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A B S T R A C T

Intensive agriculture in the Upper Mississippi River Basin contributes nitrogen and phosphorus loads to the Gulf 
of Mexico. Increases in nitrogen and phosphorus loads from basin states such as Illinois despite an increasing 
implementation of best management practices suggest overlooked sources of nutrient losses. Nitrogen co-applied 
with phosphorus fertilizer as monoammonium and diammonium phosphates is one such overlooked loss source. 
We conducted field experiments on Mollisols and Alfisols, two dominant soil types in Illinois and the greater 
Upper Mississippi River Basin, to quantify hypothesized losses of nitrogen from ammonium phosphate fertilizers. 
The inorganic nitrogen and phosphate leaching loss potential of mono- and diammonium phosphates compared 
to nitrogen-free triple superphosphate were evaluated under representative soybean production systems at two 
application rates and three timing-placement combinations, for two years at two sites. Though high non-fertilizer 
nitrate leaching loads generally outstripped the effect of nitrogen co-applied with monoammonium and dia
mmonium phosphates, off-season nitrate leaching loads relative to triple superphosphate were greater for 
monoammonium phosphate by +30.0 kg NO3-N ha-1 and for diammonium phosphate by +49.9 kg NO3-N ha-1 in 
the first year under fall application on Mollisols, supporting the hypothesized water quality co-benefit of using 
triple superphosphate instead of ammonium phosphates as a phosphorus source. Additionally, relatively high 
non-fertilizer nitrate leaching loads regardless of fertilization point to the high nitrogen loss potential of soybean 
production, likely driven by mineralization of nitrogen-rich soybean residues following harvest. Our results 
suggest that targeting non-fertilizer nitrate leaching by cover cropping, and secondarily eliminating nitrogen co- 
applied with monoammonium and diammonium phosphate fertilizers by switching to triple superphosphate, 
could substantially mitigate nitrogen loading to surface waters in this region.

1. Introduction

Intensive agriculture in the US Midwest contributes to the hypoxic 
zone of the northern Gulf of Mexico (Rabalais et al., 2007, 2010; David 
et al., 2010). One of the most agriculturally productive regions within 
the upper Mississippi River basin, Illinois contributes approximately 
15% of nitrogen (N) and 10% of phosphorus (P) loads to the Gulf of 
Mexico (David and Gentry, 2000). Though the Illinois Nutrient Loss 
Reduction Strategy seeks to reduce nitrate-N load by 15% and total P 
load by 25% relative to the 1980–1996 baseline by 2025, state loads 

increased by 4.8% for nitrate-N and 35% for total P over 2017–2021 – 
despite continued efforts by the non-point source sector, including 
agriculture, to reduce losses to surface waters (IEPA Illinois Environ
mental Protection Agency, 2023). Efforts to reduce agricultural contri
butions have largely focused on N fertilizer applied to the maize phase of 
the regionally dominant maize (Zea mays L.) – soybean (Glycine max L.) 
rotation, and have overlooked additional N inputs that are smaller in 
magnitude (kg ha-1) but cumulatively appreciable. In particular, the 
widespread use of ammonium phosphate fertilizers as P source is a 
salient blind spot that could contribute to off-farm N losses (Margenot 
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and Lee, 2023).
As for much of the North Central US, diammonium phosphate (DAP) 

and monoammonium phosphate (MAP) are the main sources of P fer
tilizers available to and used by Illinois farmers (Fernández and Hoeft, 
2009), and are estimated to account for approximately 77% of phos
phate fertilizers in 2022 (IL DoA Illinois Department of Agriculture, 
2022). Though classified by USDA (Decock, 2014) and used by farmers 
as P sources, DAP and MAP contain approximately 18 and 11% N, 
respectively. For soybean, however, co-application of this additional N 
may not offer benefits. Soybean can meet on average approximately 
55% of N demand by biological N fixation, with the remainder supplied 
by soil N (Salvagiotti et al., 2008; Ciampitti and Salvagiotti, 2018). 
Regionally, contribution of biological N fixation is estimated to range 
from 23% to 65% (Córdova et al., 2019). In addition, N fertilization can 
inhibit biological N fixation (Salvagiotti et al., 2008; Ciampitti and 
Salvagiotti, 2018) and/or does not lead to profitable yield increases 
(Salvagiotti et al., 2008), leading to a general lack of need for N appli
cation for soybean. As a result, the additional N co-applied to soybean 
with MAP and DAP may be an overlooked source of N loss to the envi
ronment. Given that soybean accounts for almost half of the cropped 
area of Illinois (Schnitkey et al., 2020) and the upper Mississippi River 
basin (USDA NASS,2019), reducing unnecessary N inputs in soybean 
production systems stands to reduce nutrient loads to the Gulf of Mexico. 
Independent of fertilization, soybean can also contribute to nitrate 
leaching loads through the decomposition of N-rich residues after har
vest (Angle, 1990; Norman et al., 1990). As a result, nitrate losses via 
subsurface drainage can be comparable to or in some cases higher under 
soybean than maize (Zhu and Fox, 2003; Lawlor et al., 2008).

In contrast to ammonium phosphates, superphosphates such as triple 
superphosphate (TSP), once the dominant P fertilizer in Illinois (DeTurk, 
1942; Bauer et al., 1945) and much of the Mississippi River basin 
(Havlin et al., 2013; Zimdahl, 2015; USDA ERS, 2019), are N-free 
alternative P fertilizers. Substituting DAP or MAP with TSP would 
altogether avoid fertilizer N loss during P inputs (Margenot and Lee, 
2023). In addition to the choice of fertilizer source, characterizing the 
interaction of P fertilizer source with rate, timing, and placement (i.e., 
the 4Rs nutrient stewardship) is important to maintain yields while 
mitigating N and P losses. For example, Fernandez et al. (2010) evalu
ated how timing of MAP and DAP applications influenced recovery of 
fertilizer-N in soil at 0-30 cm depth and suggested that approximately 
two-thirds of the applied N was lost before crop uptake when applied in 
fall, though the recovery varied by year and site. However, losses of N (e. 
g., leaching) were not directly quantified, which could further vary by 
source, timing, rate, and placement.

