Long-term fate of nitrate fertilizer in agricultural soils
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Increasing diffuse nitrate loading of surface waters and ground-
water has emerged as a major problem in many agricultural areas
of the world, resulting in contamination of drinking water resources
in aquifers as well as eutrophication of freshwaters and coastal
marine ecosystems. Although empirical correlations between appli-
cation rates of N fertilizers to agricultural soils and nitrate contam-
ination of adjacent hydrological systems have been demonstrated,
the transit times of fertilizer N in the pedosphere-hydrosphere sys-
tem are poorly understood. We investigated the fate of isotopically
labeled nitrogen fertilizers in a three-decade-long in situ tracer
experiment that quantified not only fertilizer N uptake by plants
and retention in soils, but also determined to which extent and over
which time periods fertilizer N stored in soil organic matter is rere-
leased for either uptake in crops or export into the hydrosphere. We
found that 61-65% of the applied fertilizers N were taken up by
plants, whereas 12-15% of the labeled fertilizer N were still residing
in the soil organic matter more than a quarter century after tracer
application. Between 8-12% of the applied fertilizer had leaked
toward the hydrosphere during the 30-y observation period. We
predict that additional exports of '°N-labeled nitrate from the tracer
application in 1982 toward the hydrosphere will continue for at
least another five decades. Therefore, attempts to reduce agricul-
tural nitrate contamination of aquatic systems must consider
the long-term legacy of past applications of synthetic fertilizers
in agricultural systems and the nitrogen retention capacity of
agricultural soils.

nitrogen cycle | nitrate leaching | isotopic biogeochemistry

Increasing anthropogenic nitrogen inputs have recently been
identified as one of the two major issues potentially compro-
mising a safe operating space for humanity (1). In many regions,
the amount of human-activated reactive nitrogen, primarily via
application of synthetic fertilizers and cultivation of leguminous
crops, exceeds now the amount of natural nitrogen as a result
of population growth and the associated need for food pro-
duction (2, 3). These anthropogenic nitrogen inputs have sig-
nificantly impacted the nitrogen cycle in terrestrial and aquatic
ecosystems (4, 5).

Increasing diffuse nitrate loading of surface waters and ground-
waters has emerged as a major problem in many agricultural areas
of the world resulting in contamination of drinking water resources
abstracted from aquifers and eutrophication of freshwaters (6-8)
and coastal marine ecosystems (9) despite the implementation of
several diffuse pollution control directives (10, 11) and best man-
agement practices (12). Empirical correlations relating increased
use of synthetic fertilizers, their application rates, land use change,
and nitrate leaching suggest that the increased application of syn-
thetic fertilizers is strongly connected with the increase of nitrate
concentrations in groundwater and surface waters (13, 14), but
quantitative data on transfer rates of fertilizer N into the hydro-
sphere are elusive. There is also considerable uncertainty regarding
the transit time of anthropogenic nitrogen applied to agricultural
soils between the topsoil and groundwater due to a poor mecha-
nistic understanding of the timelines governing nitrogen cycling
and nitrate transfer through soils (3, 15-17).
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Previous studies on the fate of synthetic fertilizers and other
nitrogen amendments in agricultural soils have been carried out
at various long-term agricultural research sites (18-26). In sev-
eral cases, fertilizer compounds artificially enriched in >N have
been used to successfully follow the uptake of fertilizer N by
crops and retention of fertilizer N in soil organic matter. These
tracer studies with labeled >N compounds demonstrated that
40-60% of the fertilizer N is rapidly taken up by crops and is
removed via harvest, whereas the remainder of the fertilizer N is
incorporated into the soil organic matter pool and soil microbial
biomass. From this fertilizer-derived soil N pool, nitrate may be
formed and leached out of the soil zone especially outside of the
growing season (27-29). To our best knowledge, no in situ
studies have investigated the long-term fate of this fertilizer-
derived N in soil organic matter and quantified to which extent
and over which time periods fertilizer N stored in soil organic
matter is rereleased for either uptake in crops or is exported
toward the hydrosphere.

