to the rivers in this system, and that P export was
largely controlled by human population densities. Similarly, in the
Mississippi River basin, Lurry and Dunn (1997) found a relationship
between P export and population density of 1.72 kmol km− 2 yr− 1 per
100 persons, and no signiﬁcant relationship with the area of
watershed in cropland. However, unlike TN and NOx, P concentrations declined over time at most stations in the Altamaha River
watershed, and P export declined over time from the Upper
Ocmulgee River watershed (Table 3). Phosphorus abatement initiatives may have decreased P input from urbanized and suburbanized
landscapes to the rivers in this watershed. Phosphorus inputs to
rivers declined nationally in the 1970s in response to the 1972 Clean
Water Act as P use in detergents was banned and wastewater
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treatment plants were upgraded to reduce P discharge (Litke, 1999).
Declines in P export have been documented in almost half of the
rivers in the United States since 1975 (Alexander and Smith, 2006).
Phosphorus export from the Altamaha River watershed decreased
from 2.86 to 1.45 kmol km− 2 yr− 1 per 100 persons from the 1970s to
the 1990s (Tables 2 and 4).
Watershed and in-stream processes are important in reducing the
amount of nutrients, particularly N, that reach coastal waters
(Alexander et al., 2000; Van Breemen et al., 2002; Seitzinger et al.,
2002). Boyer et al. (2002) estimated that about 25% of N inputs to
watersheds along the northeast coast of the United States were
exported to the coastal zone, with 75% of N inputs removed by
watershed and in-stream processes. Schaefer and Alber (2007b),
however, found that watersheds along the southeast coast of the U.S.,
including the Altamaha River, export about 9% of N inputs. They
attribute this difference to higher temperatures and increased
denitriﬁcation in the watersheds of southeast rivers (Schaefer and
Alber, 2007b). Another notable difference between northeast and
southeast U.S. watersheds, however, is the pattern of population
density distribution. Development is often concentrated in coastal
regions in northeast watersheds, while in southeast watersheds
(North Carolina, South Carolina and Georgia) population centers tend
to be farther from the coast. In an analysis of N export in the
Mississippi River watershed, Alexander et al. (2000) concluded that
the proximity of N sources to large rivers inﬂuences the fraction of
watershed-derived N that arrives at the coast, as the rate of N removal
decreased with increasing river size. Seitzinger et al. (2002) describe
the importance of the cumulative removal of N along river ﬂow paths,
and the impact of location of N inputs on N export. In the Altamaha
River, the greatest watershed N inputs appear to occur in the upper
watershed (Table 2) near metropolitan Atlanta (Fig. 2).
The upper watershed (combined Ocmulgee and Oconee subwatersheds) delivered 180 · 106 mol yr− 1 of NOx to the lower
watershed, and 197 · 106 mol yr− 1 of NOx was delivered from the
entire watershed to coastal waters (Table 4). More than 90% of the NOx
delivered to coastal waters was apparently derived in the upper
watershed, suggesting in-stream processing and little additional NOx
input in the lower watershed. There was evidence of net removal of
+
NH+
4 in the Lower Ocmulgee sub-watershed (Table 4), but NH4 was a
relatively minor portion of total N export (Table 2). The upper
watershed was apparently the source of about 80% of the TN and P
exported to coastal waters, while contributing less than 70% of the
water (Table 4). The upper watershed therefore exported N and P to
the lower watershed, and contributions of N and P from the lower
watershed were relatively modest, especially for NOx (Table 4). The
delivery of N to rivers in the upper watershed allows for relatively long
transit time of N through the soils and streams of the Altamaha River
watershed. The combination of watershed and in-stream processing,
together with relatively little new N and P input in the lower portions
of the Altamaha watershed, likely drives the observed patterns and
keeps overall export of nutrients from the Altamaha River low. The
inﬂuence of watershed population distribution on nutrient export
warrants further consideration, as it may contribute to the observed
differences between northeast and southeast U.S. watershed nutrient
export.
Average nutrient concentrations in the Altamaha River (station
02226010) were comparable to other Southeast United States rivers
surveyed by Dame et al. (2000), and the total average inorganic nitrogen
load from the Altamaha River to the coastal zone was similar to other
large southeast drainage basins, such as the Cape Fear, Pee Dee Rivers,
Savannah Rivers (Dame et al., 2000; Schaefer and Alber, 2007b).
However, exports of N and P on a per area basis from the Altamaha River
to the coastal ocean were lower than estimates for many other East Coast
United States watersheds. Howarth et al. (1996) estimated TN and P
export of 48.3 and 1 kmol km− 2 yr− 1, respectively, to Southeastern U.S.
coastal waters. Average export from the Altamaha River over thirty years
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was 35% (for TN) and 85% (for P) of these estimates. Turner and Rabalais
(2004) estimated export of 1.4, 21.4, and 34.5 kmol km− 2 yr− 1 for P, NOx
and TN respectively, from the Mississippi River watershed. Export of P,
NOx and TN from the Altamaha River watershed (Table 2) was 60%, 26%
and 50% of the Mississippi River export values on a per area watershed
basis, respectively.
It is perhaps surprising that, with agricultural land use comprising
from b10 to N70% of the land use in the sub-watersheds of the
Altamaha River watershed (Fig. 3), agriculture does not play a more
signiﬁcant role in delivery of nutrients to the rivers in this watershed.
