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A B S T R A C T

Agriculture across the temperate zone is dominated by a maize-soybean rotation (MSR) characterized by a
“leaky” nitrogen (N) cycle. MSR N losses have considerable negative impacts on water quality via N leaching and
climate change via soil emissions of nitrous oxide (N2O), a potent greenhouse gas. Alley cropping (AC) focused
on food- or fodder-producing tree crops has the potential to substantially reduce environmental N losses while
maintaining agricultural productivity. To compare the N cycling of MSR and AC, this study (1) summarized
literature values of N pools and fluxes in both systems, (2) directly measured N leaching and N2O emissions in a
side-by-side trial of MSR and an establishing AC over four years, and (3) used AC yield projections to estimate
the trajectory of yield-scaled N losses as AC grows to productive maturity. Ample literature data on MSR per-
mitted the construction of a robust working N budget, while a paucity of existing data on N cycling in AC
revealed gaps and high uncertainty in our existing knowledge. In the field trial, AC quickly reduced both N
leaching and N2O emissions compared to MSR. Nitrate leaching at 50 cm depth in MSR ranged from 21.6 to
88.5 kg N ha−1 yr−1, whereas leaching was reduced by 82–91% in AC. Cumulative annual net N2O fluxes in MSR
ranged from 0.4 to 2.0 kg N ha−1, but AC reduced annual fluxes by 25–83%. Overall, conversion of MSR to AC
reduced unintended N losses over four years by 83% from 240 to 41 kg N ha−1. Even when accounting for the
low yield in AC during the establishment years studied here, yield-scaled N leaching in AC and MSR were not
significantly different. In contrast, yield-scaled N2O fluxes were an average of 4.8 times higher in AC across years
and were only estimated to reach a comparable range to MSR after reaching productive maturity. Our results
demonstrate rapid tightening of the N cycle and a competitive trajectory of yield-scaled N losses as row crop
agriculture is converted to AC.

1. Introduction

Row crop agriculture is a dominant land-use around the world, with
maize and soybean alone covering over 346 million hectares worldwide
(FAO, 2017). The maize-soybean rotation (MSR) typically relies on
large nitrogen (N) inputs and intensive disturbance, which can increase
environmental N losses. The two most concerning avenues of unin-
tended N loss from agricultural systems are N leaching and soil nitrous
oxide (N2O) emissions (David et al., 2009; Hernandez-Ramirez et al.,
2009). In North America, agricultural N leaching contributes around
80% of the 1.2 million tons of N entering the Gulf of Mexico and results
in hypoxia (David et al., 2010; USEPA, 2007). Although the absolute
amount of N lost via N2O emissions is small, N2O is a potent greenhouse
gas and driver of climate change (IPCC, 2014). The leaky agricultural N

cycle produces 55% of global N2O emissions (USEPA, 2012). Ammonia
(NH3) volatilization can also contribute substantial N loss, with an
average of 18% of applied N lost as NH3 globally (Pan et al., 2016) and
as much as 46% of applied N lost in temperate pasture systems (Vaio
et al., 2008). Many agronomic techniques have been proposed to reduce
N losses from row crop agriculture, such as adjusting N fertilization to
crop needs, application of nitrification inhibitors, cover crops, and
water management in irrigated crops (Abalos et al., 2016; Quemada
et al., 2013). A meta-analysis of the many techniques intended to re-
duce N losses in maize found that they can reduce N leaching by
14–37% and N2O emissions by 5–40% (Xia et al., 2017). However,
much greater reductions are needed to meet hypoxia reduction goals
(Scavia et al., 2004) and climate change mitigation goals (IPCC, 2014).

Alley cropping (AC), the integration of trees with crops, is a
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transformative departure from the incremental improvements to MSR
that focus on minor agronomic improvements or field margins (Gold
and Hanover, 1987; Wilson and Lovell, 2016). In particular, AC with
food- or fodder-producing “tree crops” (e.g. nut or fruit trees), could
maintain high agricultural yields while promoting substantial ecolo-
gical benefits in a “land sharing” land-use approach (Anderson-Teixeira
et al., 2012; Lovell et al., 2017; Wolz et al., 2018). By integrating trees
and crops throughout a field, temperate AC can promote carbon se-
questration, improved soil structure, increased biodiversity, and soil
stabilization (Jose, 2009; Thevathasan and Gordon, 2004; Tsonkova
et al., 2012). In addition, AC has potential to reduce N losses.

Like cover crops or buffer strips, tree roots can provide a “safety-
net” by catching N that leaches beyond the crop rooting depth or
growing season (Allen et al., 2004). For example, AC reduced nitrate
(NO3

−) leaching compared to monoculture crops by 46% at 0.3m
depth and 71% at 0.9m depth (Allen et al., 2004). The greater leaching
reduction with depth illustrates the cumulative effect of tree roots.
Lower in the soil profile, Dougherty et al. (2009) found 46% lower
NO3

− levels in tile effluent under AC than monoculture maize, which
directly translates into impacts on surface water quality. Even com-
pared to perennial pasture, which has deeper roots and a longer
growing season than annual crops, integrating trees reduced peak
NO3

− concentrations at 1.2m depth by 56% (Bambo et al., 2009). The
efficacy of leaching reductions in AC varies with alley crop species (Dai
et al., 2006) and soil texture (Bergeron et al., 2011).