The objectives of this work were to determine inorganic N and 
phosphate leaching losses under representative Illinois soybean pro
duction systems and to compare leaching potential from N-free TSP and 
ammonium phosphates under multiple rates and timing-placement 
combinations. Specifically, we evaluated treatment combinations of P 
fertilizer source (MAP, DAP, and TSP), rate (full and partial maintenance 
rate), and timing-placement (fall broadcast, spring broadcast, and spring 
banding) on the two representative soil types of Illinois (Mollisols and 
Alfisols). We employed resin lysimeters to evaluate how P fertilizer 
treatment combinations influenced estimated cumulative in-season and 
off-season leaching loads of inorganic N and phosphate. We hypothe
sized that TSP would reduce inorganic N leaching loads compared to 
MAP and DAP by avoiding inputs of fertilizer-derived N. We also hy
pothesized that full rate, banding placement, and fall application would 
increase inorganic N and phosphate leaching loads compared to partial 
rate, broadcast, and spring application, respectively. More broadly, we 
expected higher N and phosphate leaching loads from Mollisols than 
Alfisols due to greater N and P mineralization from higher soil organic 
matter content.

2. Materials and methods

2.1. Site description and field trial experimental design

Field trials were conducted at two sites over two growing seasons, 
from fall 2020 through fall 2022, at 1) University of Illinois at Urbana- 
Champaign Crop Science Research and Education Center, Urbana, IL 
and 2) University of Illinois at Urbana-Champaign Extension Ewing 
Demonstration Center, Ewing, IL. These study sites were selected 
because they each represent one of the two dominant soil types of Illi
nois and the greater Upper Mississippi River Basin: Mollisols and Alfisols 
(Table 1). At each site, an experimental area with a size of 0.8 ha was 
established. At Urbana, maize was planted the year prior to the trial and 
tillage was performed after harvest. At Ewing, maize was planted at the 
north side and soybean was planted at the south side of the experimental 
area in the year prior to the trial setup, and no tillage was performed 
after harvest.

At each site, field trials were arranged using the randomized com
plete block design to test 18 treatment combinations comprised of three 
P sources (MAP, DAP, and TSP), two rates (full and partial maintenance 
rate), and three timing-placement (fall broadcast, spring broadcast, and 
spring banding) over two years. The 18 treatments and one unfertilized 
control were randomly assigned to plots (6.1 m x 13.1 m) within each of 
the five blocks, which were oriented north to south to account for spatial 
variation in initial (spring 2020) soil Mehlich-3 P, mapped soil type, and 
cropping history (at Ewing). Soil testing at both sites prior to the trials 
(1–2 months before fall 2020 P fertilization; Table S1) identified mean 
Mehlich-3 P concentrations exceeding the critical soil test value of 
20–25 mg kg-1, enabling us to test hypotheses on maintenance P fertil
ization rates in which P removed with harvest is replaced by fertilization 
(Fernández and Hoeft, 2009). Full maintenance rates, determined based 
on recommended soybean grain P removal rate (Villamil et al., 2019) 
and site-specific target yields, were 29.4 kg P ha-1 at Urbana and 
22.0 kg P ha-1 at Ewing. A partial rate of 75% of full maintenance rate 
was also evaluated: 22.0 kg P ha-1 at Urbana and 16.5 kg P ha-1 at Ewing. 
Both sites were planted with soybean on 76.2 cm row spacing in both 
years. Dates of field activities are summarized in Table S1. Soybean yield 
response to tested P fertilization treatments were not the objective of 
this study, but are reported by Nakayama et al. (in review).

Table 1 
Description of the two sites, managed by University of Illinois at Urbana- 
Champaign, selected for evaluating effects of P fertilization on inorganic N 
and phosphate leaching loads. Mean annual temperature and precipitation are 
from 2000–2022 (NWS, 2023) and soil types were based on USDA NRCS Soil 
Survey (Soil Survey Staff, 2023). Soil Mehlich-3 P was determined 
colorimetrically.

Site Crop Science Research and 
Education Center

Ewing Demonstration 
Center

Location Urbana, IL, USA Ewing, IL, USA
40◦04’57.1"N 88◦13’37.9"W 38◦05’36.7"N 88◦50’42.9"W

Mean annual 
temperature 
(◦C)

11.4 13.7

Mean annual 
precipitation 
(mm)

1046 1216

Soil type fine-silty, mixed, 
superactive, mesic Aquic 
Argiudolls (Elburn series)

fine-silty, mixed, active, 
mesic Oxyaquic Fragiudalfs 
(Ava series)

fine-silty, mixed, 
superactive, mesic Typic 
Endoaquolls (Drummer 
series)

fine-silty, mixed, superactive, 
mesic Aquic Hapludalfs (Blair 
series)

Soil Mehlich-3 P 
(mg kg-1)

34.1 27.2
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2.2. Inorganic N and phosphate leaching loads

