
970 Notes

directional diapycnal mixing in the front between North and South
Atlantic Central Water. J. Geophys. Res.C99: 25,175–25,280.

KÖRTZINGER, A., L. MINTROP, AND J. C. DUINKER. 1998. On the
penetration of anthropogenic CO2 into the North Atlantic
Ocean. J. Geophys. Res.103: 18,681–18,689.

, W. KOEVE, P. KÄHLER, AND L. MINTROP. 2001. C : N ratios
in the mixed layer during the productive season in the northeast
Atlantic Ocean. Deep-Sea Res. I48: 661–688.

MARTIN, J. H., G. A. KNAUER, D. M. KARL, AND W. W. BROENKOW.
1987. VERTEX: Carbon cycling in the northeast Pacific. Deep-
Sea Res.34: 267–285.

MCCARTNEY, M. S., AND L. D. TALLEY . 1982. The subpolar mode
water of the North Atlantic Ocean. J. Phys. Oceanogr.12:
1169–1188.

MILLERO, F. J., K. LEE, AND M. ROCHE. 1998. Distribution of al-
kalinity in the surface waters of the major oceans. Mar. Chem.
60: 111–130.

MINSTER, J.-F., AND M. BOULAHDID. 1987. Redfield ratios along
isopycnal surfaces—a complementary study. Deep-Sea Res.
34: 1981–2003.

POLLARD, R. T., M. J. GRIFFITH, S. A. CUNNINGHAM, J. F. READ, F.
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The influence of watershed land use on lake N : P in a predominantly agricultural
landscape

Abstract—This study tests the hypothesis that lakes in wa-
tersheds dominated by row-crop agriculture (e.g., maize or
soybeans) have systematically higher N : P than lakes in wa-
tersheds with large tracts of pasturelands. Current biogeo-
chemical models of eutrophication suggest that agricultural ni-
trogen and phosphorus fluxes lead to a systematic decline in
the N : P of receiving waters. In contrast, different agricultural
activities (i.e., row-cropping vs. animal agriculture) use greatly
divergent N and P amendments, and fluxes from agricultural
watersheds diverge through a broad range of observed N : P
(i.e., sub-Redfield to�100). Animal agriculture leads to low
N : P fluxes and row-cropping to high N : P. The connection
between agricultural watershed land use and lake nutrient stoi-
chiometry was tested in a highly agricultural region of the
United States (Iowa) on 113 lakes in watersheds with different
amounts of row-crop (0%–95%) and pastureland (0%–36%).
Multiple regression analysis shows that lakes in watersheds
with large areas in pasturelands have low N : P, whereas lakes
in watersheds dominated by row-cropping have systematically
high N : P. Lakes in watersheds with�30% pasture had the
lowest N : P, approaching Redfield levels. N : P was most fre-
quently high (�50 as atoms) in lakes with�90% of their
watersheds in row-crop agriculture. The dynamics of agricul-
tural practice necessitates the inclusion of real-world differ-
ences among agricultural systems in nutrient stoichiometric
models. Intensive row-crop agriculture yields N : P stoichi-
ometry at high levels usually observed in pristine headwaters
and open oceans, whereas increased animal agriculture will

drive N : P to low levels usually associated with cyanobacterial
blooms.

Agricultural activities are a major source of nutrients to
freshwater (Howarth 1996) and marine (Downing et al.
1999b) ecosystems. Nitrogen and phosphorus have been
identified as leading pollutants in lakes, rivers, and estuaries
(Carpenter et al. 1998). Agricultural nutrients (e.g., com-
mercial fertilizer and animal manure) are rich in nitrogen
and phosphorus and enter water bodies through surface and
subsurface flow. Since nitrogen and phosphorus are the prin-
cipal production-limiting nutrients in freshwater and marine
systems, excessive loading of these nutrients can adversely
affect receiving waters. The impacts of agricultural nutrients
on freshwater and marine eutrophication worldwide are now
well documented (Kronvang et al. 1993; U.S. Environmental
Protection Agency 1995; Howarth et al. 1996; Downing et
al. 1999a).