Agroforestry also has potential as a mitigation tool for climate
change through reduced N2O emissions (Schoeneberger et al., 2012).
For example, studies of hedgerows and shelterbelts found up to 74%
lower N2O emissions compared to adjacent cropland (Amadi et al.,
2016; Baah-Acheamfour et al., 2016). However, in a synthesis of N2O
emissions in agroforestry, Kim et al. (2016) reported an increase of
annual N2O emissions of 0.64 ± 0.26 kg N ha−1 in AC compared to
adjacent agricultural fields. This value was based on only a single study
(Guo et al., 2009) – the only study of N2O emissions in AC with suffi-
cient sampling to generate annual flux estimates – and clearly demon-
strates the paucity of data on N2O emissions in AC. Although not pro-
viding an annual total, Beaudette et al. (2010) found that AC reduced
soil N2O emissions by 72% on four dates without impacting alley crop
yields.

Studies of N cycling in AC have focused on mature systems, leaving
uncertain the trajectory of N losses during establishment. Other per-
ennial crops can reduce N losses soon after conversion from MSR. For
example, perennial grasses grown as bioenergy crops reduced NO3

−

leaching and N2O emissions by over 90% in just four years (Smith et al.,
2013). Young woody bioenergy crops can reduce NO3

− leaching by
more than 99% over the first 11 years (Syswerda et al., 2012) and N2O
emissions by 81% over the first nine years (Robertson et al., 2000). It is
important to note, however, that perennial bioenergy crop are typically
not fertilized due to the wide C:N ratios of the harvested biomass. In-
stead, fertilization can increase N losses unnecessarily (Balasus et al.,
2012; Behnke et al., 2012). In contrast, AC with tree crops will likely
require greater N replenishment due to the narrower C:N ratios of fruit/
nut yields. These higher N inputs could negate the potential of AC to
reduce N losses.

As a land sharing approach, a complete comparison of AC with MSR
requires the use of yield-scaled N losses (Linquist et al., 2012), in which
N losses are scaled by caloric food yields to determine N loss per unit
yield. The yield-scaled concept has only recently been applied in per-
ennial crops (Schellenberg et al., 2012) but is especially important
when comparing AC and MSR due to the low yields of immature tree
crops and the contrasting fertilization regimes typically used. Many
years of high yield-scaled N losses during the establishment phase could
outweigh lower values at maturity.

Understanding the N cycle of AC is critical for its evaluation as a
viable agricultural practice in the temperate zone. The objective of this
study was to quantify changes in the N cycle when transitioning from

MSR to AC. Three approaches were used: (1) To provide context on the
possible range of N pools and fluxes in temperate MSR and AC, we
constructed working N budgets from literature values and agricultural
statistics. (2) We conducted a side-by-side trial of AC and MSR to
evaluate changes in the N cycle over the first 5 years after AC estab-
lishment. (3) Using projections of AC yield, we estimated the trajectory
of yield-scaled N losses as AC grows to reproductive maturity. We hy-
pothesized that transitioning from MSR to AC would (1) substantially
reduce N losses, although (2) yield-scaled N losses would only become
competitive with MSR once the tree crops reach reproductive maturity.

2. Materials and methods

2.1. Working N budgets

Working N budgets for MSR and temperate AC were constructed
using a combination of agricultural statistics, climate statistics, and
literature values. Literature values were primarily gathered from ex-
isting reviews of various components of the N cycle. All budget values
were summarized as ranges, with values greater than 20 kg N ha−1 yr−1

rounded to the nearest 10 units. Complete details on the derivation of N
budgets are provided in the Supplemental Materials.

2.2. Site description and experimental design

Our study site was located at the University of Illinois Pomology
Research Farm (40°4′45.05″N, 88°12′57.45″W, ∼220m above sea
level). The site previously grew soybeans (2009–2011), silage maize
(2006–2008), and alfalfa (2002–2005), although was historically in a
traditional MSR. Average annual temperature during the study ranged
from 9.8–12.9° C, and annual precipitation ranged from 861 to
1331mm (Illinois Climate Network, 2017). Monthly precipitation and
temperature data are shown in Tables S1 and S2. Soils are a Flanagan
silt loam (Fine, smectitic, mesic aquic agriudolls), typical of the deep,
poorly drained mollisols of central Illinois. At the time of establishment,
mean organic C content in the top 30 cm of soil ranged from
17.3–25.2 g kg−1, and soil pH was 7.3. The study site has a ∼2% slope
and contains four-inch drain tile oriented E to W at 30m spacing.