We investigated the long-term fate of isotopically (*’N) la-
beled fertilizer nitrate in the plant-soil-water system of two in-
tact lysimeters under rotating sugar beet and winter wheat
cultivation at a site in France over a period of three decades
(1982-2012). The objectives were i) to determine the extent to
which fertilizer nitrate was taken up by crops, ii) to assess the
mean residence time of fertilizer nitrogen in soil organic matter,
and iii) to measure the rates at which fertilizer-derived nitrogen
was exported as nitrate to the hydrosphere in the three decades
after application of isotopically labeled fertilizer. The goal was
to establish a complete 30-y mass balance of the fate of fertilizer
N in an agricultural system and to quantify to which extent and
over which time periods fertilizer N stored in soil organic matter
is rereleased for either uptake in crops or export toward
the hydrosphere.

Significance

Fertilizers are of key importance to sustain modern agriculture,
but the long-term fate of fertilizer-derived nitrogen in the
plant-soil-water system is not fully understood. This long-term
tracer study revealed that three decades after application of
isotopically labeled fertilizer N to agricultural soils in 1982, 12—
15% of the fertilizer-derived N was still residing in the soil
organic matter, while 8-12% of the fertilizer N had already
leaked toward the groundwater. Part of the remaining fertil-
izer N still residing in the soil is predicted to continue to be
taken up by crops and to leak toward the groundwater in the
form of nitrate for at least another five decades, much longer
than previously thought.
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Details about the experimental design are provided in the S/
Methods. Two large (2 x 2 x 2 m) soil monoliths containing
agricultural topsoils underlain by mineral soil were converted
into lysimeters. For both lysimeters, the annual crop rotation was
sugar beet-winter wheat with annual N fertilization rates of 120
kg N-ha™'.y™" except in 1982. In the year of the tracer application
(1982), Lys S was cropped with sugar beet whereas winter wheat
was grown on Lys W. In 1982, both crops received a one-time
!5N-labeled tracer application (635.3 mg '>N-m~2 on March 11 for
wheat, 633.8 mg ""’N-m~2 on April 7 for sugar beet) equivalent to
a typical fertilizer application rate of 120 and 150 kg N-ha~%.y~! for
wheat and sugar beet, respectively. Nitrogen exports occurred
annually by harvesting of wheat and sugar beets and via seepage
water outflow in 2-m depth. Soils, harvest products, and seepage
waters were sampled repeatedly, and chemical and isotopic anal-
yses were conducted. Mass and isotope balances were conducted
to assess the fate of the fertilizer applied in 1982 in the agricultural
soils and its export via harvest products and toward the underlying
aquifers (see SI Methods for further details).

Results and Discussion

Before tracer application, 5'°N values of nitrate in lysimeter
outflow were on average 2.5%o. Following the application of the
K'>NO;~ solution sprinkled uniformly on the surface of the two
lysimeters in 1982, 8"°N in seepage water nitrate steadily in-
creased to peak values of 473%o after 19 mo (577 d) in lysimeter
W (Lys W) under wheat and 535%o after 55 mo (1,653 d) in
lysimeter S (Lys S) under sugar beet (Fig. 14). Tritium mea-
surements indicated that infiltration rates for precipitation water
vary from 35 to 55 cm/y consistent with expected tracer migration
times calculated based on water infiltration rates. Thereafter,
8'°N values in seepage water nitrate decreased steadily reaching
values of circa +200%o in 1990, and +100%o by 1996. During the
last 14 y, 8'°N values of seepage water nitrate in 2-m depth de-
creased slowly to values of +32%o (Lys S) and +53%o (Lys W) in
2008, indicating that isotopically labeled tracer N is still exported
from the lysimeters almost three decades after tracer application.
The elevated 8'°N values and their sluggish decrease in seepage
water nitrate are indicative of significant tracer retention in the
soil-plant system, because the pore-space of the lysimeters had
been flushed more than 10 times during the observation period.
Nitrate collected in outflow from both lysimeters between 2001
and 2009 was also analyzed for oxygen isotope ratios yielding an
average 8'®Oyirare value of —0.5 + 2.8%o (n = 16).

Before application of the '*N tracer, the §°N value of total
nitrogen in plants was 0%o. The 8'°N values of total N in the
harvest products increased to +230%o (Lys S) and +340%o0 (Lys
W) after the first growing season (Fig.1B), indicating that a
considerable portion of the labeled N was taken up by the
crops in the first growing season. The 8'°N values of total N in
the harvested crops decreased markedly in the following years
to +67%o (Lys S) and +119%o (Lys W) in 1987 and to +28%o
(Lys S) and +38%0 (Lys W) in 2009. Even 27 y after tracer appli-
cation, the 5'°N values of the crops were still significantly higher
than natural abundance nitrogen isotope ratios observed before
tracer application suggesting continued availability of isotopically
labeled N applied in 1982.