Leaching loads of inorganic N and phosphate from each plot were 
estimated by installing ion exchange resin lysimeters (Susfalk and 
Johnson, 2002; Langlois et al., 2003). Resin lysimeters are a relatively 
low cost and low maintenance alternative to monitoring nutrient 
leaching via subsurface drainage tile export (e.g., Randall and Vetsch, 
2005; Lawlor et al., 2008; Pittelkow et al., 2017) which requires costly 
infrastructure and in many cases cannot be implemented in replicated 
experiments. Ion-exchange resin adsorbs and thus captures ions (nitrate, 
ammonium, phosphate) from the leachate solution percolating down
ward through the resin lysimeters, which have a defined cross-sectional 
horizontal area. By normalizing the mass of nutrient captured to the 
cross-sectional area of the resin lysimeter, nutrient leaching loads (kg 
ha-1) can be calculated (Susfalk and Johnson, 2002). As a result, unlike 
the monitoring of subsurface drainage tiles that require collection of 
both water flux and nutrient concentrations to calculate nutrient flux, 
resin lysimeters enable direct measurement of nutrient leaching loads. 
Resin lysimeters were constructed by placing two nylon bags (5.1 cm by 
10.2 cm, 120 μm mesh size), each filled with 15 g ion exchange resin 
(Amberlite®IRN-150), between layers of washed quartz sand inside a 
polyvinyl chloride coupling (6 cm inner diameter with 7.2 cm height). 
To install the resin lysimeters, a 40 cm deep trench was excavated and a 
small lateral hole the approximate size of the resin lysimeter was dug 
with a soil knife at the trench bottom. A resin lysimeter was installed 
into the side hole, flush with the soil ceiling, and the main access hole 
was back filled. Installing resin lysimeters perpendicular to the opening 
trench avoids disturbing soil directly overlying the lysimeter and thus 
preferential flow and overestimation of N and P leachate loads (Leon 
et al., 2023). To estimate off-season leaching loads in the unfertilized 
control and fall broadcast fertilized treatments, resin lysimeters were 
installed in the fall after crop harvest before fall application of P fertil
izers and harvested in the spring before planting. To quantify in-season 
leaching loads attributable to fertilizer, resin lysimeters were installed in 
all plots near planting in spring and harvested after crop harvest. This 
means that vertical soil nutrient fluxes were monitored throughout the 
full year for fall-applied treatments and through the in-season for 
spring-applied treatments, though we expected off-season leaching 
loads from the spring-applied treatments to be similar to those from the 
unfertilized control given that neither received fall fertilizer application. 
Three resin lysimeters were installed in each plot (Fig. S1), totaling n =
105 per site installed from fall to spring and n = 285 per site installed 
from spring to fall, for each of the two years (n = 1560 total). After 
harvesting resin lysimeters from the field, the two resin bags from each 
of the lysimeters were placed into a sealed plastic bag and stored at 4 ◦C 
until analysis.

Two harvested resin bags from the same lysimeter were transferred 
into a 250 mL Nalgene bottle. Four sequential extractions using 1 M KCl 
in a 1:2 resin to extractant ratio with 30 min shaking at 180 rpm were 
performed to extract nitrate, ammonium, and phosphate adsorbed to the 
collected ion exchange resin. Combined extracts were centrifuged until a 
clear supernatant was obtained (3724 g, 5 min), and were colorimetri
cally analyzed for nitrate, ammonium, and phosphate concentrations by 
the vanadium (III) reduction method (Miranda et al., 2001; Doane and 
Horwáth, 2003), salicylate method (Nelson, 1983), and molybdate 
colorimetry method (Murphy and Riley, 1962; Pierzynski, 2000), 
respectively. To correct for incomplete recovery of adsorbed nutrients, 
we spiked fresh ion exchange resin with a range of known concentra
tions of nitrate, ammonium, and phosphate, and then performed ex
tractions as described above. The relationship between the spiked versus 
extractable amount of each nutrient, evaluated with a line of best fit, was 
used to correct the extracted ammonium, nitrate, and phosphate to the 
total amount adsorbed to ion exchange resin. The recovery varied by 
concentration and averaged 61.4% for nitrate, 64.6% for ammonium, 
and 81.9% for phosphate. The corrected values were converted to kg 
nutrient (NO3-N, NH4-N, or PO4-P) ha-1 using the cross-sectional area of 

the resin lysimeter (≈ 28 cm2).

2.3. Soil sampling and analyses

Soils were sampled with a push probe within two days after each 
resin lysimeter harvest (Table S1) to assess P fertilizer management ef
fects on extractable soil ammonium and nitrate, and soil Mehlich-3 P 
concentrations. From each plot, soils were sampled in triplicate and 
were composited by depth: 0–15 cm and 15–35 cm. Soil samples were 
refrigerated until analyses for extractable ammonium and nitrate within 
2–3 weeks. Soils were extracted with 2 M KCl at a ratio of 1:5 (oven-dry 
weight to solution), and ammonium and nitrate concentrations in the 
extracts were determined colorimetrically as described above. Remain
ing soil samples were air-dried, ground to pass a 2 mm sieve, and 
extracted using Mehlich III solution (Mehlich, 1984). Phosphorus con
centrations of extracts were quantified by inductively coupled 
plasma-optical emission spectroscopy (ICP-OES).

2.4. Statistical analyses

Leaching loads per experimental unit (replicate field plot), calculated 
as the average of three lysimeters installed in each plot, were used to test 
whether P source, rate, and timing-placement impacted inorganic N and 
phosphate leaching loads. For plots with a missing observation (e.g., 
lysimeter not recovered), the average of the two recovered lysimeters 
was used (< 2% of plots across two sites over two years). Linear mixed 
effects model was fitted and analysis of variance was performed to test 
the effects of P fertilizer sources (MAP, DAP, and TSP), rates (full and 
partial maintenance rate), timing-placement combinations (fall broad
cast and spring broadcast and banding) using functions in lme4 and 
lmerTest packages in R (Bates et al., 2015; Kuznetsova et al., 2017). 
Unfertilized control plots were not included in the linear mixed effects 
model evaluations. Block was treated as a random effect, and fertilizer 
sources, rates, and timing-placement were treated as fixed effects in the 
fitted model. Normality and equal variance were tested with visual in
spection and data were transformed as needed, informed by the boxcox() 
function in the MASS package (Venables and Ripley, 2002). Post-hoc 
Tukey Honest Significant Differences tests were conducted when sta
tistically significant (p < 0.05) fixed effect(s) were detected to evaluate 
whether treatment means differed. When data normality or homosce
dasticity were not improved by transformations, a nonparametric 
alternative, factorial analysis with Aligned Rank Transform in ARTool 
package (Wobbrock et al., 2011; Kay et al., 2021) followed by a post-hoc 
Dunn’s test with a Bonferroni correction in the FSA package (Ogle et al., 
2020) was performed. Off-season leaching loads were compared only for 
fall-applied plots. For in-season leaching loads, treatments within fall 
broadcast were compared separately from treatments within spring 
broadcast and banding treatments, because off-season leaching loads 
were not directly measured in spring-applied treatments. To perform 
comparisons of leaching across all treatments, annual leaching loads 
were estimated by adding off-season and in-season leaching loads (e.g., 
leaching loads from fall 2020 to spring 2021 + spring 2021 to fall 2021) 
for fall-applied treatments, whereas in-season leaching loads from a 
spring-applied treatment plot and off-season leaching loads from the 
unfertilized control plot within the same block were summed to estimate 
annual leaching loads for spring-applied treatments. For soil inorganic N 
(i.e., ammonium-N and nitrate-N) and Mehlich-3 P concentrations, only 
fall-applied plots were included in the analyses for spring sampling 
whereas all treatment plots were included for fall sampling. R software 
version 4.0.0 in Rstudio version 2022.07.1 (R Core Team, 2020; RStudio 
Team, 2022) was used to perform all statistical analyses.