The two treatments studied were: MSR and an establishing AC. Plots
were established in spring 2012 in a randomized complete block design
with four 0.2-ha replicates and mowed grass buffers (Fig. 1). Neither
treatment was irrigated during the study period. MSR was managed
using typical practices of central Illinois. Soybean was planted in 80-cm
rows on 17 May 2013 and 22 May 2015. Maize was planted in 75-cm
rows in 23 Apr. 2014 and 6 May 2016. Glyphosate was applied in all
years approximately one month after planting. Grain harvest was
completed on 28 Oct. 2013, 18 Nov. 2014, 22 Oct. 2015, and 5 Oct.
2016. All MSR plots were conventionally tilled annually.

The AC design was based on Shepard (2013), containing six dif-
ferent food-producing tree and shrub species with grass-clover hay al-
leys (Fig. 1). Multiple tree and shrub species were included in the AC
design because the site is part of a collection of experiments exploring
the impact of tree crop diversity in AC (see Lovell et al., 2017; Wolz
et al., 2018). Grass-clover alleys, rather than row-crop alleys, were in-
cluded in this study because this is the approach most commonly used
by farmers adopting AC in the region. All woody plants were planted
between 12 May and 4 Jun. 2012, and the hay was seeded on 1 Oct.
2012. Except for raspberries, which had a 40% survival rate and were
replanted on 19 May 2013, all species exhibited ∼90% survival. Her-
bicide (29.4% S-metolachlor, 11% atrazine, 2.94% mesotrione) was
applied prior to planting on 24 Apr. 2012. In 2013, a 1.4m band of pre-
emergent herbicide was applied in the tree rows (oryzalin) on 7 May
and the alley crop (prodiamine) on 17 May. On 31 Jan. 2014, Dutch
white clover was broadcast under the tree rows to serve as a living
mulch. From 2014 on, the 0.5 m on either side of tree rows was mowed
monthly. Weeds within rows were managed using a string trimmer. To
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lower soil pH into the range for optimal chestnut growth, 300 g of
granular elemental sulfur was spread around the base of each chestnut
tree on 16 Apr. 2015 and 5 May 2016. The hay alleys were mowed
monthly in 2013, but no hay was harvested. In 2014–2016, hay was cut,
baled, and removed four times each season. Small fruit/nut harvests
were removed each year. Beginning in 2014, all species were pruned
each winter. Raspberries were cut to the ground after the 2014 and
2016 seasons, and grapes were cut to the ground each year.

2.3. Soil N pools and fluxes

To characterize baseline (2012) conditions and quantify the total
soil N pool, 3.8-cm-diameter soil samples were collected using a tractor-
mounted hydraulic probe (Giddings Machine Co., Windsor CO USA)
from 10 random locations to 100-cm depth in each plot. Each sample
was air-dried and weighed to calculate bulk density, and a subsample
was oven-dried at 105 °C to correct for moisture content. Subsamples
were then crushed, sieved (2mm), finely ground with a modified coffee
grinder, oven-dried at 65 °C, and analyzed for total C and N con-
centrations with an elemental analyzer (Elemental Combustion System,
Costech Analytical Technologies, Inc.).

Maize was fertilized each year at the time of planting with
200 kg N ha−1 of liquid urea ammonium nitrate (UAN), a mixture of
urea (51% of applied N) and ammonium nitrate (49% of applied N)
(Millar et al., 2010; Sawyer et al., 2006). The UAN was applied to the
soil surface and then mechanically incorporated to a depth of 6 cm.
Soybean was not fertilized. AC was not fertilized during the first three
years after establishment (a standard practice allowing trees to estab-
lish) and then uniformly fertilized with 100 kg N ha−1 of granular urea
on 22 May 2015 (year 4) and 5 May 2016 (year 5). The fertilization rate
used in AC is comparable to recommended rates for the various woody
crops and was selected so that the mean annual N fertilizer input was
the same in MSR and AC over 2015–2016. All fertilizer applications
were timed to coincide with precipitation events to minimize NH3 vo-
latilization that can occur in the absence of precipitation.

Total N inputs from N2 fixation were estimated using empirical re-
lationships with aboveground [N] for soybean (Gelfand and Robertson,

2015) and clover (Høgh-Jensen et al., 2004). Clover biomass was vi-
sually estimated as 20% of hay biomass. Wet N deposition
(NH4–N+NO3–N) was obtained from the National Atmospheric De-
position Program at Bondville, IL (∼15 km from the study site) for
2013–2016, and dry deposition was estimated as 70% of wet (McIsaac
et al., 2002; USEPA, 2007). N deposition in Jan-Apr 2017 was estimated
as the 1980–2016 mean.

