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Abstract. Watershed-level agroecosystem studies are essential to relate land management to the
external environmental effects produced by agricultural nutrients and to enhance our understanding
of agricultural nutrient cycles. Inputs and outputs of N, P, K, Ca, Mg, and Cl were determined for
four subwatersheds of the Little River in the Georgia Coastal Plain from 1979 through 1981. The
four watersheds had 40, 36, 54, and 50%, respectively, of their land in agricultural uses (row crop and
pasture). Precipitation inputs and streamflow outputs were determined by field sampling of water
volumes and nutrient concentrations. Agronomic inputs (from fertilizer and symbiotic N-fixation)
and outputs in harvested material were estimated from land use data; countywide averages of fertilizer
applications and crop yield; and plot studies on peanuts and soybeans. All elements except Cl had
greater inputs than outputs on each watershed each year. The general order of streamflow loads was
Cl> Ca> K > Mg > N > P, Fertilizer inputs exceeded precipitation inputs for all elements on all
watersheds. Outputs of N, P, and K in harvest generally exceeded streamflow loads, but harvest outputs
of Ca, Mg, and Cl were generally lower than streamflow loads. The two watersheds with more agri-
cultural land had consistently higher loads of N, K, Ca, Mg, and Cl in streamflow and had NO,-N
loads 1.5 to 4.4 times higher than loads from the less agricultural watersheds. Streamflow loads on
the Little River watersheds were similar to those on other Coastal Plain agricultural watersheds with
comparable land use and discharge volumes. Budgets for the upland portion of one of the watersheds
indicated that large amounts of N, P, K, Ca, and Mg were not accounted for. About 56 kg-ha~! cyr~!
of N were retained or lost to gaseous emissions from the uplands. Apparently, a large percentage of
the nutrients applied to these watersheds was being retained somewhere in the watershed or being lost

in some unquantified way.

Key words: agroecosystems; calcium; chloride; Georgia Coastal Plain; magnesium; nitrate; nitro-
gen; nutrient cycling; phosphorus; potassium,; watershed budgets; watersheds.

INTRODUCTION

The study of nutrient budgets for watersheds has led
to a better understanding of nutrient cycling within
ecosystems. Bormann and Likens (1967) listed five ad-
vantages of studying properly selected watershed eco-
systems:

1) Watersheds represent natural, easily definable eco-
systems.

2) Properly selected and gaged watersheds permit
evaluation of deep seepage and erosional nutrient loss-
es.

3) The watershed approach makes the calculation of
mineral budgets for an entire ecosystem possible.

4) This approach allows one to evaluate land-water
interactions in the context of various land management
policies.

5) Internal nutrient cycling processes and the role of
individual ecosystems in larger biosphere processes can
be examined.

When the watersheds under study are agricultural
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ecosystems occupied by a mosaic of agricultural and
nonagricultural land uses, these advantages still exist
but are complicated by the complexity and variability
of intensive agricultural management systems. Diffi-
culties of a watershed approach to agroecosystems in-
clude:

1) Watersheds can be defined by topographic bound-
aries, but many field-sized agroecosystems may exist
within the topographic watershed.

2) Deep seepage may be minimal on certain wa-
tersheds but these watersheds may not adequately rep-
resent areas where deep seepage occurs. In addition,
irrigation and artificial drainage can alter hydrologic
conditions of agricultural watersheds.

3) Nutrient budgets are more difficult to calculate
because of the inputs and outputs of nutrients, energy,
and materials associated with agriculture. External fac-
tors (e.g., prices and other market variables) affect both
inputs and outputs.

4) Individual crop fields exhibit seasonal, annual,
and long-term nutrient dynamics in response to man-
agement. The complexity of an entire watershed may
obscure management effects on land-water interac-
tions.
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5) Distinct import and export pulses affect both the
nature and rate of internal nutrient cycling processes
on agricultural watersheds.

Despite these drawbacks, watershed-level agroeco-
system studies are essential to relate land management
to the external environmental effects produced by ag-
ricultural nutrients and to enhance our understanding
of agricultural nutrient cycles. These studies can lead
to more efficient nutrient use by farmers who face rising
fertilizer costs, and to ecosystem management practices
that maximize nutrient use in the entire topographic
watershed.

