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Sources and transport of nitrate in tile-drained corn-soybean rotation
systems: A stable isotope approach
Objectives
It remains largely unknown how nitrogen (N) loss from tile-drained corn-soybean systems is
controlled by the interactions between hydrological, biogeochemical, and agricultural
management driving forces acting on these systems. This study aims to characterize the sources
and transport (and transformation) pathways of nitrate in tile-drained fields using novel stable
isotope fingerprinting techniques by measuring the natural abundance of N (δ15N) and oxygen
(δ18O) in the N fertilizers, soil, crop residue, tile and river water. This study is a companion
study to the field management trial study in Douglas County, IL (led by Lowell Gentry).
Detailed information about field setup, management systems, and tile sample collection at the
Douglas County site has been reported in previous progress reports of NREC project 2021-3360350-221.
The specific objectives of this project are:
1. Evaluate the effect of a combined use of split N application and winter cover crops on tile
nitrate load, soil N availability, and crop yields.
2. Make year-round measurements of nitrate stable isotopes in tile drainage to obtain
process information that will be used to quantify the sources and hydrological pathways
driving nitrate loss in tile drainage.
3. Establish a robust field N budget using isotope measurements of tile drainage, soil
profiles, and crop biomass to examine the cycling and legacy of nitrate in the soil-crop
system.
Results and Preliminary Data Interpretation
During the 2020/2021 water year, 710 tile drainage samples were collected from three treatments
receiving the MRTN rate of 180 lbs of N/A at the Douglas County site: (1) anhydrous ammonia
applied at the full rate in early spring; (2) 50:50 split of spring ammonia and side-dress UAN;
and (3) treatment 2 but with winter cover crop. So far, we have measured 359 tile drainage
samples for nitrate-N (δ15N) and oxygen (δ18O) isotopes using a novel isotope ratio mass
spectrometer system. These isotope data provide an intriguing picture of nitrate sources and
transport pathways in tile-drained systems. They also highlight the complex interplay between
hydrological dynamics and management practices (e.g., fertilizer application) in regulating the
magnitude and timing of nitrate loss in tile drainage. In the following report, we will use results
from two individual tiles under the split application treatment to demonstrate the power of nitrate
isotopes in fingerprinting tile drainage nitrate loss. Almost identical results were observed for
other replicated tiles, but for simplicity and clarity, these results are not shown in this report (but
will be included in manuscripts for journal publications).
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The measured nitrate-N isotopes, tile nitrate concentration, and daily nitrate load for one corn
plot and one soybean plot under the split application treatment are shown in Figs. 1 and 2,
respectively. It is important to note that the measured isotope data are expressed using the delta
(δ) notation. Specifically, the N (δ15N) and O (δ18O) isotope values are defined as:
δ15 N (or δ18 O) = (R sample⁄R standard − 1) × 1000

where R denotes the ratio of heavy (15N or 18O) to light (14N or 16O) isotopes. The term
Rsample/Rstandard is therefore the “ratio of ratio” relating the measured isotope composition of a
sample to that of a universal isotope standard (i.e., atmospheric N2 gas for N isotopes and ocean
water for O isotopes). By convention, this “ratio of ratio” is reported in units of per mille (‰) by
first subtracting 1 from it and then multiplying by 1000. Therefore, 1 ‰ = 1 part per thousand.
By using this delta notation, reported isotope data are inherently referenced to the universal
isotope standards. For example, a negative N isotope value means that the sample has less 15N
(and thereby a lower 15N-to-14N ratio) compared to atmospheric N2, and vice versa.

Figure 1. Nitrogen isotopic composition (δ15N; red line and dots), nitrate concentration (black
line and dots), and daily nitrate load (gray bars) of tile drainage from corn following soybean
under the split application treatment (tile 22). The dates for pre-planting and sidedress fertilizer
applications are indicated by blue arrows on the top axis.
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Large and sporadic declines in nitrate-N isotopes were observed following fertilizer applications
to the corn plot (Fig. 1). Similar declines were also observed for nitrate-O isotopes (not shown).
These sudden drops in nitrate isotopes are corresponding to dramatically increased nitrate
concentrations in the tile drainage (Fig. 1). The observed low nitrate isotopes following ammonia
and UAN applications (as low as -2 ‰; Fig. 1) are consistent with the well-established isotope
theory that when soil ammonium is ample, nitrification produces nitrate that is depleted in heavy
N and O isotopes (thereby having very low N and O isotope values). Therefore, the observed
episodic declines in both nitrate-N and nitrate-O isotopes point to the leaching of fertilizerderived nitrate in response to precipitation events following the pre-planting and side-dress
fertilizer applications. This technique has unequivocally determined that fertilizer N is the
direct source of tile nitrate during flow events following fertilizer N application and that
preferential flow is the mechanism of transport (see more details and a conceptual model below).