To evaluate spatial variability of leaching loads, the coefficient of 
variation was calculated at two spatial scales for each of the four 
measured time intervals (off- and in-season from the two years), sepa
rately for nitrate, ammonium, and phosphate leaching loads from the 
unfertilized control plots. Within-plot coefficient of variation was 
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calculated by dividing standard deviation across three replicate lysim
eters within each plot by the mean of the corresponding plot. Plots with 
a missing observation (only two replicate lysimeters) were excluded. 
Across-plot coefficient of variation was calculated by dividing standard 
deviation across means of five replicated plots within the same treat
ment by the mean of the treatment. Calculated coefficient of variation 
was expressed as % after multiplying by 100.

3. Results

3.1. Inorganic N leaching loads

Inorganic N leaching loads were affected by P fertilizer source, rate, 
and timing-placement only in limited cases. Across off- and in-season 
leaching loads over two years at Urbana, P fertilizer source only 
significantly influenced nitrate leaching loads in the first year (Fig. 1; 
Fig. S2; Table S2). Specifically, first-year off-season nitrate leaching 
loads relative to TSP were greater for MAP by +30.0 (p = 0.029) and for 
DAP by +49.9 kg NO3-N ha-1 (p = 0.002). In contrast, off-season nitrate 
leaching loads at Ewing in the first year were similar among P fertilizer 
source but varied substantially spatially (i.e., across plot), with average 
nitrate leaching loads of 113.0 and 141.9 kg NO3-N ha-1 from northern 
two blocks in which maize was planted the year before the trial, and 
average nitrate leaching loads of 12.8, 10.4, and 9.8 kg NO3-N ha-1 from 
the southern three blocks in which soybean was planted the year before 
the trial (Fig. 2). Nitrate leaching loads were unaffected by application 
rate at Urbana. At Ewing, off-season nitrate leaching loads in the second 
year were higher under the partial rate (p = 0.024). Specifically, off- 
season nitrate leaching loads averaged 3.5 kg NO3-N ha-1 under the 
full rate, 47% lower than 6.6 kg NO3-N ha-1 with the partial rate. Nitrate 
leaching loads were not influenced by timing-placement at both sites 
over the two years.

Ammonium leaching loads were substantially lower in magnitude 
and rarely responded to P fertilizer source, rate, and timing-placement 
(Fig. 3; Fig. 4; Fig. S3). Ammonium only accounted for 1.1–3.5% at 
Urbana and 2.9–37.5% at Ewing, respectively, of the total estimated 
inorganic N leaching loads (ammonium + nitrate) on average across 
four measured time intervals. Ammonium leaching loads were influ
enced by P fertilizer source only at Ewing (Table S3). Specifically, in- 
season ammonium leaching loads following fall P application in the 
first year were +1.4 kg NH4-N ha-1 (88%) higher under TSP than DAP (p 
= 0.038). Ammonium leaching loads were similar across P fertilization 
rate (p > 0.05). Annual ammonium leaching loads at Urbana in the 
second year were +2.0 kg NH4-N ha-1 (22%) higher under spring 
broadcast (p = 0.017) and +1.9 kg NH4-N ha-1 (20%) higher under 
spring banding (p = 0.027) than under fall broadcast application. At 
Ewing, ammonium leaching loads were similar across P fertilization 
timing-placement (p > 0.05).

Inorganic N leaching loads from the unfertilized control were highly 
spatiotemporally variable. At Urbana, average off- and in-season nitrate 
leaching loads from the unfertilized control were, respectively, 85.8 and 
86.8 kg NO3-N ha-1 in the first year and 216.7 and 16.2 kg NO3-N ha-1 in 
the second year (Fig. 1). Nitrate leaching loads were generally lower at 
Ewing. Average off- and in-season nitrate leaching loads from the un
fertilized control were, respectively, 41.6 and 32.8 kg NO3-N ha-1 in the 
first year and 2.7 and 36.4 kg NO3-N ha-1 in the second year (Fig. 2). 
Across four measured time intervals of off- and in-season over two years, 
within-plot coefficient of variation of nitrate leaching loads from un
fertilized control varied from 7.6% to 125.3% with median of 54.5% at 
Urbana and 1.9% to 146.7% with median of 42.2% at Ewing (Table S4). 
Across-plot coefficient of variation of nitrate leaching loads from un
fertilized control ranged from 37.6% to 66.5% at Urbana and 27.0% to 
167% at Ewing. Off- and in-season ammonium leaching loads at Urbana, 
respectively, were 0.8 and 2.5 kg NH4-N ha-1 in the first year and 10.3 
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Fig. 1. Off- and in-season nitrate leaching loads (kg NO3-N ha-1), estimated with resin lysimeters installed in fall 2020–spring 2021, spring 2021–fall 2021, fall 
2021–spring 2022, and spring 2022–fall 2022, across P fertilizer source (monoammonium phosphate – MAP, diammonium phosphate – DAP, triple superphosphate – 
TSP), rate (partial and full maintenance rate), timing-placement combinations (fall broadcast, spring banding and broadcast), and unfertilized control from central 
Illinois (Urbana), USA. Significant mean differences between P fertilizer treatments are reported in text boxes with p-value.
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and 0.7 kg NH4-N ha-1 in the second year. Ammonium leaching loads at 
Ewing were less variable, with off- and in-season leaching ranging from 
1.2 to 2.8 kg NH4-N ha-1 across the two years. Within-plot coefficient of 
variation of ammonium leaching loads from unfertilized control varied 
from 7.5% to 157.3% with median of 30.0% at Urbana and 4.2% to 
102.7% with median of 29.7% at Ewing. Across-plot coefficient of 
variation of ammonium leaching ranged from 9.5% to 51.7% at Urbana 
and 44.3% to 66.0% at Ewing.