Annual N leaching fluxes were measured using ion exchange resin-
based lysimeters, which bind NH4

+ and NO3
− ions as soil water passes

through them (Smith et al., 2013; Susfalk and Johnson, 2002). Each
lysimeter encloses a layer of 10 g dry resin (Rexyn I-300 H-OH Beads,
Fisher Chemical) between two layers of nutrient-free silica sand within
a 5.1 cm-diameter, 5.5 cm-long solid PVC pipe. The silica sand was
exposed to the soil at the top of the lysimeters and held in place with
landscape fabric at the bottom. Lysimeters were buried at 50-cm depth
beneath intact soil profiles. Three lysimeters were randomly placed in
each MSR plot, and one lysimeter was randomly placed within each of
the three zones (two tree row types and the alley crop) in each AC plot.
Lysimeters were initially installed on 7 May 2013 and replaced an-
nually. Lysimeters were only retrieved annually to minimize damage to
the perennial crops. Ammonium (NH4

+) and NO3
− loads in the resin

were obtained via KCl extraction followed by colorimetric flow injec-
tion analysis (Lachat QuickChem 8000). Annual fluxes on an area basis
were calculated by dividing the extracted loads by the lysimeter cross-
sectional area.

N2O flux was measured using vented static PVC chambers with 20-
cm diameter and 3.2-L volume (Smith et al., 2013). Chambers were
placed on PVC ring bases (20 cm diameter, 10 cm height) that were
inserted ∼5 cm into the soil and maintained free of vegetation. The
bases remained in the soil throughout the experiment, though tem-
porarily removed in MSR for tilling. In each MSR plot, one ring was
randomly placed in each of three zones: within row, between rows, and
splitting these two. In each AC plot ring placement was stratified as for
lysimeters. Sampling occurred in late morning to minimize soil tem-
perature variability, and measured fluxes were assumed to represent
the mean daily flux. Sampling began in early spring and continued
throughout the growing season approximately every two weeks.

Fig. 1. (a) Map of the study site. All dimensions are shown in meters. (b) Aerial view of AC at the study site in 2015, with soybean plots in the foreground and background. (c) Early spring
in AC at the study site, just after the first hay cutting and with leaves on tree species still emerging.

K.J. Wolz et al. Agriculture, Ecosystems and Environment 258 (2018) 172–181

174



Sampling frequency increased surrounding fertilization events and
slowed in late summer to once every three to four weeks. For flux
measurements, chambers were secured on the rings for 30-min in-
cubations. Every 10min, 15-mL gas samples were collected into pre-
viously evacuated 10-mL vials sealed with molded gray butyl rubber,
Teflon-coated septa (Sun SRI). Gas samples were analyzed by gas
chromatography (Shimadzu GC-2014 Greenhouse Gas Analyzer, Shi-
madzu Scientific Instruments) alongside known gas standards (Scott
Specialty Gases) using an autosampler. Cumulative N2O fluxes were
linearly interpolated. Fluxes of NH3 were not measured.

2.4. Harvested and standing biomass

To quantify N removed in yields, aboveground biomass samples
were collected from three randomly placed 0.5m2 quadrats in each plot
during harvest of MSR and AC alleys. Yield subsamples were analyzed
for total C and N concentration as described above for soil samples. All
harvested fruits and nuts from AC were weighed during harvest, and N
content was calculated using literature values of N concentration. All
woody biomass removed via pruning was weighed.

To quantify net annual N uptake by woody plants, standing
aboveground woody biomass in AC was estimated each year using stem
caliper measurements and species-specific allometric relationships.
Allometric relationships were constructed using pruning events and
several destructive harvests (Figs. S1 and S2). Belowground woody
biomass was estimated from literature values, when available, or using
root:shoot ratios measured during destructive harvests. To estimate N
content of woody biomass, above- and belowground wood samples of
each species were harvested in Mar. 2013 while all species were still
dormant. Collected samples were analyzed for total C and N con-
centration as described above.

2.5. Yield-scaled N losses

To calculate yield-scaled N losses during the four study years,
measured N losses were divided by measured yield. Yield was defined
as the caloric content of the economic products of each system. This
included fruits, nuts, and hay for AC and grain and beans for MSR.
Yields from top individuals in AC were used rather than site means
because of high yield variability due to rodent damage. For each tree
crop, yield biomass was converted to caloric yield using standard
conversions (USDA, 2016). Based on hay biomass production, alleys
were assumed to support production of zero, one, two, and two beef
steers per hectare (225 kg beef per steer) in years two through five,
respectively (Pratt and Rasmussen, 2001). To estimate trajectories of
yield-scaled externalities of AC beyond year five, yield projections were
taken from Wolz et al. (2018). Although N losses are likely to decrease

as trees mature, we made the conservative assumption that N losses
beyond year five will remain equivalent to the mean of years four to
five.