Nutrients enter agricultural watersheds from a num-
ber of sources: precipitation, fertilizers, fixation from
the atmosphere, irrigation, and weathering of soil par-
ent material. Conversely, nutrients leave the watershed
through streamflow, subsurface flow, deep seepage, the
loss of volatile gases, and the harvest of plant and
animal products. Nutrient budgets provide an assess-
ment of the net watershed response to agricultural nu-
trient additions and removals. In this study we devel-
oped and compared watershed-level budgets of N, P,
Cl, Ca, Mg, and K on four mixed-cover watersheds in
the Georgia Coastal Plain. The budgets were developed
by estimating inputs and outputs for each field-sized
agroecosystem on the watershed based on average an-
nual agronomic nutrient fluxes. Watersheds with dif-
ferent degrees of agricultural development were se-
lected to determine the basin-level effects of agriculture
on land-water interactions. The effect of annual differ-
ences in precipitation was demonstrated by annual dif-
ferences in nutrient budgets. Budgets for 1979-1981
were developed for Watersheds N and O, and for 1980
1981 for Watersheds J and K. In addition, budgets
were determined for the agricultural upland portion of
Watershed N. The implications of these watershed
budgets for water quality and nutrient cycling are dis-
cussed. Our purpose in discussing the effects of land
use, management, and annual variability is not so much
to understand control of the budget but to understand
control of the watershed ecosystem response.

STUDY AREA

The Little River Watershed (LRW) is located on the
Tifton Upland of the Atlantic-Gulf Coastal Plain in
Georgia (Fig. 1). Watersheds J, K, N, and O were used
in this study. Most of the better drained upland soils
(Plinthic Paleudults) support either intensive row crops,
pastures, pine plantations (Pinus elliottii), or native
pine forests (P. palustris). Crops include corn, soy-
beans, peanuts, sorghum, tobacco, and vegetables. The
poorly drained bottomland soils (Plinthic Paleaquults)
support either mixed hardwood forest, naturally seeded
pines (P. elliottii), or, in some cases, pastures. The bot-
tomland hardwood forest is dominated by Nyssa syl-
vatica, Liriodendron tulipifera, Acer rubrum, Magnolia
virginiana, and Quercus nigra in the canopy, with My-
rica cerifera, llex glabra, Ligustrum sinense, Clethra

R. RICHARD LOWRANCE ET AL.

Ecology, Vol. 66, No. 1

alnifolia, Cliftonia monophylia, Lyonia lucida, and
other shrubs in the understory (Fail 1983). The soils
are underlain by plinthic zones of lower permeability
at 0.9-1.5 m; thus, much of the water movement is in
a shallow unconfined phreatic aquifer. The water in
this shallow aquifer moves into alluvial material in the
bottomlands and is available for either recharge to the
stream channel system, evapotranspiration, or move-
ment off the watershed as subsurface flow. Previous
studies (Lowrance et al. 19844a) showed that movement
off the watershed in this shallow alluvial aquiferis < 1%
of streamflow. Other studies (Carlan et al. 1985) have
indicated that nutrient movement off the watershed in
deep seepage is negligible.

MATERIALS AND METHODS

Streamflow was measured at a broad-crested v-notch
weir on each watershed. Discharge was computed with
rating equations that related stage (recorded at 5-min
intervals) to flow volumes. Precipitation was measured
with a network of 55 digital weighing and recording
rain gages (Batten 1980). Nutrient loads in streamflow
and precipitation were estimated by integrating water
volumes with nutrient concentrations. Streamflow water
quality samples were collected by a PS-69 automatic
pumping sampler every 12 h from 1 January 1979 to
31 December 1981 from the stilling pond behind the
weir on each watershed. Precipitation water quality
samples were taken after each rainfall event at three
locations on LRW. Concentrations of NO; + NO,-N,
NH,-N, Cl, and dissolved molybdate-reactive phos-
phorus (DMRP) were analyzed by standard spectro-
photometric techniques (APHA 1976). Total Kjeldahl
N and total P were determined on a digestate (Techni-
con 1977); Ca, Mg, and K content were determined by
atomic absorption spectrophotometry (Perkin Elmer
1980).

Land cover data were collected on Watersheds N
and O by ground survey in summer beginning in 1979.
Ground surveys of Watersheds J and K began in 1980.
Area of each crop or other type of land use was deter-
mined by planimetry. Average fertilizer application
rates and crop yields were estimated by the Tift and
Turner County extension agents and were verified
through interviews with farmers and fertilizer sup-
pliers. Nutrient concentration of the harvested material
was estimated from published sources (Brown and Ware
1958, NAS 1971, Tso 1972). Rates of symbiotic
N-fixation in peanuts and soybeans were estimated from
data of Hoyt (1981) for plots of these crops grown at
the Coastal Plain Experiment Station near Tifton,
Georgia.

Agronomic inputs and outputs for an average hectare
of each crop were estimated from the data on fertilizer
use, symbiotic N-fixation, yields, and nutrient concen-
trations in harvested material. Total agronomic inputs
and outputs for a watershed were estimated by applying
the average rates for each crop to the area of that crop
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FiG. 1. Map of the Little River watershed showing loca-
tions of the weirs that define the lower limits of watersheds
J, K, N, and O.

on the watershed and then summing these to obtain
the total agronomic inputs and outputs for the wa-
tershed. These totals were then divided by total wa-
tershed area to obtain inputs and outputs per hectare.
The nutrient budgets for the uplands of Watershed N
were calculated by dividing the summed agronomic
fluxes for each nutrient by the area of the uplands (1096
ha). Waterborne outputs from the upland in subsurface
flow were estimated in a related study using a series of
37 shallow groundwater wells on nine transects on Wa-
tershed N (Lowrance et al. 1983). Each transect led
from an upland field through the riparian zone to the
stream channel. Wells were sampled after rainfall events
or at least every two weeks between events in 1979,
and nutrient concentrations were determined as de-
scribed above for streamflow and precipitation.