Both the quantity and stoichiometry of N and P influence
aquatic primary production and community structure. Al-
though N and P are essential to ecosystem function, the rel-
ative quantities (i.e., stoichiometry) of these elements are
critical. When ambient nutrient supply ratios are extreme
compared with biotic demand, ecosystem structure, function,
and productivity are affected (Elser and Urabe 1999). In
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freshwater systems, the ratio of nitrogen to phosphorus has
an important impact on algae species composition (Smith
1983; Smith and Bennett 1999), productivity (Elser et al.
1990), and nutrient limitation (Elser et al. 1990; Urabe et al.
1997; Downing et al. 1999a) and influences trophic status
(Downing and McCauley 1992). Because nutrient stoichi-
ometry is important to the function and health of aquatic
systems, and because agriculture is a major source of an-
thropogenic nutrients, it is important to understand how ag-
riculture affects the N : P stoichiometry of receiving waters.

A recent stoichiometric model (Downing and McCauley
1992) extrapolated the prevalence of low N : P manure and
generally low N : P in nonpoint agricultural fluxes (e.g.,
Reckhow et al. 1980) to propose that surface waters in ag-
ricultural drainage basins should have low N : P (see also
Kronvang et al. 1993; Johnes et al. 1996). Although low
aquatic N : P ratios in agriculture areas have been reported,
differences among individual agriculture systems and their
potential impact on nutrient export stoichiometry have often
been ignored. There is ample evidence that nutrient export
from agricultural crop production is high (e.g., Dillon and
Kirchner 1975; Hill 1978; Neill 1989; Correll et al. 1992),
but little is known about the downstream impact of divergent
nutrient ratios supplied by different dominant agriculture
cropping systems.

N and P stoichiometry has been observed to diverge wide-
ly among agricultural watersheds. Billen et al. (1991) re-
ported nutrient export from agricultural watersheds to have
N : P (atomic ratios) between 30 : 1 and 300 : 1. This wide
range of N : P ratios in the nutrient export from agricultural
watersheds may be a reflection of different agricultural pro-
duction systems represented (e.g., cropland, pasture, and
concentrated animal operations), yielding different ratios of
major nutrients. Nutrient amendments vary among agricul-
ture practices, as do the quantities and stoichiometry of nu-
trient runoff, subsurface drainage, and leachates. For exam-
ple, fertilizing regimes associated with row-crop production
(e.g., maize, soybeans, and wheat) are often intense, with
high rates of amendment of nitrogenous fertilizers (e.g., an-
hydrous ammonia, ammonium nitrate, and liquid nitrogen)
and low amendments of P. A recent survey of 16 maize-
producing states reported that pure nitrogen fertilizers were
applied to 98% of the total 1998 maize acreage at an average
of 150 kg ha�1 (U.S. Department of Agriculture 1999). With
such intensive use of pure nitrogenous fertilizers, it is rea-
sonable to expect that nutrient export to aquatic systems in
heavily cropped watersheds would have high N : P.

In contrast, livestock operations tend to yield manure
leachates with sub-Redfield N : P (Downing and McCauley
1992). Losses from animal feeding and pasture operations
are therefore relatively P-enriched, so P inputs from agri-
cultural runoff originating from these sources can hasten the
eutrophication of P-sensitive waters (Daniels et al. 1998).
Excessive nutrients from livestock production systems enter
aquatic systems primarily through uncontrolled runoff, ero-
sion, and leaching from manured cropland, livestock grazed
pasture, confined open feedlots, and leaking earthen waste
storage/treatment structures (Humenik et al. 1992). Although
animal manure is variable in nutrient composition, it is rel-
atively rich in phosphorus, compared with many other nu-

trient sources (Downing and McCauley 1992). Therefore,
nutrient export to lakes in highly pastured basins would have
low N : P.

Because of the frequently tight biogeochemical connec-
tion between lakes and their watersheds, aquatic systems in
predominantly agricultural regions should have N : P corre-
lated with the prevalent N : P fluxes from agricultural land
use. Despite the great divergence in N : P of various sources
of agricultural runoff, the impact of agricultural cropping
systems on the N : P of receiving waters has seldom been
examined. The purpose of this study was to examine the
relationships between agricultural watershed land use (i.e.,
row crop vs. pastureland) and lake N : P conditions. We
therefore sought to test the idea that lakes in predominantly
agricultural regions have water-column N : P ratios that vary
systematically with the N : P characteristics prevalent in di-
vergent classes of agricultural land use. We studied 113 lakes
in the state of Iowa, one of the most productive agricultural
areas in the world, in which 90% of the total land area is
under some form of agricultural use (Fig. 1).