2.6. Statistical analyses

All statistical analyses were performed on plot-level means. AC plot
means were calculated as area-weighted means of the stratified sam-
ples. Statistical analyses were performed using the R statistical com-
puting software version 3.3.2 (R Core Team, 2017), with differences in
means significant at a probability level of p < 0.05. Prior to comparing
treatment means, all data were assessed for normality (Shapiro-Wilk)
and variance homogeneity (Levene). All data exhibited a normal dis-
tribution and homogeneous variance, except for unequal variance in
NO3

−
flux data between treatments. One alley subsample value for

NO3
− leaching within one AC block in 2015 was identified as an ex-

treme outlier (higher than the mean) using Turkey’s method and re-
placed by a mean of the alley subsamples in the remaining three blocks.
Nitrate fluxes were analyzed for significant differences between treat-
ments for each year using a Welch modified two-sided t-test with un-
equal variance. The same test was performed for differences in NH4

+

fluxes, cumulative N2O fluxes, and yield-scaled N losses except that a
pooled variance was used. Significant differences across years for each
treatment were assessed using a one-way ANOVA. When overall F-tests
were significant, Tukey’s HSD was used to separate means. A blocking
factor was not used since preliminary analyses revealed that blocking
was non-significant for all tests.

3. Results

3.1. Working N budgets

Ample available data from crop statistics and literature reviews
made it possible to construct a robust working N budget for MSR
(Fig. 2). Fertilizer and N fixation dominated N inputs for maize and
soybean, respectively, with N deposition much smaller. The largest
output in both crops was harvested N in grain, though N leaching was
the largest unintended loss. In contrast, net N2O emissions constituted
negligible N loss, underscoring its disproportionate impact as a green-
house gas. Ranges for all pools and fluxes were wide due to the variable
climate, soil, and management in MSR across the temperate zone.

A paucity of data on N cycling in AC revealed gaps in our knowledge
and generally low precision in the estimated ranges of N fluxes (Fig. 3).
Net N2O emissions were comparable to those of soybean, but lower
than in maize. Leaching losses exhibited an extremely wide range, al-
though data were derived from only three studies. Overall, the high
variance in all estimates also represents the broad array of trees, crops,

Fig. 2. Summary of literature values and working N budget for maize-soybean rotation. Values are ranges of literature-derived values. All arrows represent N fluxes in kg N ha−1 yr−1.
Solid arrow are N inputs, thick dashed arrows are N losses, and thin dashed arrows indicate internal cycling. All boxes represent N pools in kg N ha−1.
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designs, and management regimes that can constitute AC.

3.2. Initial soils and harvested biomass

Initial soil C and N content was consistent between treatments
(Table S3). Organic C content in the top 30 cm of soil ranged from
17.3–25.2 g kg−1 and declined to as low as 3.0 g kg−1 at 50–100 cm
depth. Total soil N followed the same pattern, ranging from
1.71–2.65 g kg−1 in surface soils and declining to a low of 0.46 g kg−1

at 50–100 cm depth. Organic C and total N pools in the top meter of soil
averaged 140Mg C ha−1 and 14.0Mg N ha−1.

As stover was incorporated into the soil each fall using a disc, grain
yields constituted the only biomass harvested from MSR and were ty-
pical of the region (Table S4). Fruit/nut yields in AC generally increased
throughout the study, although peak yields were not reached for any
crop. Hay dominated AC harvested biomass, with yields increasing each
year and more than doubling after the initiation of fertilization in 2015.
Woody biomass prunings also generally increased throughout the study.

3.3. Standing biomass

Standing woody biomass in AC generally increased throughout the
study, with some irregularities due to pruning regimes (Table S5). The
shrub species dominated the standing biomass as they were the most
numerous and fastest-growing species, occupying the space in the
bottom canopy strata in each tree row. Root:shoot ratios for woody
components in AC species ranged from 0.78–2.00, with the large shrub
species exhibiting the largest ratios. N content in aboveground woody
biomass ranged from 0.7–1.1% across species, with the range in be-
lowground N content slightly higher from 0.9–1.8%.

3.4. Environmental N losses

Large quantities of NO3
− leached in MSR at 50 cm depth in all

years, ranging from 21.6-88.5 kg N ha−1 yr−1 and representing a sub-
stantial portion of the annual N inputs to the system (Fig. 4). Leaching
under MSR did not vary significantly across years except for leaching
between the two soybean years (2013 and 2015), which were the
highest and lowest leaching rates recorded in MSR. In the second and
third years after establishment of AC, NO3

− leaching was significantly
lower than in MSR at just 2.7 and 3.9 kg N ha−1 yr−1, respectively.
Once fertilization commenced in AC in 2015 and 2016, NO3

− leaching
rose to 15.5 and 8.2 kg N ha−1 yr−1, respectively, but was still sig-
nificantly lower than in MSR. Nitrate leaching at 50-cm depth was
significantly reduced in AC compared to the MSR by 87, 91, 82 and
88% in 2013–2016, respectively. Ammonium leaching rates remained
low (1.5–5.0 kg N ha−1 yr−1) throughout the study (Fig. S3).