In summary, nutrient budgets for entire watersheds
were estimated by:

(Precipitation + Fertilizer + Symbiotic N-fixation)
— (Harvest + Streamflow) = Balance.

For the upland area, streamflow was replaced by sub-
surface nutrient outputs.

RESULTS AND DISCUSSION

Hydrology and land use

Eleven-year (1971-1981) averages of hydrologic rec-
ords showed that less total runoff occurred from Wa-
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tersheds N and O than from J and K (Table 1), but an
analysis of variance (a = .05) showed that the per-
centage of precipitation appearing as discharge did not
differ significantly among the four watersheds. From
these data, we conclude that the watersheds have sim-
ilar hydrologic responses.

Land use on these four watersheds varied consid-
erably (Table 1). Forested areas, including both bot-
tomland hardwoods and upland pine forests, occupied
55 and 59% of Watersheds J and K, respectively. For-
ested areas on Watersheds N and O were almost totally
bottomland hardwoods. Pasture and row crops occu-
pied =50% of both Watersheds N and O. Apparently,
differences in land use did not affect the hydrologic
responses of these watersheds.

Nutrient budgets

Annual nutrient budgets for the four watersheds were
calculated (Table 2). The balance column shows nu-
trients that were either retained on the watershed or
lost through some unquantified pathway such as gas-
cous loss of N. Chloride, which is a ““conservative” ion
(Burton et al. 1977) and is not stored in large quantities
by plants or soil, showed the lowest retention per-
centage on each watershed, except during 1981, when
streamflow was lowest. Calcium and magnesium were
applied in large quantiites in dolomite and complete
fertilizers and had >80% of their input retained each
year, except on Watershed O. Unaccounted or retained
N ranged from 45 to 55% of input. Watershed O had
relatively high streamflow loads of Ca, K, Mg, and Cl,
probably due to the unquantified input of water and
nutrients from a deep groundwater well. Load differ-
ences for Ca, Mg, K, and Cl between Watersheds N
and O averaged 16.9, 3.7, 2.8, and 3.6 kg-ha~!-yr!
respectively, for 1979-1981. We estimated that the
groundwater well contributed =22.5, 2.8, 2.2 and 2.5
kg-ha~'-yr~!'of Ca, Mg, K, and Cl, respectively. There-
fore, nutrient contributions from the well were ap-
proximately equal to the streamflow load differences.

Fertilizer inputs exceeded precipitation inputs for all

TaBLE 1. Area, land use (percent of watershed), and [1-yr
average (1971-1981) of precipitation and runoff for Wa-
tersheds J, K, N, and O.

Watershed

J K N O
Total area (ha) 2212 1666 1568 1593
Row crop (%) 36 34 41 32
Pasture (%) 4 2 13 18
Forest (%) 55 59 30 32
Other lands (%)* 5 5 16 18
Precipitation (mm) 1277 1266 1251 1238
Runoff (mm) 402 397 364 352
Runoff/precipitation

(%) 31.5 31.4 29.1 28.4

* Includes roads, buildings, ponds, power lines, and exper-
imental plots.
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TaBLE 2. Annual nutrient budgets for Watersheds N, O,

flow + Harvest).
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J, and K. Balance = (Precipitation + Fertilizer) — (Stream-

Nitrogen (kg-ha '-yr™")

Phosphorus (kg-ha™'-yr™)

Potassium (kg-ha~'-yr-')