Schaefer and Alber (2007a) found that fertilizer was the dominant
input of both N and P to the Altamaha River watershed through the
mid 1990s. By 2002, net food and feed import surpassed fertilizer as
the dominant source of N to the watershed (Schaefer and Alber,
2007a). A general pattern of decreasing concentration and export of
NH+
4 and P over time (Table 3) together with decreasing agricultural
land use (Fig. 2; Table 5) may indicate some delivery of these
constituents from agricultural landscapes. However, all signiﬁcant
relationships between agricultural land use and NOx or P are negative,
suggesting that agriculture plays a relatively minor role in nutrient
delivery to rivers in this system.
Agricultural land use may play a more signiﬁcant role in OC
delivery to the rivers in the Altamaha River watershed. There was a
signiﬁcant positive relationship between agricultural land use and
OC export and a negative relationship between OC export and
population density (Fig. 4). Agricultural watersheds are often a major
source of sediments and thus of particulate OC to rivers (Howarth et
al., 1991). Dissolved OC is the product of degrading plant matter, and
forested landscapes and wetlands can therefore also export signiﬁcant amounts of OC to rivers (Dosskey and Bertsch, 1994; Wahl et
al., 1997). The distribution of forest cover in the Altamaha River
watershed was not evaluated in this study. The lower portion of the
Altamaha River (the Ohoopee and Altamaha sub-watersheds) has
extensive wetlands as well as the highest agricultural land use
(Table 5). The lower portion of the Altamaha watershed contributed
to over 57% of the total OC export to the coastal zone but only 31% of
the water, suggesting relatively high OC inputs to the river system in
the lower watershed (Table 4). It is likely that OC export in these
rivers are from multiple watershed sources, but the decline in OC
concentrations and export with time (Table 3) together with declines
in agricultural land use (Table 5) and the strong relationships
between OC export and agriculture suggest that agriculture is
responsible for a signiﬁcant portion of OC export from the Altamaha
River watershed.
Impoundments can play an important role in nutrient removal in
river systems through denitriﬁcation of N and burial of P in
impoundment sediments (Alexander et al., 2002; Evans and Johnes,
2004; Bosch, 2008). The Altamaha River has been altered hydrologically, but less so than many other large rivers globally. Both the
Ocmulgee and Oconee Rivers are dammed in the upper portions of
the watershed (Fig. 1). Therefore, any nutrient removal associated
with large impoundments will be reﬂected in the nutrient export
from these upper watersheds (Table 4). These impoundments likely
play a role in reducing nutrient export from the more developed
upper Ocmulgee and Oconee watersheds, though the relative
importance of these impoundments is difﬁcult to asses in the current
study.
Population densities are projected to increase in Georgia, with the
total state population expected to grow from 8.2 million in 2000 to
12 million in 2030 (U.S. Census Bureau, Population Division,
Projections Branch), a 46% increase. Increasing population density in
the past three decades has clearly resulted in higher nutrient export
from the Altamaha River watershed. While nutrient export remains
relatively low compared with many other rivers along the East Coast of
the United States, continuing population growth and development in
the watershed will likely further increase future delivery of N to
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coastal waters. The role of increased nutrient export due to human
activities in watersheds and the resultant decline in coastal water
quality has been well documented (Nixon, 1995; Vitousek et al., 1997;
Paerl et al., 1998; Verity, 2002a,b). In the Skidaway River estuary in
coastal Georgia, for instance, Verity (2002a) observed increased
nutrient concentrations from 1986 to 1996, which resulted in altered
food-web structure and increased phytoplankton production in the
estuary (Verity, 2002b). Population growth and development are very
likely to increase rapidly in the relatively undeveloped coastal regions
of the Altamaha River and other watersheds in the SE of the United
States. Currently, these regions contribute relatively little to the
overall N export from the watershed (Table 4). Increasing human
population densities in these regions will result in higher N delivery to
the lower Altamaha River watershed, and ultimately lead to higher N
export to coastal waters.
5. Conclusions
1. Export of NOx, TN and P was greatest from the upper Altamaha
River watershed, where high human population densities were also
found.
2. Ammonium and OC export in the Altamaha River watershed were
more closely associated with agricultural land use and, while
export of NH+
4 was spatially variable, OC export was greatest from
the lower watershed.
3. Population densities and growth were greatest in the upper
Altamaha River watershed near metropolitan Atlanta, and agricultural land use declined throughout the watershed.
4. Due to increasing population densities and decreasing agricultural
land use, the general pattern throughout the watershed was of
decreasing NH+
4 and OC concentrations and export, and increasing
NOx and TN concentrations and export.
5. Although P export is apparently more closely associated with
human population than with agricultural land use, P concentrations and export appeared to be decreasing, likely due to successful
P mitigation efforts and detergent bans instituted by the Clean
Water Act.
6. The spatial pattern of population distribution in the Altamaha River
watershed (and possibly other southeast United States watersheds)
has resulted in relatively low nutrient export to coastal waters. High
population densities and N loading in the upper watershed result in
export of N to the lower watershed, which has low population
densities and only moderate new N inputs. The majority of N loading
to rivers in the watershed therefore takes place far from the coast,
allowing for removal of N during transit through the river system.
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