Figure 2. Nitrogen isotopic composition (δ15N; red line and dots), nitrate concentration (black
line and dots), and daily nitrate load (gray bars) of tile drainage from soybean following corn
(tile 46). Soybean were not fertilized.
The measured nitrate-N isotopes from the soybean plot ranged between 10 ‰ and 25 ‰ and
were significantly higher compared to those from the corn plot (Fig. 2). The higher nitrate-N
5

isotopes suggest that nitrate in tile drainage was mainly sourced from background soil N
transformation processes following corn harvest and during soybean production. Two competing
microbially mediated processes – mineralization and denitrification – control the background
level of nitrate isotopes in tile drainage. While mineralization-produced nitrate inherits N
isotopes from those of the source N (in this case, soil organic N and crop residues),
denitrification can substantially increase the N and O isotopes of nitrate because denitrifying
organisms discriminate against the heavy isotopes. In other words, denitrifying organisms prefer
the lighter isotope (thereby elevating the soil nitrate in heavy N isotopes). Previous studies have
found that soil organic N and crop residues usually have N isotopes ranging between 0 ‰ and
5 ‰. Therefore, the observation that nitrate-N isotopes from the soybean plot were
significantly higher than this mineralization range (Fig. 2) provides evidence for reduced
mineralization following corn harvest and during soybean production. This reduced
mineralization promoted a shift of the balance between mineralization and denitrification
toward the latter. Because the isotope effect of denitrification is most prominent when the
nitrate has resided in soil for long time, the observed high nitrate isotopes also indicate that the
leached nitrate during the soybean phase might be relatively aged (hereafter referred to “old”
background nitrate).
Interestingly, when comparing nitrate-N isotopes between the corn and soybean plots for the
non-growing season from November 2020 to April 2021, nitrate-N isotopes from the corn plot
were significantly lower (Figs. 1 and 2). Moreover, they followed a clear declining trend from
~12 ‰ to ~7 ‰, in pace with the increasing tile nitrate concentration during this time period
(Fig. 1). Because mineralization-produced nitrate should have N isotope values around 0 - 5 ‰,
this declining trend can be attributed to progressively increased rates of soybean residue
decomposition, which diluted the soil nitrate pool with nitrate having low isotope values. This
finding based on nitrate isotope measurements lends support to our previous conclusion
that decomposition of high-quality soybean residues is an under-appreciated source of tile
nitrate loss following soybean harvest. We postulate that the substantial tile nitrate loss
following soybean harvest and prior to corn planting is directly linked to nitrate leaching from
surface soil layers, where organic N and soybean residues are most abundant. This nitrate is
considered to have a relatively young age, as it has not yet been substantially altered in isotopes
(i.e. heavy isotopes) by denitrification.
We summarized our findings on the sources of tile nitrate loss under the split application
treatment in Fig. 3. It is clear from Fig. 3 that the N and O isotopes of nitrate were distinctively
different between the corn and soybean plots, indicating nitrate contributions from differing N
sources. Large tile nitrate loads from the corn plots were mainly originated from N fertilizers, as
well as from rapid mineralization triggered by soybean residue decomposition, whereas tile
nitrate loss from the soybean plots followed a steadier trajectory over time, which was regulated
by the balance between mineralization and denitrification.
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Figure 3. Biplots of nitrogen and oxygen isotope composition of nitrate (δ15N and δ18O)
illustrating the distinct sources of tile drainage from corn and soybean fields. Daily nitrate load
is also shown using color contours.
We next explored how the revealed source dynamics of tile nitrate loss was related to changes in
hydrological flow paths in the study system. Surface-applied N fertilizers (and also surfaceproduced “young” background nitrate) can migrate very rapidly to tile flows through preferential
flow pathways, such as macropores, or more slowly through the bulk of the unsaturated soil
matrix (i.e., matrix flow). The relative importance between these two flow pathways is
collectively controlled by the antecedent conditions of soil water content as well as by the
precipitation characteristics and the hydraulic properties of the soil.
Here, we investigated these flow pathways by comparing the measured nitrate isotopes with
chloride concentration in tile drainage (Fig. 4). Chloride is often used as a conservative tracer to
characterize hydrologic flows and rainfall-runoff responses because it travels with water, similar
to nitrate. In this study, muriate of potash (KCl) was broadcast as a potassium fertilizer in the
spring before corn planting for the split application treatments. Thus, changes in tile chloride
concentration before and after the potash application can be used to infer the coupled transport of
water and nitrate from the surface soil.
Tile chloride concentration was low during the entire soybean phase, as well as during the nongrowing season following soybean harvest and prior to corn planting (Fig. 4). During these time
periods, small declines in tile chloride concentration were often associated with simultaneous
declines in nitrate-N isotopes and increases in tile nitrate loads (Fig. 4). Precipitation water in
Central Illinois contains negligible chloride (i.e., < 0.1 mg Cl/L according to the NADP site in
Champaign). Thus, the coupled variations in tile chloride concentration, nitrate-N isotopes, and
tile nitrate load suggest an event-based transport mechanism, in which precipitation water
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contributes to tile flows and nitrate loss by mobilizing and flushing out “young” background
nitrate stored in surface soil layers.
Tile chloride concentration increased dramatically following potash application to the corn plots
(Fig. 4). Because potash was broadcast to the soil surface, precipitation water that infiltrates
through this surface fertilizer source zone should contain very high chloride concentrations. The
episodic and simultaneous jumps in tile chloride concentrations and drops in nitrate-N
isotopes following the potash and pre-planting ammonia applications (Fig. 4) therefore
provide direct evidence for soil preferential flows as the main transport pathway for the
loss of fertilizer-derived nitrate to tile drainage.