Inputs Qutputs Inputs Outputs Inputs Outputs
Precip- Fertil-  Stream- Har- Bal- Precip- Fertil-  Swream- Har-  Bal- Precip- Fertil-  Stream- Har- Bal-
itation  izer* flow vest ance itationt  izer flow  vest ance itation  izer flow vest ance
1979
Watershed N 12.2 74.4 3.0 35.1 48.5 0.4 12.9 1.1 4.6 7.6 3.9 319 6.6 9.9 19.3
Watershed O 11.5 58.0 3.6 31.2 34.7 0.3 8.8 1.7 37 3.7 3.6 23.6 9.4 6.1 11.7
1980
Watershed N 12.0 58.9 4.3 21.2 45.4 0.4 12.4 1.0 2.6 9.2 4.6 31.5 8.1 7.5 20.5
Watershed O 13.6 39.6 5.1 13.4 347 0.4 8.1 23 1.7 4.5 5.2 20.1 11.6 2.8 10.9
Watershed | 13.1 43.6 39 17.7 35.1 0.4 9.4 23 2.2 5.3 5.0 24.1 5.7 4.8 18.6
Watershed K 13.3 40.9 36 16.4 342 0.4 8.1 2.2 2.0 4.3 5.0 21.1 3.1 35 19.5
1981
Watershed N 11.0 80.2 0.4 32.4 58.4 0.3 15.6 0.7 39 11.3 3.8 38.5 2.1 11.5 28.7
Watershed O 10.6 50.0 0.5 19.7 40.4 0.3 8.5 0.2 2.5 6.1 3.8 20.6 4.1 4.7 15.6
Watershed J 11.2 58.1 0.1 21.0 48.2 0.3 9.5 0.1 29 6.8 4.0 21.4 0.6 4.2 20.6
Watershed K 10.6 48.3 0.1 27.8 31.0 0.3 6.8 0.1 29 4.1 3.7 20.6 0.8 5.6 17.9
Calcium (kg-ha '-yr™') Magnesium (kg-ha™'-yr ') Chloride (kg-ha='-yr™!)
Inputs Qutputs Inputs Outputs Inputs Outputs
Precip- Fertil-  Strecam-  Har- Bal- Precip- Fertil- Stream- Har-  Bal- Precip- Fertil-  Stream- Har- Bal-
itation  izer flow vest ance itation  izer flow  vest ance itation  izer flow vest ance
1979
Watershed N 52 94.6 9.0 . 88.4 1.4 48.2 4.2 2.2 43.2 10.5 239 27.3 0.8 6.3
Watershed O 4.9 72.8 27.9 1.2 48.6 1.3 34.6 8.1 1.7 26.1 10.3 17.7 30.8 0.3 -3.1
1980
Watershed N 9.5 90.2 10.7 2.3 86.7 1.9 43.6 50 1.3 373 8.5 23.6 28.7 1.7 1.7
Watershed O 11.0 65.0 27.1 0.5 48.4 2.2 313 9.0 0.8 237 9.7 15.1 353 0.2 -9.7
Watershed J 11.9 81.2 7.6 1.2 84.3 23 37.2 3.7 1.1 34.7 10.2 18.1 27.0 0.6 0.7
Watershed K 12.0 74.8 6.5 0.8 79.5 24 34.1 4.1 1.0 31.4 10.5 15.8 26.9 0.3 -0.9
1981
Watershed N 7.4 98.3 22 33 100.2 1.9 48.7 1.9 2.0 46.7 11.4 28.9 104 1.8 28.1
Watershed O 7.1 65.8 17.6 0.8 54.5 1.9 30.8 5.1 1.2 26.4 11.0 15.4 11.2 1.2 14.0
Watershed J 8.2 78.7 0.7 0.7 85.5 1.9 36.4 0.9 1.3 36.1 12,7 16.0 5.8 0.2 227
Watershed K 7.7 71.1 0.7 1.6 76.5 1.7 323 0.9 L5 31.6 11.9 15.4 58 0.6 20.9

* Includes symbiotic N-fixation.
+ Dissolved molybdate-reactive phosphorus only.

nutrients on all watersheds. Fertilizer inputs differed
from precipitation inputs in that they varied more over
the watershed and were concentrated in both space and
time. Therefore, watersheds responding primarily to
fertilizer inputs would be expected to differ from wa-
tersheds depending more on precipitation nutrient in-
puts. More of the major plant nutrients, N, P, and K,
left the watershed through harvest than through
streamflow. Conversely, Ca, Mg, and Cl levels are rel-
atively low in the harvested plant parts and there were
higher exports of these elements in streamflow (Table
2).

Analysis of the budgets may indicate the sources of
the largest absolute errors. Both absolute and relative
error in fertilizer and harvest measurements were greater
than in precipitation and streamflow. Larger amounts
of N than of the other elements were removed in har-
vest due to higher concentrations of N in harvested
material. Therefore, if large absolute errors in the N
budget exist, they may be due to fertilizer and/or har-
vest measurements. If large absolute errors in the P,

K, Ca, Mg, and Cl budgets exist, the source is likely to
be fertilizer values, since concentrations of these ele-
ments in harvested plant parts were very low and over-
all harvest outputs were small.

Analysis of inputs, outputs, and balances for all nu-
trients showed significant positive correlations (0.05
level) between fertilizer and harvest levels of N, Cl,
Ca, Mg, and K, and also between fertilizer and balance
levels of N, P, Ca, Mg, and K. These results imply that
harvest levels were positively related to fertilizer inputs
when both were estimated on a watershed basis and
that the balances (unaccounted nutrients) were related
to the quantity of nutrients applied. Only Cl, which is
biologically inactive and not retained at high levels in
soil (Tullock et al. 1975), did not exhibit an increase
in surplus with an increase in fertilizer applications.
Increased streamflow loads decreased the surplus of
Ca, Mg, and K, but had no significant effect on N, Cl,
and P. A positive relationshp between balance and
harvest levels for Ca, Mg, and K was found, since
fertilizer contributed to both harvested and surplus
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TasLe 3. Nutrient balance (input — output) on watersheds in other studies and Watersheds N and K in this study. All

nutrient units kg-ha-!'-yr-', Dash indicates not measured.