Study area—The 113 lakes and watersheds used for this
analysis are located in a highly agricultural region of the
Mississippi River Basin of North America (Downing et al.
1999b; Fig. 1). Iowa has a total land area of 14.5 million
ha, of which 13 million ha are in some form of agricultural
use. There are roughly 10 million ha in row-crop production
(predominantly maize and soybeans) and 3 million ha of
pastureland (predominantly cattle and sheep, with swine
feeder operations) (U.S. Department of Agriculture 1999).
The lakes studied varied widely in area from 4 to 1,688 ha,
and terrestrial watershed sizes range from 4 to 44,441 ha.
Row-crop agriculture dominated (�50%) land use in 78%
of the watersheds studied. Twenty percent of the watersheds
had�20% of the total area in pastured lands. Although pas-
ture may comprise�30% (maximum 36%) of a given wa-
tershed, there were no watersheds in this study in which
pasture covered the majority of land.

Data acquisition—We studied data collected from 113
lakes in Iowa and related their average lake-water stoichi-
ometry to drainage basin characteristics. Data were collected
from mid-May through mid-August in 1990 and 1991 as part
of a statewide lake survey (Bachmann et al. 1994). In each
lake, samples were collected at three separate locations three
times over the summer season. Sampling trips were timed
to collect one sample series during early summer, one during
midsummer, and one during late summer. The samples were
surface mixed-zone composites collected with a piece of
PVC tubing. Total phosphorus (TP) and total nitrogen (TN)
samples were immediately placed into acid washed screw-
top tubes for later analysis. An oxidant (sodium persulfate)
was added to the TN samples within 8 h of sampling, and
samples were autoclaved to convert all forms of nitrogen to
NO3-N. TP was analyzed by use of the ammonium molyb-
date method (Murphy and Riley 1962; Menzel and Corwin
1965), whereas TN was analyzed (after digestion) by use of
second-derivative spectroscopy (Crumpton et al. 1992). The
nutrient data analyzed here represent seasonal average, sur-
face mixed-layer concentrations. The watershed character-
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Fig. 1. Iowa land use (circa 1992) and outlines of lake watersheds. Land uses are coded according to the color key at lower left. The
land-use map was generated and classified by use of 30-m grid Landsat Thematic Mapper data (Iowa Department of Natural Resources,
Natural Resource Geographic Information System Library, Des Moines, IA). The watershed boundaries for lakes analyzed here are shown
as bold black outlines. The red star on the small map in the lower right-hand corner shows the position of the state of Iowa within North
America. Iowa is located in the glacial outwash plain between the Missouri and Mississippi Rivers.

istics and lake-water nutrient data used in this analysis are
published elsewhere (Bachmann et al. 1994) and are avail-
able in an appendix on the L&O website (http://
www.aslo.org/lo/pdf/vol�46/issue�4/0970a1.pdf).

Data analysis—We used multiple regression analysis to
test the hypothesis that land use affects summer-average total
N : P ratios in lake water. We tested this hypothesis with the
regression model

log TN � 
0 � 
1 log TP � 
2C � 
3A, (1)

where lake-water TN and TP concentrations were measured
in 	M, C represents the fraction of land (0–1) within each
lake’s watershed that was used for row crop production, and
A represents the fraction of pastured lands (0–1) within each
lake’s watershed. In order to avoid introducing TP to both
sides of the regression model, therefore risking auto-corre-

lation (i.e., regressing TN : TP as a function of TP), we an-
alyzed TN as a function of TP and land use (i.e., Eq. 1). A
relatively high concentration of TN at a given TP concen-
tration would, for example, imply high TN : TP in this anal-
ysis. Therefore, the expected high TN : TP in row-crop–dom-
inated watersheds would be indicated if
2 were a
significantly positive regression coefficient, whereas the ex-
pected low TN : TP in highly pasture watersheds would yield
a negative regression coefficient for
3. Statistical signifi-
cance of candidate variables was accepted atP � 0.01.