Net N2O fluxes in AC and soybean were low throughout each
growing season, generally remaining below 10 g N ha−1 day−1 (Fig. 5).
In contrast, net N2O fluxes in maize were substantially higher, reaching
as high as 157 g N ha−1 day−1 in 2016, and only remaining consistently
low in the fall season. Prominent spikes in net N2O flux lasting ap-
proximately 20 days were observed after all fertilization events in maize
and AC. In maize, these initial spikes accounted for 28% and 50% of
2014 and 2016 N2O emissions, respectively. Additional but smaller
spikes were observed in maize fluxes throughout both seasons, typically
after heavy rains. In AC, the initial post-fertilization spikes accounted
for 37% and 31% of 2015 and 2016 N2O emissions, respectively. No
additional large spikes were observed in AC fluxes, even after large rain
events.

Cumulative growing season net N2O fluxes in MSR ranged from
0.4–0.9 kg N ha−1 in soybean and 1.4–2.0 kg N ha−1 in maize, re-
presenting around 0.4% and 0.8% of annual N inputs, respectively
(Fig. 6). Cumulative fluxes were reduced in AC compared to MSR by 55,
83, 25 and 65% in 2013–2016, respectively (p < 0.05 for all years
except 2015), although these values do not account for any potential
emissions from Nov.-Apr. While cumulative net N2O flux in AC in-
creased more than three-fold with the onset of fertilization in 2015 and
2016, the difference was not statistically significant. Net N2O fluxes
varied significantly between years for MSR, with fluxes higher in maize
compared to soybean.

3.5. Overall nitrogen fluxes

Overall N budgets were developed for both experimental treatments
(Table 1). Fertilization in maize was comparable to the annual N fixa-
tion in soybean. Together, these dominated N inputs for MSR. In AC,
fertilizer was also the major N input, followed by clover N fixation.
Atmospheric deposition added little N to both treatments. The largest N
outputs were grain yield for MSR and harvested hay in AC. Fruit/nut
yields and woody biomass prunings removed relatively little N from AC.
Nitrate leaching was the largest unintended export of N from both
systems, constituting 29.6% and 5.5% of annual N inputs to MSR and
AC, respectively, over the four study years. Ammonium leaching and
N2O emission were much smaller N losses, constituting 1.5% and 1.6%,
respectively, of N inputs in both systems. MSR was consistently a net N
exporter across years, with a net export of 306 kg N ha−1 over the four
study years. While AC was also a net exporter of N over the four study
years, the net export was much lower at only 132 kg N ha−1. Overall,
conversion of MSR to AC reduced unintended N losses by 83% over four
years from 240 to 41 kg N ha−1.

Fig. 3. Summary of literature values and working N budget for AC. Values are ranges of
literature-derived values. All arrows represent N fluxes in kg N ha−1 yr−1. Solid arrow are
N inputs, thick dashed arrows are N losses, and thin dashed arrows indicate internal
cycling. All boxes represent N pools in kg N ha−1.

Fig. 4. Annual NO3
− leaching (May–May) at 50 cm depth using resin lysimeters for AC

(grey bars) and MSR (white bars) during 2013–2016 (mean ± SE). Treatment means
within each year with the same capital letter, and means within each treatment across
years with the same lowercase letter, are not significantly different. Maize was fertilized
with 200 kg N ha−1. AC was fertilized in 2015 and 2016 with 100 kg N ha−1.
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3.6. Yield-scaled N losses

Mean yield-scaled NO3
− leaching during the four study years was

2.8 kg NMCal−1 and 2.3 kg NMCal−1 for AC and MSR, respectively,
with no significant differences between systems (Fig. 7a). Mean yield-

scaled N2O flux during the four study years was 0.17 kg NMCal−1 and
0.04 kg NMCal−1 for AC and MSR, respectively, with AC significantly
higher than MSR in all years except year five (Fig. 7b). The trajectory of
yield-scaled N losses in AC was projected to decrease until around year

Fig. 5. Net N2O fluxes from chamber measurements during 2013–2016 for AC (filled
circles) and MSR (open circles). Fertilization dates for maize and AC are indicated by
vertical dashed and dotted lines, respectively. The number of sampling days in
2013–2016 were 11, 32, 18, and 19, respectively.

Fig. 6. Cumulative net N2O fluxes during 2013–2016 for AC (solid line) and MSR (dotted
line). Fertilization dates for maize and AC are indicated by vertical dashed and dotted
lines, respectively. Final cumulative fluxes within each year with the same capital letter,
and within each treatment across years with the same lowercase letter, are not sig-
nificantly different. Error bars represent standard errors of final cumulative fluxes.
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12 and then plateau once all component tree crops reach mature yields.
Yield-scaled NO3

− leaching and N2O flux were projected to plateau at
approximately 42% and 143% of the measured MSR mean, respec-
tively.