3.2. Phosphate leaching loads

Similar to inorganic N leaching loads, phosphate leaching loads 
responded to P fertilization source, rate, and timing-placement only in 
limited instances (Fig. 5; Fig. 6). In the second year at Ewing, application 
of TSP resulted in higher annual phosphate leaching loads compared to 
DAP (p = 0.041), with average loads of 3.7 kg PO4-P ha-1 for TSP and 
1.2 kg PO4-P ha-1 for DAP (Fig. 6; Fig. S4; Table S5). Phosphate leaching 
loads were similar across P fertilization rates. At Urbana, annual phos
phate leaching loads were +0.8 kg PO4-P ha-1 (21%) higher under spring 
broadcast than spring banding (p = 0.042) in the first year but were 
+11.3 kg PO4-P ha-1 (286 and 288%) higher under fall broadcast than 
spring broadcast and banding (p < 0.001) in the second year. In-season 
phosphate leaching loads under spring P application in the first year at 
Urbana were +0.8 kg PO4-P ha-1 (25%) higher under broadcast appli
cation than banding application (p = 0.0027). At Ewing, phosphate 
leaching loads were similar across P fertilization timing-placement. 
Phosphate leaching loads in the unfertilized control across the four 
time intervals ranged from 0.3 to 3.2 kg PO4-P ha-1 at Urbana and from 
0.1 to 0.5 kg PO4-P ha-1 at Ewing. Within-plot coefficient of variation in 
unfertilized control ranged from 14.2% to 154.3% with median of 68.7% 
at Urbana and from 5.8% to 173.2% with median of 53.7% at Ewing 
(Table S4). Across-plot coefficient of variation ranged from 60.4% to 

85.4% at Urbana and 90.3% to 161.4% at Ewing.

3.3. Soil extractable inorganic N at 0–15 and 15–35 cm

Soil inorganic N concentrations at 0–15 and 15–35 cm depth were 
only occasionally influenced by P fertilizer source, rate, and timing- 
placement, and responded primarily to P fertilizer source. At Urbana, 
soil nitrate at 0–15 and 15–35 cm depths before planting in the second 
year (spring 2022) differed across source of P fertilizer when fall- 
broadcasted (Table S6). Relative to TSP, soil nitrate at 0-15 cm depth 
was 26% higher under MAP by +1.31 mg NO3-N kg-1 (p = 0.038) and 
47% higher under DAP by +2.34 mg NO3-N kg-1 (p = 0.003). At 
15–35 cm depth, soil nitrate was +1.09 mg NO3-N kg-1 (26%) higher 
under DAP than TSP (p = 0.023). However, soil nitrate concentration 
was similar across P sources at Ewing and across P fertilization rate and 
timing-placement combinations at both sites across all sampling times.

Similiar to nitrate, soil ammonium concentrations were influenced 
mainly by P fertilizer source but the response to P fertilizer occurred at 
different times (Table S7). Specifically, soil ammonium at Urbana after 
grain harvest in the second year was affected by the source of P fertilizer 
at both 0–15 and 15–35 cm. Soil ammonium at 0–15 cm was higher 
under DAP by +0.36 kg mg NH4-N kg-1 (198%) than MAP (p = 0.016) 
and by +0.31 mg NH4-N kg-1 (137%) than TSP (p = 0.037) whereas soil 
ammonium at 15–35 cm was higher under TSP by +0.29 kg NH4-N ha-1 

(413%) than MAP (p = 0.010). As observed for soil nitrate, soil 
ammonium was not influenced by P fertilization rate but was influenced 
by timing-placement in the second year at Urbana. Specifically, soil 
ammonium at 0–15 cm after harvest in the second year was +0.37 mg 
NH4-N kg-1 (327%) higher under broadcast application in fall than in 
spring (p = 0.037). At Ewing, soil ammonium was similar regardless of P 
fertilizer source, rate, or timing-placement across all timepoints.
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3.4. Soil Mehlich-3 P at 0–15 and 15–35 cm

Soil Mehlich-3 P at 0–15 and 15–35 cm depth rarely responded to P 
fertilizer source, rate, and timing-placement (Table S8). Soil Mehlich- 
3 P was unaffected by P fertilizer source at both sites across all time 
points. At Urbana, soil Mehlich-3 P at 0–15 cm after grain harvest in the 
second year was +10.3 mg kg-1 (34%) higher under fall broadcast than 
spring banding (p = 0.016). Soil Mehlich-3 P concentrations at both 
depths did not differ across P fertilizer rates at both sites (p > 0.05).

4. Discussion

4.1. Effects of P fertilizer source on inorganic N and phosphate leaching 
loads

Our results support the hypothesized reduction of inorganic N 
leaching loads, dominated by nitrate, by substituting ammonium phos
phate fertilizers with N-free TSP. However, the significant reduction in 
nitrate leaching with TSP substitution for MAP and DAP was only 
detected for off-season nitrate leaching loads following fall application, 
and at Urbana in the first year (fall 2020–spring 2021). The amount of N 
co-applied with full (100% maintenance) and partial (75% mainte
nance) rate at Urbana was approximately 26.3 and 19.7 kg N ha-1 for 
DAP and 15.5 and 11.6 kg N ha-1 for MAP, respectively. In other words, 
the reductions in off-season nitrate leaching loads at Urbana in the first 
year by substituting DAP and MAP with TSP (49.9 and 30.0 kg N ha-1, 
respectively) were approximately twice the magnitude of N co-applied 
with P. The reduction of nitrate leaching loads beyond the amount of 
co-applied N eliminated by switching to TSP suggests P fertilizer sources 
influenced leaching loss of non-fertilizer N (e.g., organic matter). Ni
trogen from ammonium phosphates could have induced off-season 
mineralization of crop residue and/or soil organic matter (Green 

et al., 1995; Poffenbarger et al., 2017), and substitution with TSP would 
avert this additional loss of mineralized N, though the exact mechanisms 
at play merit further investigation. Non-fertilizer N leaching loss may 
have complicated the comparison of nitrate leaching loads between DAP 
and MAP. Application of DAP on the same P basis as MAP would be 
expected to entail higher nitrate leaching loads due to DAP’s higher N 
content and its dissolution leading to a higher (localized) pH environ
ment favoring nitrification. However, we may have not been able to 
detect differences in nitrate leaching between the two ammonium 
phosphate fertilizers due to the high variability in nitrate leaching loads 
and/or potential counteraction by increased denitrification and 
ammonia loss under higher pH induced in the fertosphere by DAP 
dissolution, which would be expected to reduce the amount of 
DAP-derived N that could be leached (Mulvaney, 1994; Fernández et al., 
2010; Nadarajan and Sukumaran, 2021). Though limited to the higher 
organic matter soils at Urbana and under fall application in the first year 
(i.e., following maize), our results support the hypothesized benefit of 
TSP in eliminating the loss of N co-applied as ammonium phosphates by 
leaching.