Results and discussion—Summer mean TN and TP con-
centrations in the sampled lakes were high (Table 1). Most
Iowa lakes are eutrophic or hypereutrophic, with nearly all
of them falling above a summer average of 1	M of TP
(Fig. 2). The nutrient concentrations in Iowa lakes are in the
upper half of those seen in world lakes (Fig. 2). Although
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Table 1. Statistical summary of mean summer epilimnetic total
N, total P, and N : P in samples collected 1991–1992 from 113 lakes
in Iowa.

Minimum Maximum Mean

Total N (	M)
Total P (	M)
TN : TP (atomic)

35
0.90
9

1,093
24

219

216
5

53

Table 2. The partialT values and probabilities of regression co-
efficients in Eq. 2. PartialT values indicate the size of statistical
effect of the independent variables when all other independent var-
iables are considered.P indicates the probability that a partialT
value of equal or greater magnitude would be obtained through
chance alone.

Independent variable PartialT P

Total P (	M)
Fraction of watershed in row crop
Fraction of watershed in pastureland

7.35
3.27

�2.96

�0.001
0.001
0.004

Fig. 3. TN and TP concentrations in Iowa lakes. Lakes in wa-
tersheds with�85% row-crop agriculture are indicated as open cir-
cles, lakes in watersheds with�20% pastureland are indicated as
open triangles, and all other intermediate lakes, or those with other
predominant land uses (e.g., urban or forest), are indicated as small
dots.

Fig. 2. Comparison of TN and TP concentrations in the lakes
in Iowa’s agricultural watersheds with world lakes. Data for world
lakes are from Downing and McCauley’s (1992) worldwide com-
pilation of mean summer epilimnetic TN and TP concentrations.
The solid line is the average trend estimated by locally weighted
sequential smoothing (Cleveland 1979). The Iowa lake nutrient data
are mean summer epilimnetic TN and TP from Hatch (1992) and
Bachmann et al. (1994).

the central tendency of TN and TP concentrations in Iowa
lakes followed the same overall trend as other lakes (Fig. 2),
the variation in TN at a given level of TP surpassed the
ranges seen elsewhere in the world. Lakes in this agricultural
region have among the most highly divergent patterns of TN
concentrations in the world.

Multiple regression with use of backward elimination
showed that TP concentration, the fraction of watershed area
in cropland, and the fraction of watershed area in pastureland
all had highly significant partial effects on TN : TP in Iowa
lakes (Table 2). The regression equation

log TN � 1.80 � 0.55 log TP� 0.29 C � 0.71 A (2)

indicates that TN : TP was positively correlated with the frac-
tion of land in row-crop agriculture within the watershed and
was negatively correlated with the fraction of land in pasture.
This analysis thus confirms that the type of agriculture in a
lake’s watershed influences lake-water N : P stoichiometry.
Lakes in heavily cropped watersheds have higher TN : TP

ratios than those found in highly pastured basins (Fig. 3). At
a given TP level, watersheds dominated by row-crop agri-
culture yielded significantly higher lake TN : TP than water-
sheds with greater concentrations of pastureland. We have
analyzed seasonal mean data, but it is likely that these pat-
terns would be accentuated during spring, when runoff and
loading from the watershed is high. Normal seasonal patterns
of nutrient stoichiometry in row-crop–dominated lakes in
this region show extreme spring N : P values that become
more moderate as denitrification decreases N : P under sum-
mer stagnation (Downing unpubl. data).

Few of these lakes had sub-Redfield N : P ratios (i.e.,
�16 : 1, as moles). In spite of the high degree of agricultural
activity in these watersheds and the fact that several of the
watersheds had�30% pastureland, only�5% of the lakes
had TN : TP� 16. This is likely due to the great predomi-
nance of pure-N fertilizer–amended agriculture in this part
of the world. N fertilization rates of these watersheds fre-
quently run�200 kg ha�1 yr�1.
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Fig. 4. Contours of predicted average atomic N : P (Eq. 2) at
the average TP concentration of 4.8	M in Iowa lakes. Dots indicate
combinations of crop and pastureland use in the 113 lakes analyzed
here. The limit-line to the upper right is the line indicating that the
sum of crop land and pastureland would fill 100% of the watershed.