Before application of the '°N tracer (1976-1981), 8N values
of total N in soils ranged between 4.4 and 5.4%o. Three years
after tracer application (1985), 8'°N of total nitrogen in soil
organic matter had maximum values of +98%o (Lys S) and
+105%o0 (Lys W) (Fig. 1C). Thereafter, 8°Nyq values of soil
organic matter decreased exponentially to +52.2%o0 (Lys W) and
+41.5%0 (Lys S) in 2009. This indicates significant retention of
isotopically labeled fertilizer N more than a quarter century after
application, with slightly higher tracer contents in the lysimeters
cropped with sugar beets (Lys S) compared with those planted
with wheat (Lys W).
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Fig. 1. The 8'°N values for seepage water nitrate (A), plants (B), and soil
organic matter (C) for the two types of lysimeters under sugar beet (Lys S in
red) and under wheat (Lys W in blue).

Isotope and mass balances were used to determine the extent
to which fertilizer nitrate was taken up by crops, to assess the
mean residence time of fertilizer nitrogen in soil organic matter,
and to measure the rates at which fertilizer-derived nitrogen was
exported to the hydrosphere over an observation period of al-
most three decades. In the first year of the experiment, between
45.2% (Lys W) and 50.4% (Lys S) of the '*N-labeled fertilizer
nitrate-N was taken up by the winter wheat and sugar beet crops,
respectively (Fig. 2). In subsequent years, additional crop up-
take of "’N-labeled fertilizer N was observed at average annual
rates between 0.3% (lysimeter S) and 0.5% (lysimeter W) of the
labeled fertilizer N applied in 1982. Twenty-seven years after
tracer application, between 65.3% (Lys S) and 61.3% (Lys W) of
the applied tracer had been cumulatively taken up by the crops
and was exported from the soil-plant system via harvest (Fig. 2).

Three years after tracer application, between 32.3% (Lys S)
and 37.4% (Lys W) of the '*N-labeled fertilizer were detected in
the soil organic matter (Fig. 2). Subsequently, the amount of
tracer '°N recovered in the soils decreased by circa 0.9% per
annum. At the end of the observation period in 2009, between

Sebilo et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1305372110/-/DCSupplemental/pnas.201305372SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1305372110/-/DCSupplemental/pnas.201305372SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1305372110/-/DCSupplemental/pnas.201305372SI.pdf?targetid=nameddest=STXT
www.pnas.org/cgi/doi/10.1073/pnas.1305372110

L T

z

1\

BN AS PN AN D

100 -
75

b

25 1

% of the initial 3'°N input

......... -0 Total

Plants

SOM

‘ W NO, leaching
0

1982 1985 1988 1991 1994 1997 2000 2003 2006 2009

Fig. 2. Cumulative budget of >N-labeled fertilizer nitrogen based on mass and isotope balances for plants, soil organic matter (SOM), and nitrate in ly-

simeter outflows for Lys S (full symbols) and Lys W (empty symbols).

11.8% (Lys S) and 14.9% (Lys W) of the "*N-labeled N still
resided in the soil organic matter (Fig. 2). The observed decrease
of the "N tracer in soil organic matter between 1985 and 2009 is
partially explained by plant uptake (4.9 and 5.5% in 27 y after the
1982 growing season) and nitrate leaching as seepage water
outflow from the lysimeters, as described below.