Lower nitrate leaching loads under TSP than ammonium phosphates 
only during the off-season with fall application supports the hypothe
sized loss risk of N co-applied with P sources during the fall. Spring 
application entails lower risk of N loss than fall application because 
fertilizer is applied closer to the period of crop N demand (Randall et al., 
2003). Fall application of P fertilizer is typically performed in the US 
Midwest for practical reasons, in particular drier soil conditions in fall 
compared to spring that minimize soil compaction (Arvidsson and 
Bölenius, 2006; Fernández et al., 2010). Furthermore, fall application 
avoids the need for additional labor during the already high labor de
mand spring planting (Fernández et al., 2010). The use of TSP instead of 
ammonium phosphates in fall P applications could thus avoid the risk of 
fertilizer-derived N loss while maintaining the logistical benefits of fall 
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application.
However, the co-benefit of TSP to water quality can vary by year and 

location, as evidenced by off-season nitrate leaching loads following fall 
application being similar with substitution of MAP and DAP with TSP in 
the second year at Urbana and both years at Ewing. Nearly three-fold 
higher average off-season nitrate leaching loads in the second year at 
Urbana compared to the first year (238 and 82.4 kg N ha-1, respectively) 
could have masked the difference in amount of N co-applied as P fer
tilizer. Even if all N co-applied from DAP applied at full rate (26.3 kg N 
ha-1) leached, it would only account for 11% of total off-season nitrate 
leaching loads observed in the second year. The substantially higher off- 
season leaching loads in the second year is consistent with the hypoth
esized increase in inorganic N leaching following soybean compared to 
maize due to the decomposition of N-rich soybean residue (Angle, 1990; 
Norman et al., 1990). A field study in central Illinois similarly identified 
3.6-fold higher off-season tile nitrate loads following soybean than 
following maize, regardless of N application rate in the previous maize 
phase of maize-soybean rotation (Gentry et al., 2024). Assuming a N 
harvest index of 73% for soybean (Bender et al., 2015), N input via 
soybean residues at our sites would average 101 kg N ha-1. Twenty-two 
percent higher cumulative precipitation during the leaching monitoring 
period in the second year (NWS, 2023) likely also favored greater nitrate 
leaching loads.

At Ewing, no effect of P fertilizer on off-season nitrate leaching loads 
was detected in the first year, potentially due to the high spatial vari
ability that reflected cropping history. An order of magnitude greater 
off-season nitrate leaching loads were observed in northern blocks 
where maize was cropped compared to the southern blocks where soy
bean was cropped in the year prior to the initiation of the field experi
ment. In contrast to the first year, off-season nitrate leaching loads were 
much lower in the second year, which may be attributed to the presence 
of a native weed endemic across southern Illinois, little barley (Hordeum 

pusillum). Though weed N uptake was not directly quantified, it is 
possible that high leaching loads were observed in the first year for those 
blocks under maize due to the restricted establishment of the weed 
among high surface-coverage maize residues.

The contribution of ammonium to the total estimated inorganic N 
leaching loads (ammonium + nitrate) was minimal (i.e., < 6%) except 
for second-year off-season leaching at Ewing (38%) in which nitrate 
leaching was substantially lower. Minor contributions of ammonium to 
total inorganic N leaching loads are well recognized (Davis et al., 2015) 
and reflect rapid nitrification of ammonium dissolved from DAP and 
MAP, especially when soil temperatures exceed 10 ◦C (Sabey et al., 
1956). Higher first-year in-season ammonium leaching loads under 
fall-applied TSP than DAP at Ewing might be attributed to the potential 
inhibition of nitrification by acidification from TSP application, given 
the contrasting dissolution pH of DAP (8.5) versus TSP (1.5) (Sample 
et al., 1980; Havlin et al., 2013). Nearly complete nitrification of fer
tilizer N applied as anhydrous ammonia (89%) under soil pH > 7.5 but 
only 39% nitrification under soil pH < 6.0 in Mollisols in the Corn Belt 
have been reported (Kyveryga et al., 2004). Though co-application of Ca 
with TSP could displace ammonium from the cation-exchange complex, 
the amount of Ca added with TSP (11–14 kg Ca ha-1) was negligible 
compared to soil Mehlich-3 extractable soil Ca (> 4000 kg ha-1 at 
0–15 cm depth) (National Cooperative Soil Survey, 2024). However, the 
additional ammonium leached under TSP is unlikely to influence inor
ganic N leaching loads due to its relatively negligible magnitude (1.4 kg 
NH4-N ha-1).

Phosphate leaching loads were largely agnostic to P fertilizer source 
as hypothesized given the comparable solubility of MAP, DAP and TSP. 
The only instance of P source influencing phosphate leaching loads was 
in the second year at Ewing where TSP resulted in 215% greater annual 
leaching loads compared to DAP, but not MAP. The magnitude of annual 
phosphate leaching loads observed in the current study was comparable 
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with the values reported from a study in Iowa (generally ranging 
0–30 kg P ha-1) using resin lysimeters installed in Mollisols at a similar 
depth (Hall et al., 2023).