Henderson Burton Swank and Correll
et al. et al. Douglas et al. Watershed  Watershed

Nutrient species 1977* 1977* 1977* 1977* Nt Kt
Cover (% forest/% agriculture) 100/0 50/50 100/0 47/38 30/54 59/36
Cl - 5.80 -0.73 - 15.0 10.0
NO,-N 3.70 2.10 2.87 - 2.4t 3.1F
NH,-N 1.70 1.54 1.97 - 2.9% 3.2%
Organic N 5.20 — — 3.6% 4.2%
Total N 6.90 - 17.5 57.7 323
DMRP§ - -0.06 0.07 - 0.2% 0.3%
Total P 0.52 0.03 - 4.9 13.5 7.9
Ca -133.20 —-2.96 47.8 93.4 78.0
Mg —-75.00 -2.71 6.9 43.8 31.6
K -3.70 -3.45 —-4.4 24.6 18.8

* Includes only precipitation inputs and streamflow outpults.

1 Includes fertilizer and precipitation inputs and streamflow and harvest outputs for 1980 and 1981 unless otherwise noted.

1 Includes only precipitation and streamflow for 1979-1981.

§ Dissolved molybdate-reactive phosphorus.

nutrients. Precipitation input had a significant positive
effect on streamflow loads of N and P, but had no effect
on Ca, Mg, and K and a negative effect on Cl in stream-
flow. Fertilizer and streamflow loads were not signifi-
cantly positively related for any element, which indi-
cates that other processes controlled nutrient output in
streamflow.

Even though these correlations are not totally expli-
cable in terms of what we know about nutrient behav-
ior, the high correlations between fertilizer and harvest
values strengthen the case for using these estimates.
Fertilizer and harvest data were countywide averages
based on standard fertilizer formulations for each crop
and average nutrient concentrations of plant parts. Un-
less both fertilizer and harvest data were biased in the
same direction, they should not correlate so well. The
correlations between nutrient levels in fertilizer and
harvest and between those in fertilizer and balance
were probably due to the amount of land in agriculture,
since there was little variability in fertilizer manage-
ment practices from watershed to watershed. The field,
farm, or landscape response (i.e., nutrient export) was
dominated by the removal of harvested material. The
watershed response (i.e., nutrient export over the weir)
was not clearly dominated by fertilizer inputs but was
due to interactions among the ecosystem components
of the watershed.

The nutrient balances (input-output) of other wa-
tersheds were compared to those of Watersheds N and
K (Table 3). Ca, Mg, and K were lost from both wa-
tersheds whose only nutrient inputs came from pre-
cipitation. The Rhode River Watershed (Correll et al.
1977) retained Ca and Mg (positive balance) but lost
K (negative balance) when fertilizer inputs were in-
cluded in the budget. Both Rhode River and Little
River are in Coastal Plain agricultural areas with soils
of low cation exchange capacity. All watersheds (Table
3)retained at least one form of N, with higher retention
rates on the watersheds that received fertilizer N. Wa-

tersheds N and O had consistently higher retention
rates than all other watersheds, due primarily to high
loadings from agronomic sources.

The influence of the quantity and timing of precip-
itation on both the production of streamflow runoff
and the yield of agricultural crops is reflected in these
budgets (Table 2). Rainfall during 1979 (1238 mm)
was close to the 50-yr average of 1203 mm (Batten
1980) and was well distributed throughout the year
(Fig. 2). In 1980 heavy rains and large runoff events
took place during the spring, but drought conditions
during summer diminished crop yields and nutrient
output in harvest. In 1981 the drought continued
through the spring and reduced runoff, but yields were
close to normal due to adequate summer rain (Fig. 2
and Table 2). Fertilizer applications for 1981 may have
been overestimated since some farmers decreased ap-
plications for that growing season due to reduction of
yields in 1980. Farmers probably reduced fertilizer ap-
plications only slightly in 1981 for a number of reasons:
(1) some farmers, especially those with irrigation, had
nearly normal yields in 1980, (2) even low winter rain-
fall (1980-1981) would still leach the more soluble
nutrients out, and (3) after a poor year in 1980, farmers
would not be willing to risk too little fertilizer in 1981.