Three years after tracer application, i.e., in 1985, between
1.4% (Lys S) and 4.1% (Lys W) of the applied '*N-labeled ni-
trate had been exported with the seepage water outflow in 2-m
depth. During the following 24 y an average of 0.4% of the ap-
plied tracer was exported annually with the seepage water nitrate
flux from the plant-soil system with comparatively little vari-
ability of hydrological >N exports between wet and dry years.
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The cumulative nitrate exports toward the hydrosphere accounted
for 7.6% (Lys S initially crospped with sugar beets) and 11.8% (Lys
W, initially wheat) of the '*N-labeled fertilizer N applied in 1982
throughout the 27-y observation period (Fig. 2). 8'50-NO;~
values of lysimeter outflow nitrate collected for both lysimeters
in 2001, 2003, 2005 (only Lys W), 2008, and 2009 (only Lys W)
averaged —0.5 + 2.8%o0 (n = 16). Nitrate-containing fertilizers
(i.e., +22-25%0) and atmospheric nitrate deposition (>50%o)
have 8'%0 values typically >20%o (30, 31). The observed low
5'"80-NO; values indicate that the exported nitrate was not di-
rectly derived from the applied fertilizer, but from nitrification of
soil organic matter (32, 33). During ammonification of soil or-
ganic matter followed by nitrification, three new atoms of oxygen
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Fig. 3. Decay functions fitted to observed '°N values of soil organic matter from Lys S (red) and Lys W (blue). The model suggests that it will take circa 100 y
to reach the background 5'°N values of circa +5%o observed before tracer application.
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are incorporated into the newly formed nitrate molecule, two of
which are derived from water resulting in low 5'®0 values of
nitrate typicallgl around 0%o (34). Therefore, the combination
of 8N and 8'°0O measurements indicates that a significant por-
tion of the *N-labeled fertilizer nitrate was first incorporated into
the soil organic matter either directly by uptake in the soil mi-
crobial community or via plant root decomposition after harvest.
Subsequently, the “N-labeled organic N was remineralized and
some of this newly formed nitrate is continuously exported toward
the hydrosphere.

In summary, between 61 and 65% of the applied fertilizer N
was taken up by plants during this three-decade experiment (Fig.
2). A significant part of the applied nitrate that was not taken up
by the crops after "*N-labeled fertilizer application was rapidly
incorporated into the soil organic matter pool (initially between
32 and 37%), and between 12 and 15% of the tracer remained in
the soil organic matter pool 28 y after fertilizer application (Fig.
2). Oxygen isotope measurements on seepage water nitrate col-
lected at 2-m depth below the root zone confirmed that '°N
enriched nitrate was derived from mineralization of soil organic
matter. These soil-internal processes resulted in a continuous
leaching of circa 0.4% of the applied fertilizer N per year as
labeled nitrate toward the groundwater for more than a quarter
of a century after fertilizer application. Throughout the obser-
vation period, between 8 and 12% of the labeled fertilizer N was
exported toward the hydrosphere (Fig. 2).

Overall mass balances for °N detected in crops, soils, and
seepage water accounted in the first years of the experiment for
between ~88% (Lys S) and ~95% (Lys W) of the labeled fer-
tilizer N. Throughout the experiment, the mass balance calcu-
lations revealed a slightly increasing deficit of >N of up to 15.3%
for Lys S and 12.1% for Lys W in 2009 (Fig. 2). This discrepancy
is not thought to be due to unaccounted losses to the hydro-
sphere, because all of the seepage water exported from the
lysimeters was quantitatively recovered and regularly analyzed.
Therefore, we hypothesize that the mass balance deficit for °N
was caused by gaseous losses of N via volatilization (NH3) and/or
denitrification (e.g., N,, N,O) of either fertilizer N after tracer
application or labeled N released from the soil organic matter
pool. The observed percentage of gaseous loss of fertilizer nitrogen
is in good agreement with values reported in the literature (35).

These results provide evidence that a significant portion of
fertilizer N is incorporated in the soil organic matter pool, which
constitutes a temporary nitrogen reservoir for the fertilizer N. In
2003, 21y after "°N application, between 13.7% (Lys S) and 19.0%
(Lys W) of the "*N-labeled N was still residing in the soil organic
matter pool. Remineralization of fertilizer-derived N incorporated
into the soil organic matter pool gradually releases *N-labeled N
that is then taken up by plants, is lost to the atmosphere via
volatilization or denitrification, or is leached toward aquifers in
low doses over more than 25 y after application of the '°N-
labeled fertilizer.

Using a simple decay function fitted to the isotope data for soil
nitrogen shown in Figs. 1C and 2 it is predicted that it will take
circa 100 y to reach the background &'°N values of +5%o measured
for soil N before tracer application (Fig. 3). Hence, the model
suggests that it will take at least another five decades until the
remaining tracer N is removed from the soil system. Assuming
similar proportions of N transformation in the plant-soil-water
system as in the last three decades, the remaining fertilizer-de-
rived N in the soil organic matter (12-15%) will be subject in
approximately equal proportions to plant uptake (4-5%), seep-
age water export as nitrate (4-5%), and removal via soil-internal
processes such as volatilization and denitrification (2-7%). It is
estimated that seepage water export of labeled °N applied with
a nitrate fertilizer in 1982 will continue for at least another five
decades. This suggests that between 12 and 17% of the initially
applied '*N-labeled fertilizer are subject to low-dose continuous
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release with seepage water nitrate toward the hydrosphere over
a time period of more than eight decades.