4. Discussion

Our results support our first hypothesis by demonstrating that a
system-level transition from MSR to AC can rapidly decrease environ-
mental N losses via NO3

− leaching and soil N2O emissions. Reduction
of N losses in AC occurred even when mean annual N fertilizer inputs
were equivalent to MSR (as in 2015 and 2016) and despite the soil
disturbance and low plant biomass of establishment years. Support of
our second hypothesis regarding yield-scaled N losses when leveraging
tree crops in AC was different for NO3

− and N2O losses. The trajectory
of yield-scaled NO3

− loss in AC was competitive with MSR soon after
establishment, whereas yield-scaled N2O loss was projected to approach
that of MSR only after tree crop maturity. These results improve our
knowledge of the N cycle during the transition from MSR to AC and
support AC as a multifunctional, land sharing land-use approach.
Widespread adoption of AC across the Midwest could rapidly reduce
absolute and yield-scaled N losses, reducing hypoxia in surface waters
and mitigating global climate change.

Leaching rates in both systems were within the ranges of the
working N budgets except for leaching under soybean in 2015, which
was unexpectedly high. This may be explained by 2015–2016 being the
wettest year of the study (1331mm). Most leaching loss in the Midwest
US occurs in winter and spring when vegetation is absent, and much of
the loss can occur during a short period of high precipitation (Royer
et al., 2006). Precipitation during Nov. 2015–Jan. 2016 (310mm) was
triple that of the same period for soybean in 2013–2014 (104mm),
likely driving the higher leaching in 2015 (Table S1). Furthermore,
some of the measured NO3

−, which moves slowly through the fine-
textured soils of the region, may have been applied during the previous
maize season. At a nearby site, Smith et al. (2013) similarly docu-
mented higher leaching losses under soybean than in some maize years.

Table 1
Nitrogen fluxes (May–May) for the second through the fifth years of AC establishment. All values were measured in this study unless otherwise noted.

Maize-soybean rotation Alley cropping

Soy Maize Soy Maize
2013 2014 2015 2016 2013 2014 2015 2016

kg N ha−1 yr−1

Inputs
Fertilizer 0.0 200 0.0 200 0.0 0.0 100 100
Atm. depositiona 6.4 10.3 7.8 8.9 6.4 10.3 7.8 8.9
N2 fixationb 148 −c 173 – 44.3 44.3 81.6 81.1

Total in 154 210 181 209 50.7 54.6 189 190

Outputs
NH4

+ leaching 1.8 2.0 2.5 5.0 2.1 1.5 1.7 3.5
NO3

− leaching 21.6 45.6 88.5 68.6 2.7 3.9 15.5 8.2
N2O efflux 0.4 1.4 0.9 2.0 0.2 0.2 0.7 0.7
Woody biomass – – – – 0.0 8.0 5.2 10.2
Hay biomass – – – – 0.0 94 201 238
Grain/Fruit/Nut yield 211 194 272 142 5.4 2.5 4.3 7.4

Total out 235 243 364 218 10.4 110 228 268

Net N Input −81 −33 −183 −9 40 −55 −39 −78

Woody biomass growth
Aboveground – – – – 4.3 9.9 10.1 12.6
Belowground – – – – 9.7 18.9 −4.6 12.1

Total woody
biomass growth – – – – 14.0 28.8 5.5 24.7

a National Atmospheric Deposition Program at Bondville, IL (∼15 km from the study site).
b Estimated using empirical relationships with aboveground [N] for soybean (Gelfand and Robertson, 2015) and clover (Høgh-Jensen et al., 2004).
c Not applicable.

Fig. 7. Yield-scaled annual NO3
− (a) and N2O (b) losses for AC (filled circles) and MSR

(open circles). Points in years two to five are data from this study. The horizontal dotted
line in each panel shows the mean MSR value of the four study years. The dashed line
shows the theoretical trajectory for AC using yield projections fromWolz et al. (2018) and
the conservative assumption that N losses beyond year five remain equivalent to the mean
of years four and five. Letters in (b) indicate soybean and maize years.
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Even if the soybean leaching rate in 2015 were capped at the working
budget maximum for soybean (80 kg N ha−1 yr−1; Fig. 2), this would
only reduce leaching by 11% and not alter associated interpretations.
The low NH4

+ leaching fluxes observed in both systems were as ex-
pected (Allen et al., 2004).

One important limitation of assessing N leaching losses using resin
lysimeters at 50 cm is that deep roots below 50 cm can scavenge N
before it is lost to drain tile. When measuring N leaching rates at a
nearby site over 3 years using both resin lysimeters at 50 cm and in-
dividual plot drain tile outflow (2m), Smith et al. (2013) found rates
measured via tile outlets to be an average of 41% lower than rates
measured via resin lysimeters at 50 cm. However, individually tiled
plots are costly, and burying lysimeters deeper than 50 cm can cause
substantial disturbance to the measured soil profile or the root systems
of perennial crops. Furthermore, since over two-thirds of roots in both
annual and perennial crops are above 50 cm (Black et al., 2017), any N
leached below 50 cm can be considered lost from an agricultural per-
spective.