Even though each watershed had large inputs and
outputs of agronomic nutrients, there were higher loads
of N in precipitation than streamflow each year. Thus,
even on the most heavily agricultural watersheds, buff-
ering by nutrient cycling processes decreased outputs
to below the ‘““natural” inputs. Loads of P, Ca, Mg, K,
and Cl were higher in streamflow than in precipitation
in 1979 and 1980 (Table 2). When runoff was reduced
in 1981, all elements except Mg had higher loads in
precipitation. The order of streamflow loads was
Cl>Ca>K > Mg > N > P each year. Apparently
the vegetation and soils of the watershed have a large
“buffer capacity” for N and P, less capacity to buffer
inputs of Mg, K, and Ca, and little effect on Cl inputs.
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Correll et al. (1977) found higher loads of P, K, Ca,
and Mg in runoff than in precipitation on the Rhode
River Watershed in Maryland. Ca, Mg, and K in
streamflow exceeded precipitation levels on unfertil-
ized forested watersheds in North Carolina (Swank and
Douglass 1977), although Cl was approximately bal-
anced.

Streamflow loads

Loads of N, K, Ca, Mg, and Cl in streamflow were
higher on Watersheds N and O than on J and K (Table
2) even though total flows for 1980-1981 were ap-
proximately equal (Table 4). Leonard et al. (1982) found
that concentrations of N, P, and K were higher on

Monthly totals of precipitation and streamflow runoff for Watershed N during 1979-1981.

Watershed N than on Watersheds J and K. These higher
loads and concentrations may have been due to the
greater percentage of land in row crops and pasture on
Watersheds O and N, and greater areas of forest on
Watersheds J and K. Mean monthly concentrations of
N, Ca, Mg, and K were significantly higher in the
phreatic aquifer under row crop fields than under forest
for each month during 1979 on Watershed N (Low-
rance et al. 19844). These higher concentrations in sub-
surface flow, coupled with the higher probability of
surface runoff from row crop areas than from forest,
would be expected to lead to higher nutrient loads from
the two more heavily agricultural watersheds.

In 1979 and 1980, streamflow loads of organic N

TaBLE 4. Annual flow and loads of N and P species for Watersheds J, K, N, and O in 1979-1981.

S flow loads (ke-ha-vr-! NO,-N DRMP*
Flow treamflow loacs (kg-ha'-yr™) Organic N Total P
(mm) NO,;-N NH,-N Organic N Total N DMRP* Total P (%) (%)
1979
J 464 0.222 0.127 2.697 3.047 0.083 1.494 8.2 5.6
K 437 0.255 0.084 2.514 2.853 0.079 1.195 10.1 6.6
N 334 0.694 0.055 2.822 3.571 0.090 1.030 24.6 8.7
O 306 0.959 0.162 2.753 3.874 0.090 0.874 34.8 10.3
1980
J 430 0.672 0.122 3.148 3.942 0.219 1.191 21.3 18.4
K 427 0.390 0.079 3.102 3.571 0.140 1.086 12.6 12.8
N 363 1.060 0.075 3.180 4.315 0.187 1.009 333 18.5
O 382 1.303 0.219 3619 5.141 0.244 1.016 36.0 24.0
1981
J 50 0.004 0.007 0.051 0.061 0.015 0.033 7.8 45.4
K 39 0.019 0.010 0.039 0.068 0.004 0.029 48.7 13.8
N 107 0.207 0.025 0.154 0.386 0.015 0.097 134.4 15.5
O 117 0.205 0.099 0.191 0.494 0.029 0.115 107.3 25.2

* Dissolved molybdate-reactive phosphorus.
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Dissolved nutrient loads from other forested and agricultural watersheds and Watersheds N and K in this study.

All nutrient loads are kg-ha~!-yr—}. Dash indicates not measured.

Campbell Campbell Watershed Watershed
Correll 1982 1982 N (this K (this
Burton Swank and etal. 1977 Overcash Overcash  (Lower (Upper study, study,
et al. Douglas (1975~ etal. 1977 etal. 1977 1976-1979 1976-1979 1979-1980 1979-1980
1977 1977 1976 data) (W-10) (P-8) data) data) data) data)
Size (ha) 611 12 983 1650 1170 437 645 1568 1666
Flow (mm) 168 1250 354 370 300 65 59 349 432
Row crop and
pasture (%) 50 0 38 50 22 37 53 54 36
Forest (%) 50 100 47 49 77 63 47 30 59
Cl 8.10 7.50 - - - — — 28.03 30.86
NO,-N 0.08 0.05 - - — 0.13 0.09 0.88 0.32
NH,-N 0.07 0.05 — - — 0.10 0.08 0.07 0.08
Organic N - - - — - 1.52 1.52 3.00 2.81
Total N - 3.81 4.40 4.20 1.75 1.69 3.95 3.21
DMRP* 0.15 0.02 — 0.36 0.31 0.41 0.37 0.14 0.11
Total P 0.38 — 0.91 - - 0.53 0.84 1.02 1.14
Ca - 7.74 2.12 - — - - 9.82 6.75
Mg — 3.71 9.86 - - - - 4.61 4.58
K — 5.59 17.10 - - - - 7.38 341

* Dissolved molybdate-reactive phosphorus.