It is often assumed that most of the nitrate contained in fer-
tilizers is used by plants for their growth or quickly leached out of
the root zone (3, 4, 36, 37). Using I5N-labeled tracer techniques
combined with the determination of oxygen isotope ratios of
nitrate this long-term lysimeter study demonstrates that a signif-
icant portion of nitrate fertilizer applied in 1982 was in-
corporated (32-37% in 1985) and partly retained for more than
a quarter century (14-19% in 2009) in the soil organic matter
pool of an agricultural soil. Hence, a significant part of the ap-
plied nitrate fertilizer is incorporated in the soil organic matter
entering the soil nitrogen cycle with an estimated mean residence
time of circa three decades. Mineralization of this '°N-labeled
soil organic matter pool continuously produced nitrate available
for uptake by plants in the growing season and for export to the
hydrosphere in approximately equal proportions. Our 30-y study
demonstrates that a portion of the nitrogen applied as nitrate
fertilizer is available for decades after application. This long-
term retention and recycling of fertilizer N and release of nitrate
has several implications. Soil organic matter management is
crucially important for maximizing the long-term benefit of fer-
tilizer applications for crop yields and for minimizing nitrate
export to the hydrosphere. For example, bypassing the retention
capacity of the soil organic matter pool by intensive tile drainage
systems increases significantly the transfer of fertilizer-derived
nitrate to rivers, aquifers, and estuaries (38-40). Also, due to the
long mean residence time of fertilizer N in soils the effects of
changes in soil management practices on nitrate loading of the
hydrosphere may be considerably delayed. For instance, studies
of the Mississippi River Basin have revealed a decrease in an-
thropogenic N inputs without any concurrent reductions in riv-
erine nitrate loading (41-43).

Our findings reinforce the importance of soil organic matter
management in agricultural soils as a buffer to mitigate diffuse
nitrogen pollution of surface waters and groundwaters. They
stress the need to take into account this long-term N-recycling
component in soil N and catchment models to better understand
and simulate nitrate-leaching lag times often observed between
fertilizer N applications to soils and nitrate transfers in drainage
basins. Our data also imply that the current trends of nitrate
concentration increases observed in hydrological systems asso-
ciated with many agricultural areas of the world are the result of
both current and past activities throughout the last decades.
Therefore, mitigation or restoration measures must take into
account the delay resulting from legacies of past applications of
synthetic fertilizers in agricultural systems.

Methods

The study was carried out over a 30-y period since 1981 using two lysimeters
in the chalk area located under in situ environmental conditions near Chalons
en Champagne, France (48°58'N, 4°19'E). Each lysimeter consisted of an intact
unaltered soil monolith (2 x 2 x 2 m) surrounded by a lysimetric tank. Soil
organic matter and harvest products of wheat and sugar beets were sampled
annually, air dried, ground and sieved through a 1 mm mesh for soils and
80-um for plants, and total N contents were determined using an elemental
analyzer. Isotope abundance ratios of total nitrogen for plant materials and
soil organic matter were determined by continuous flow isotope ratio mass
spectrometry coupled to an elemental analyzer (EA-CF-IRMS). Nitrate con-
centrations in the lysimeter seepage water were determined by automated
colorimetry (44). Nitrogen isotope ratios of nitrate in lysimeter seepage
water were determined either with the Kjeldahl distillation procedure or
with the ammonium diffusion technique using Devarda reagent (45, 46).
Oxygen isotope ratios of seepage water nitrate were determined using an
adaptation of the method described by Silva et al. (47). 5'8%0-NO5~ values
were determined after conversion of nitrate to pure silver nitrate, which was
converted to CO via pyrolysis in a glassy carbon reactor (TC/EA) at 1350 °C
followed by mass spectrometric measurements. 8'®0 values of nitrate are
reported with respect to Standard Mean Ocean Water.

Sebilo et al.
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