4.2. Effects of P fertilization rates and timing-placement on inorganic N 
and phosphate leaching

Hypothesized increases in inorganic N leaching loads with higher 
rate, banding placement, and fall application compared to lower rate, 
broadcast, and spring application were not detected, suggesting inor
ganic N leaching could be governed by drivers outside of P fertilizer 
application practices evaluated in this study. Greater off-season nitrate 
leaching loads under partial vs full rate, the only instance of rate 
influencing nitrate leaching loads, may have coincided with the low 
nitrate leaching loads due to the weed presence in the second year at 
Ewing. This suggests that P fertilization rate (and/or rate of co-applied 
N) could have influenced N uptake by weeds and resulted in lower ni
trate leaching loads under the full rate, though we did not quantify this 
potential biotic N sink. The impact of P fertilization timing-placement on 
inorganic N leaching loads was limited: only annual ammonium leach
ing loads differed among timing-placement. This was likely due to the 
high off-season ammonium leaching loads from the unfertilized control, 
which were used to estimate annual leaching loads under spring P 
fertilization. However, the detected magnitudes of leaching loads dif
ferences were minimal (2.0 and 1.9 kg NH4-N ha-1) compared to the 
total inorganic N leaching loads.

Hypothesized effects of rate, timing, and placement on phosphate 
leaching loads were not detected, indicating that agronomic best pra
tices for P fertilization do not necessarily reduce P leaching in the short- 
term. However, P loss by other pathways (e.g., runoff) could have been 
influenced. Similar phosphate leaching loads between P fertilization 
rates support the low mobility of fertilizer-P after application. On 
average, annual phosphate leaching loads under P fertilization were 
only 24% at Urbana and 12% at Ewing in magnitude of application rates. 
Even though directly quantifying leaching losses of fertilizer-P loss is 
challenging given P does not have a second stable isotope, our results 
suggest the majority of applied P remained in the soil. Timing-placement 
rarely and inconsistently influenced phosphate leaching loads, consis
tent with subsurface placement of P fertilizers reducing the possibility of 
dissolved P export through preferential flow pathways and increasing 
direct contact of P fertilizer with soil particles (Jarvis, 2007; Williams 
et al., 2018; Grant et al., 2019). Higher annual phosphate leaching loads 
following fall broadcast than spring application, regardless of method of 
application, in the second year at Urbana may reflect the 2- to 8-fold 
higher off-season phosphate leaching loads from P fertilized treat
ments compared to the unfertilized control. This is because the unfer
tilized control was used to estimate the annual leaching loads for 
spring-applied treatments. Accurately estimating annual leaching 
loads therefore entails a potential trade-off of evaluating nutrient 
leaching loads at higher temporal resolution (i.e., sub-annual).

4.3. Magnitude and temporal variability of non-fertilizer inorganic N and 
phosphate leaching loads

High non-fertilizer inorganic N leaching loads, also dominated by 
nitrate, outstripped the effect of N co-applied with P fertilization in our 
study. For example, average annual nitrate leaching loads from the 
unfertilized control were 6.6- to 8.9-fold higher at Urbana and 2.0- to 
3.8-fold higher at Ewing than the highest amount of N co-applied as P 
fertilizer at each site. Quantifying N losses from MAP and DAP can be 
challenging unless they are applied at an agronomically unrealistically 
high rate (Leon et al., 2023; Margenot and Lee, 2023), such as >
100 kg P ha-1 in the North Central US (Fernández et al., 2010) despite 
land grant recommendations being ≈45 kg P/ha every two years. Given 
that large variation in leaching of soil-derived N challenges evaluation of 
fertilizer-N leaching, especially at low N application rates, the use of 15N 

labeled fertilizer could help distinguish fertilizer- vs soil-derived 
leachate N (Bergström and Kirchmann, 1999; Cannavo et al., 2013; 
Margenot and Lee, 2023).

Generally higher nitrate leaching loads at Urbana supported our 
hypothesis of higher mineralization in soils with higher SOM (Mollisols) 
than lower SOM (Alfisols), corroborated by generally higher average soil 
nitrate concentrations (0–35 cm) at Urbana. Higher nitrate leaching 
from Mollisols (Illinois and Nebraska) than Alfisols (Kentucky) under 
perennial grass (Miscanthus x giganteus) has also been reported (Davis 
et al., 2015). Substantial estimated N leaching loads without N 
co-applied with P fertilizers support the high N loss potential of soybean 
production systems in this region via leaching. This is in part driven by 
the aforementioned mineralization of low C:N soybean residues that are 
also a relatively low net C input relative to maize to immobilize soil 
inorganic N (Angle, 1990; Norman et al., 1990). Though our study 
confirmed the hypothesized benefit of substituting P fertilizers for 
reduced nitrate losses, the high N loss potential measured for soybean 
cropping systems points to the value of cover cropping (Kaspar et al., 
2012; Abdalla et al., 2019; Gaimaro et al., 2022) to mitigate water 
quality impacts of soybean production. For example, substantial 
contribution of soybean to nitrate loss in a maize-soybean dominated 
watershed (in Iowa) has been illustrated by an increase in river nitrate 
concentration with greater soybean acreage, but not maize acreage 
(Jones et al., 2016; Villarini et al., 2016). Targeting N loss from soybean 
production in Illinois and the greater US Midwest, especially after grain 
harvest, could be critical for helping to achieve state and Mississippi 
River Basin nutrient reduction goals.

Non-fertilizer inorganic N leaching loads varied substantially over 
time, suggesting that understanding temporal patterns of N losses is 
critical for cost-effective reductions. At Urbana, average off-season and 
in-season nitrate leaching loads from the unfertilized control were 
comparable in the first year, whereas off-season was 13.4-fold higher in 
average nitrate leaching loads than in-season in the second year. The 
extremely high off-season nitrate leaching loads in the second year could 
be attributed to the mineralization of a second year of N-rich soybean 
residue deposition (see Section 4.1), though temperature and precipi
tation differences across the two years could potentially confound direct 
comparisons. Substantially lower in-season leaching loads in the second 
year could be due to the limited vertical translocation of nitrate due to 
less than half the cumulative precipitation during the leaching moni
toring period (350 mm) compared to that of the first year (792 mm) 
(NWS, 2023), consistent with the higher (i.e., accumulated) soil nitrate 
at 0–15 cm in the second year at lysimeter harvest. Strong control of 
precipitation on vertical transport of nitrate has been reported in 
decadal scale analyses (Owens et al., 2000; Christianson and Harmel, 
2015). Though average off- and in-season nitrate leaching loads from the 
unfertilized control were also comparable at Ewing in the first year, 
off-season was 13.4-fold lower in average nitrate leaching loads than 
in-season in the second year. The opposite trend observed at Ewing in 
the second year is likely due to the aforementioned weed coverage that 
may have counteracted in part the 39% higher off-season precipitation 
in the second year (715 mm) than in the first year (515 mm).