Figure 4. Nitrogen isotopic composition (δ15N; red line and dots) and chloride concentration
(black line and dots) of tile drainage from corn (tile 22) and soybean (tile 46) fields. The dates for
pre-planting and side-dress fertilizer applications are indicated by blue arrows on the top axis.
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Figure 5. Conceptual schematic of flow paths and nitrate transport and transformation in tiledrained fields under different wetness and crop growth conditions.
Based on the above analysis, we proposed a conceptual model to reconcile the diverse
hydrological, biogeochemical, and management controls on tile nitrate loss at the Douglas
County site (Fig. 5). Following crop harvest from the previous year, the soil system gradually
wets up over the winter and early spring (Fig. 5a). During this time period, soil moisture content
keeps increasing, resulting in progressively less precipitation water entering the soil matrix.
Consequently, both preferential flows in response to precipitation events and soil matrix flows
activated between precipitation events are important pathways transporting soil background
nitrate to tile drainage. During this stage, soil mineralization and crop residue decomposition are
the main processes sustaining high nitrate loads in tile drainage. Cumulatively, these losses of
soil background nitrate accounted for about half of the annual nitrate load in tile drainage.
As soil moisture content further increases and likely reaches its highest point in mid-spring to
early summer, the transport regime of water and nitrate is shifted to be preferential flowdominated (Fig. 5b). During this stage, most incoming precipitation bypasses the soil matrix,
creating a substantial network of preferential flows that significantly reduce the travel time of
water and nitrate to tiles. Because most fertilizer applications occur within this time window in
Central Illinois, soil preferential flows may have played a disproportionally important role in
facilitating the loss of fertilizer-derived nitrate to tile flows.
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As crops continue to grow and temperature to increase, the system starts to dry out in midsummer owing to enhanced evapotranspiration (Fig. 5c). Incoming precipitation can now be
quickly adsorbed and stored in the soil matrix due to elevated suction forces in the matrix. Tile
drainage during this time period is mainly generated by relatively large precipitation events or a
series of small events, during which water and nitrate stored in deep soil layers (e.g., below 2
feet) are mobilized by the infiltrating water. This is consistent with the observation that nitrate-N
isotopes increased rapidly during the late growing season of both corn and soybean (Figs. 1 and
2), indicating the leaching of “old” background nitrate. Fertilizer-derived nitrate is not a major
source of nitrate in tile drainage during this stage, as it would take considerably longer time for
water and nitrate to migrate from surface soil layers to tiles.

Remaining Work
The results we obtained so far provide a robust picture of how hydrological, biogeochemical, and
management driving forces interact to control the sources and transport pathways of nitrate in
tile-drained corn-soybean systems. We are now working to refine this picture through the
following activities:
(1) We will finish the remaining tile drainage samples for nitrate isotope measurement soon.
Results from these measurements will allow us to compare the sources and transport
mechanisms of tile nitrate loss between management treatments.
(2) We are currently modeling evapotranspiration fluxes from the study plots using a modified
FAO approach. These fluxes will be used, in combination with in situ precipitation records,
to derive a soil moisture deficit index to better understand how changes in flow pathways and
tile nitrate sources were triggered by soil moisture dynamics.
(3) We have submitted a subset of tile drainage samples for water-oxygen isotope measurements
at the University of Utah. Water isotopes are a better tracer of hydrologic flowpath compared
to chloride because they are not affected by evapotranspiration and crop uptake. Once we
receive these data, we will be able to partition the observed tile flows into event water and
pre-event water fractions.
(4) Laboratory soil incubation experiments are currently underway to measure the N and O
isotopes of mineralization- and fertilizer-derived nitrate. Also, we will collect pre-planting
ammonia fertilizer and side-dress UAN in this coming spring for direct characterization of
their N isotopes. Collectively, these data will allow us to quantitatively estimate the
proportion of fertilizer-derived nitrate in tile drainage.
(5) We will soon submit collected soil and crop biomass samples to a stable isotope laboratory at
Purdue University for N isotope measurements. These data will tell us the main N source for
crop uptake. They will also be used, in combination with the measured nitrate isotopes in tile
drainage, to establish a robust, isotope-based N mass balance for the study plots.
We will report results obtained from the above-mentioned activities in our next progress report.
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Summary Figure

Caption: Nitrate-N isotope composition (red line and dots), chloride concentration (blue line and
dots), nitrate concentration (black line and dots), and daily nitrate load (gray bars) of tile
drainage from corn following soybean during water year 2020-2021 at the Douglas County site.
The dates for pre-planting and side-dress fertilizer applications are indicated by blue arrows on
the top axis. The simultaneous and sporadic changes in nitrate-N isotopes and tile chloride and
nitrate concentrations point to the leaching of fertilizer-derived nitrate from surface soil layers
through soil preferential flows.
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