Earlier models and data collections (Downing and Mc-
Cauley 1992;see also Reckhow et al. 1980; Kronvang et al.
1993; Johnes et al. 1996) suggest low lake TN : TP in agri-
cultural areas but fail to account for the fact that different
agricultural production systems employ practices that yield
widely divergent ratios of major nutrients to receiving wa-
ters. Models based on the tenet that agriculture produces
only moderately divergent ratios of major nutrients do not
account for extreme nutrient inputs experienced by some ag-
ricultural systems. In regions where agricultural practices
yield widely divergent ratios of nitrogen and phosphorus,
where nitrogenous inputs are huge, massive nitrogen export
results in high lake-water TN : TP. Lowered lake-water TN :
TP in agricultural regions occurs when the agricultural prac-
tice favors animal agriculture or when the export of major
nutrients is more closely aligned.

Differences in the influence of dominant agricultural sys-
tems on runoff or export N : P stoichiometry should be in-
corporated into models that predict lake-water N and P flux-
es from watersheds in predominantly agricultural landscapes.
Rearrangement of Eq. 2 allows calculation of the expected
contours of lake N : P over the range of combinations of land
uses present in this intensively row-cropped region (Fig. 4).
This contour plot shows that considerable variation in N : P
should be expected across the range of observed land use.
Although the trends seen in Fig. 4 show only averaged trends
predicted from the regression analyses, lakes in watersheds
with �30% pastureland (near the maximum in Iowa) had
the lowest lake-water TN : TP, approaching Redfield levels.
The data in Fig. 4 and the analyses of Smith (1983) and
Smith and Bennett (1999) suggest that noxious cyanobac-
teria blooms should be most prevalent in Iowa lakes that
receive inputs from intensive animal agriculture (Smith
1983). On the other hand, lakes with�90% of their water-
sheds in row-crop agriculture had extremely high nutrient

concentrations and TN : TP most frequently�50 : 1 (as at-
oms). Although most lakes in Iowa were in the cyanobac-
teria-prone TN : TP range�64 (as moles, Smith 1983), we
have observed that some of the high N : P ratio lakes in pre-
dominantly row-crop watersheds have infrequent cyanobac-
terial blooms, in spite of their very high P concentrations
(Fig. 2), a trend that is consistent with the N : P ratio hy-
pothesis of cyanobacterial dominance (Smith and Bennett
1999).

Agricultural activities are increasing nutrient fluxes to
freshwater and marine ecosystems worldwide. Agricultural
scientists in many nations are currently facing a paradigm
shift away from the concept that fertilizer and manure P is
immobilized in soils and is therefore of little danger to aquat-
ic resources (e.g., Haygarth 1997). Although agriculture’s
role in anthropogenic eutrophication is generally well doc-
umented (e.g., Downing and McCauley 1992), past analyses
have not demonstrated the divergent stoichiometric impacts
specific to different agricultural systems. The dynamic nature
of agriculture production systems (i.e., growth and/or chang-
es in practice) necessitates the expansion of nutrient stoi-
chiometric models to represent real-world differences among
individual agriculture systems. In regions where intensive
row-crop agricultural practices are the rule, large nitrogen
fluxes into receiving waters drive N : P ratios in these aquatic
ecosystems to very high levels heretofore observed in pri-
marily pristine headwaters or open oceans (Downing 1997).
At the other extreme, animal agricultural practices are as-
sociated with declining N : P ratios in receiving waters. There
is currently an unprecedented increase in the amount and
degree of land application of animal manure from small- and
large-animal confinement facilities (i.e., animal feeding op-
erations), implying that nutrient management for water qual-
ity protection should be increasingly based on P versus N
requirements of crops. In our study region, feedlots and pas-
tures tend to be located on steep stream valley slopes and
near streams, which accentuates their impact on waters. Our
analyses imply that future changes in agriculture practice are
likely to result in dramatic shifts in aquatic stoichiometry
and subsequent changes to aquatic communities in streams,
lakes, rivers, and coastal zones.
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