were approximately the same on all watersheds, but
loads of NO;-N were 1.5 to 4.4 times higher on Wa-
tersheds O and N than on Watersheds J and K (Table
4). In 1981, the year of very low flow, NO;-N was 10—
50 times higher on Watersheds O and N than on J and
K. As a percentage of organic N load, the level of
NO;-N also increased, and it actually exceeded the
organic N level on Watersheds O and N. Apparently,
low rainfall and conditions of no flow from July through
December 1980 and from May through July 1981 (Fig.
2) affected N loads both through reduced flow volumes
and through changes in the proportion of N load car-
ried in organic and inorganic forms. Total flow de-
creased by 70%, and levels of NH,-N, NO;-N, and
organic N by 58, 82, and 95%, respectively, on Wa-
tersheds O and N from 1980 to 1981. Therefore, NH,-
N decreased less than flow, NO,-N decreased slightly
more than flow, and organic N decreased much more
than flow or the inorganic N forms. These differences
may be related to differences in the timing of stream-
flow during the two years (Fig. 2). There was almost
no flow after May in 1980 but there was high stream-
flow in the winter and spring. In contrast, a greater
proportion of the total annual streamflow in 1981 oc-
curred in August, November, and December. The pro-
portionally higher load of organic N during 1980 may
have been due to more leaching of N-containing or-
ganic compounds from bottomland forest litter during
late 1979 and early 1980 and subsequent movement
of these compounds in streamflow. Since most 1981
streamflow took place after an extended drought, there
was less opportunity for leaching of organic com-
pounds.

Total N loads on Watersheds N and O were higher
than on Watersheds J and K for all three years, but in
each year the largest difference was found in NO;-N
and NH,-N (Table 4). Other studies on Watershed N

(Lowrance et al. 1983) indicate that row crops were the
primary source of NO;-N while pastures contributed
more NH,-N. The relatively large proportion of Wa-
tershed O devoted to pasture apparently increased loads
of NH,-N, while high percentages of cropland on Wa-
tershed N increased NO,;-N loads. Even though inor-
ganic N remained less than half of organic N loads on
all watersheds in the two higher flow years, it is obvious
that larger areas of cropland and pasture increased the
relative load of inorganic N.

Total P loads on Watersheds N and O were generally
slightly lower than on Watersheds J and K, except dur-
ing 1981 (Table 4). Loads of DMRP as a percentage
of total P were <25% except on Watershed J during
1981. Loads of DMRP on Watershed O were highest
each year and generally were a higher percentage of
total P. Apparently, total P was not affected by the
increased crop and pasture area on Watersheds N and
O, at least during the highest flow years. Therefore,
transport of a less soluble nutrient (P) was not affected
by land use, while levels of the more soluble inorganic
N were higher on Watersheds N and O.

Loads of nutrients on Watersheds N and K are com-
pared to loads found in other studies in Table 5. Loads
of N, P, and Ca were higher on the Little River wa-
tersheds than on the Rhode River watershed (Correll
et al. 1977). Loads of Mg and K were much higher on
the Rhode River watershed, although Watershed N had
a larger proportion of land in crops and pasture. Burton
et al. (1977) reported NO,-N loads only 1/10 of those
on Watershed N, a difference much greater than the
difference in flow volumes. Compared to data of Swank
and Douglas (1977) for Coweeta, North Carolina, the
agricultural lands on Watersheds N and K had the
greatest effect on loads of Cl and NO;-N. Watershed
N had a 17 times greater load of NO;-N although the
forested watershed at Coweeta had three times the flow
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Fi1G.3. Composite air photo of Watershed N showing the upland agricultural areas (lighter) and the riparian forest ecosystem

(darker).

of Watershed N. In general, when compared to other
watersheds with similar runoff volumes and similar
cropland proportions, the Little River watershed had
loads similar to those reported in other studies. Wa-
tersheds with much lower flows (Burton et al. 1977,
Campbell 1982) generally have much lower loads.

Upland nutrient budgets

Watershed N can be divided into a 472-ha riparian
forest zone and a 1096-ha upland agricultural area.
These areas of different land use form a distinct pattern
when seen from the air (Fig. 3). Nutrient budgets for
1979 for the upland area, including data on subsurface
nutrients from Lowrance et al. (1983) are shown in
Table 6. Retained or unaccounted nutrients in each
hectare of uplands (Table 6) were greater than for an
average hectare from the entire watershed (Table 2).
Only 17% of the Cl input was retained; thus, an element
that is biologically inactive and is not fixed in the soil
in large amounts had less retention. The retained or

TABLE 6. Nutrient budgets for Watershed N upland in 1979.
Balance = (Precipitation + Fertilizer) — (Subsurface + Har-
vest).