In contrast to inorganic N, phosphate leaching loads were relatively 
limited as expected from their lower mobility in the soil system and 
surface runoff being the primary pathway for loss. The amount of 
phosphate leached annually from the unfertilized control was on 
average an order of magnitude or more lower than the P application 
rates, approximately 10–16% of the partial rate at Urbana and 4% at 
Ewing across the two years. However, overall similar temporal patterns 
between phosphate and N leaching loads from the unfertilized control 
suggests non-fertilizer phosphate leaching, i.e. from residual fertilizer P 
and organic P via mineralization, is likely controlled by the drivers 
similar to those of inorganic N leaching. For example, non-fertilizer 
phosphate leaching loads at Urbana were also highest in the second- 
year off-season, potentially driven by mineralization of soybean res
idue which could release P in addition to N. Complete mineralization of 
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5.2 kg P ha-1 residue P input, based on 81% harvest index (Bender et al., 
2015), would have accounted for 66% more phosphate than the amount 
of phosphate leachate loads measured in the ensuing off-season leach
ing. Lower in-season phosphate leaching loads in the second year at 
Urbana are also consistent with lower precipitation limiting vertical 
translocation.

4.4. Spatial variability in non-fertilizer inorganic N and phosphate 
leaching loads

Inorganic N and phosphate leaching in soils without fertilization 
varied substantially spatially, potentially due to the relatively small 
surface area of resin lysimeters and the inherent spatial heterogeneity in 
factors driving nutrient leaching. By employing resin lysimeters at high 
density, we illustrated that for nitrate, ammonium, and phosphate 
leaching loads, the variability within the 0.008 ha plots (within-plot 
coefficient of variation) can be equal to or exceed the variability across 
plots (across-plot coefficient of variation). Plot-scale variability in 
inorganic N leaching loads estimated using lysimeters has been attrib
uted to the relatively small surface area of lysimeters (≈ 28 cm2), ac
counting for < 0.1% of plot area (McIsaac et al., 2010; Behnke et al., 
2012; Hall et al., 2023), challenging the accurate extrapolation of 
measured leaching loads to larger area – a key limitation inherent to 
resin lysimeters. Spatial heterogeneity of microbial processes (e.g., 
denitrification) and solute transport through preferential flow at the plot 
scale (Parkin, 1993; Flury et al., 1994; Bundt et al., 2001) could have 
resulted in uneven distribution and transport of leachate toward indi
vidual lysimeters (McIsaac et al., 2010).

The highest across-plot variability of non-fertilizer nitrate leaching 
loads observed at Ewing (coefficient of variation = 167%) could be 
attributed to the difference in cropping history prior to the trial (see 
Section 4.1). However, lateral transport of nitrate via subsurface flow 
due to the presence of fragipans, common in southern Illinois, at 
approximately 60 cm depth (Soil Survey Staff, 2023) could have further 
induced variability in leaching across the experimental area (Boggess 
and Verry, 1967). Limited permeability of fragipans can result in sub
surface lateral flow or in upward flow, the former accounting for up to 
28% of water input in similar soil type (Grantsburg series) in southern 
Illinois (Boggess and Verry, 1967). Though the Urbana site is situated on 
a relatively flat agricultural landscape (< 2% slope) (Soil Survey Staff, 
2023), microtopographic features such as closed depressions (Andino 
et al., 2020), revealed by ponding after heavy rains (Olson, 2009), are 
common (Suriyavirun et al., 2019; Paul et al., 2020) and were visually 
observed in our experimental area. Depressional spots favor within-field 
soil heterogeneity that influence nutrient leaching via redox conditions, 
contributing to the spatial variability in estimated leaching loads 
(Suriyavirun et al., 2019; Hall et al., 2023).

4.5. Limitations and future research needs

The high spatial and temporal heterogeneity of soil nutrient leach
ing, in particular nitrate as illustrated by others (Hall et al., 2023) and 
quantified in this study, challenges the accurate estimation of leaching 
potential using resin lysimeters. To validate the accuracy of resin ly
simeters, we recommend future studies compare leaching loads esti
mated by resin lysimeters with loads measured by monitored subsurface 
drainage tiles (e.g., Smith et al., 2013). In addition, subsurface lateral 
flow in soils with fragipans could compromise accuracy of nutrient 
leaching loads estimated with resin lysimeters given the assumption of 
unidirectional (i.e., downward) water movement through the soil pro
file. Though nitrate leaching is the dominant form of N loss relative to 
gaseous losses, we did not quantify other minor pathways of N loss, 
which could be influenced by P fertilizer source, rate, and 
timing-placement. As a result, co-quantifying additional forms of 
fertilizer-N loss, including runoff and gas emissions (Hofstra and 
Bouwman, 2005; Decock, 2014), will enable full characterization of the 

environmental quality co-benefits of changing P fertilizer source or 
other management practices implemented to mitigate water quality 
impacts of crop production.

5. Conclusion

Nitrogen co-applied with P as ammonium phosphates of MAP and 
DAP is an overlooked source of N loss from the Upper Mississippi River 
Basin to the Gulf of Mexico. This is the first study in the Upper Mis
sissippi Basin to comprehensively evaluate inorganic N and phosphate 
leaching potential of N-free TSP and ammonium phosphates in combi
nation with multiple rates and timing-placement. Results from four site- 
years of replicated field experiments confirmed the hypothesized 
reduction of inorganic N leaching losses with N-free TSP compared to 
MAP and DAP when fall applied. However, the high magnitude and 
spatiotemporal variability of non-fertilizer nitrate leaching loads, likely 
driven by mineralization of soil organic matter and N-rich soybean 
residues, generally outstripped the magnitude of N co-applied with, and 
lost from, MAP and DAP. Though substituting MAP and DAP with TSP 
eliminates fertilizer N loss, effective reduction of N loss from soybean 
cropping systems requires additional management practices such as 
cover cropping to reduce non-fertilizer N losses. Quantifying additional 
N loss pathways including organic N leaching, surface runoff, and gas 
emissions could help comprehensively understand the co-benefits of 
replacing MAP and DAP with TSP.
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