Nutrient flows (kg-ha='-yr')

N P K Ca Mg C(l

Precipitation 12.2 35 3.9 5.2 1.4 10.5
Fertilizer* 106.5 18.5 46.7 135.4 69.0 34.2
Subsurface flowt 125 09 84 204 7.1 359
Harvest 50.2 6.6 14.2 34 31 1.1

Balance 56.0 14.5 28.0 116.8 60.2 7.7

* Includes symbiotic N-fixation.
+ Lowrance et al. (1983).

unaccounted nutrients may have been stored in or lost
from the uplands in a number of ways: surface mov-
ment in runoff and erosion; leaching with subsequent
storage in lower soil horizons; and loss of nitrogen
through microbial and chemical denitrification and
other gaseous emissions. Previous studies showed that
between 80 and 96% of the total runoff from upland
areas occurs as subsurface flow and that 99% of the
NO;-N movement from fields is in subsurface flow
(Jackson et al. 1973, Lowrance et al. 1984a). Surface
runoff from cropland may have been more important
in the transport of P and K into the riparian zone,
although sediment P accounted for <10% of the total
streamflow P load in 1979 (Lowrance et al. 1984b).

Ca and Mg were apparently accumulated at a depth
of between 30 and 90 cm in the soil profile. Increases
over surface soil levels (Carter 1981) of up to 18
mg/100 g soil for Mg, and up to 30 mg/100 g soil for
Ca were found in the subsurface horizons. These ac-
cumulations are associated with increases in percent
clay and cation exchange capacity at depth. Subsoil
with an average bulk density of 1.5 g/cm? would con-
tain ~2700 kg/ha of Ca and 1640 kg/ha of Mg in the
30-60 cm horizon due to an accumulation of cations.
The magnitude of this accumulation indicates that some
of the Ca and Mg was retained in these subsoils. Sites
with a history of liming had higher levels of Ca and
Mg than forest sites, indicating that agricultural man-
agement has led to the long-term accumulation of these
cations (Carter 1981). Carlan et al. (1985) found that
K is fixed on exchange sites above the plinthic horizon
on soils of the watershed.

Field studies of denitrification in agroecosystems have
produced estimates ranging from 0 to 100% of leached
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nitrates denitrified (Meek et al. 1969, Pratt and Ad-
riano 1973). Gambrell et al. (1975) showed that most
of the N not taken up by crops in agricultural systems
in the North Carolina Coastal Plain was not available
in the next growing season, and speculated that up to
60 kg-ha='"yr~! of N could be denitrified on poorly
drained Coastal Plain soils. Ten-year nitrogen budgets
for a 0.34-ha research plot (Watershed Z) in Tifton
show that between 50 and 74 kg-ha=—!-yr~! are not
accounted for (Hubbard and Sheridan 1983; R. R.
Lowrance, personal observation). It is not clear how
much of this “missing” nitrogen was lost to denitrifi-
cation, but the unaccounted nitrogen per unit area on
Watershed Z was greater than the annual retention on
Watershed N.

CONCLUSIONS

It is apparent from nutrient budgets that Watersheds
J, K, N, and O were either accumulating nutrients or,
in the case of nitrogen, losing nutrients via dentrifi-
cation or ammonia volatilization, pathways that were
not adequately quantified. Decreased precipitation re-
duced the outputs in two ways: by decreasing stream-
flow and lowering harvest yields. Loads of N, P, K,
Ca, and Mg in streamflow on the most heavily cropped
watershed (N) were higher than for more heavily for-
ested watersheds (J and K). Greater areas in cropland
and pastureland on Watersheds N and O increased
loads of inorganic N but did not affect loads of P. The
highest loads in streamflow came from Watershed O,
which had flow augmented by a deep groundwater well.
All watersheds except Watershed K had elements
transported in streamflow in the same relative quan-
tities; Cl > Ca > K > Mg > N > P.

The complex input and output environments of ag-
ricultural watersheds make nutrient budgets difficult to
estimate and make it impossible to use watershed bud-
gets to estimate weathering and deep seepage. The pre-
ponderance of inputs in these agroecosystems came
from anthropogenic sources, and outputs of N, P, and
K were dominated by harvest removal. Other studies
on LRW and the N budgets for these watersheds in-
dicate that 50-75 kg-ha—!'yr~! may be lost via den-
trification and other gaseous emissions.

The large quantities of N, Ca, Mg, and K that enter
these watersheds but are not removed in harvest rep-
resent an ineflicient use of nutrient resources. The eco-
nomic effect of this inefficiency is especially significant
for nitrogen due to the high cost of synthetic nitrogen
fertilizers. This study points out that watershed-level
processes that help to maintain water quality might
also cause field-scale fertilizer use efficiency to be low.
Optimum management strategies would allow nutrient
loads in streams to remain low or to be reduced while
increasing the proportion of nutrient inputs used by
crops. More intensive cropping of upland agricultural
fields might lead to more efficient nutrient use by main-
taining actively growing crops for more of the growing
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season. Conversely, less intensive use of croplands and
expansion of forests might have similar effects on
streamflow nutrient outputs. The more intensive strat-
egy would probably yield greater economic return and
thus is a more likely future scenario.
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