Cumulative N2O emissions measured here were on the low end of
the ranges developed in the working N budgets for MSR and AC. One
possible reason for this is that N2O sampling did not occur during
winter months. In some crops, winter N2O emissions can account for
around half of annual emissions (Kaiser and Ruser, 2000). Winter N2O
emissions, however, would likely disproportionately increase MSR
emissions. Consequently, we expect that the overall trends found here
could underestimate reductions due to conversion to AC.

Ammonia volatilization was also not measured in this study. Since
the UAN fertilizer in maize was incorporated into the soil after appli-
cation, NH3 losses were likely low in MSR (Pan et al., 2016). In-
corporation of fertilizer, however, is not an option in perennial systems,
so the granular urea broadcast in AC may have resulted in substantial
NH3 losses. Options for reducing NH3 losses in AC include the appli-
cation of urease inhibitors and controlled release fertilizers, which were
estimated in a global meta-analysis by Pan et al. (2016) to decrease NH3

volatilization by 54 and 68%, respectively.
In fertilization years, N2O emissions were driven by prominent post-

fertilization spikes in both systems. These spikes support previous calls
for split fertilizer applications as an approach to reduce N2O fluxes
(Dinnes et al., 2002). The extremely high post-fertilization spikes in
2016 for both maize and AC are especially noticeable. These high
peaks, however, are not easily explained by precipitation and soil
temperature, which were both higher in 2014–15 than in 2016. This
supports previous observations that the relationship between N2O
fluxes and soil moisture/temperature is inconsistent (Amadi et al.,
2016; Baah-Acheamfour et al., 2016). Though already low in AC by the
fifth year of this study, N2O emissions are expected to continue to de-
crease as the trees mature, as was found for afforested pasturelands
across climate zones (Allen et al., 2009).

Soil disturbance associated with transitioning between agricultural
systems (e.g. planting trees, tillage, drilling seed, low root biomass etc.)
has the potential to stimulate an increase in N losses by aerating soil
and reducing soil structure. This effect was demonstrated by Smith et al.
(2013), where leaching was higher in the establishment year compared
to the subsequent three years after conversion from MSR to three dif-
ferent perennial biofuel crops. While no data was collected here during
the initial year of AC (2012–2013), we do not expect that leaching or
N2O emissions were substantially higher than during 2013–2014 be-
cause the soil disturbance during seedling establishment is minimal
compared to the high disturbance required to establish perennial bio-
fuel crops. Furthermore, 2012–2013 hosted an intense growing season
drought and the lowest Dec.–Jan. precipitation of the study years
(96mm). Furthermore, any disturbance-driven increase in N losses
during the first year will likely become negligible over the long lifespan
of AC.

This study utilized a system-level comparison between MSR and AC
under standard management practices. Therefore, direct comparisons of

N loss mechanisms were not practical due to several differences be-
tween systems, including (1) plant functional type, (2) soil disturbance
regime, (3) annual N fertilization rate, (4) source of fertilizer N (liquid
UAN vs. granular urea), and (5) fertilizer N placement (surface vs. in-
corporated). Identifying the specific treatment differences and me-
chanisms driving reductions in N losses during the transition to AC will
require further measurements of the evolution of soil mineral N con-
centrations, soil moisture, and microbiological activity (Abalos et al.,
2016; García-Marco et al., 2014). Additional treatments using non-
standard management to maintain consistent N inputs between systems
may also be useful in future studies.

Possible mechanisms for N loss reductions in AC include (1) more
efficient uptake of residual N or excess soil water that would otherwise
be available for leaching and gaseous losses (Allen et al., 2004;
Beaudette et al., 2010), and (2) altered microbiological controls on
nitrification and denitrification resulting from decreased soil dis-
turbance and changing soil organic matter inputs (Lee and Jose, 2003).
The improved N uptake efficiency in AC may also result in beneficial
tradeoffs in other gaseous losses, such as NH3 volatilization or nitric
oxide (NO), which have not been measured in our study but are of
major environmental and economic concern (Ussiri and Lal, 2013).

Although temperate AC is typically applied using a single tree spe-
cies (Wolz and DeLucia, 2018), emphasizing woody polycultures, such
as in the system studied here, could expand its potential (Lovell et al.,
2017; Wolz et al., 2018). Evidence from forests has shown that N re-
tention can increase with diversity (Lang et al., 2014; Schwarz et al.,
2014). Leveraging multiple tree species within AC could similarly in-
crease its potential to reduce N losses. Further research is needed to
determine the optimal fertilization rates and management practices in
mixed species systems that lead to the highest system productivity and
lowest yield-scaled N losses (Malézieux et al., 2009).

Beyond ecological sustainability, which includes the mitigation of
area-scaled and yield-scaled N losses measured here, widespread
adoption of AC will also require economic viability and cultural ac-
ceptance (FAO, 2016; Jordan and Warner, 2010; Robertson and
Swinton, 2005). Even simple AC systems with timber trees can be
economically competitive with row crops in many contexts, especially
when including potential incentives for carbon sequestration (Frey
et al., 2010; Yemshanov et al., 2007). Emphasizing well-developed,
highly productive tree crops with robust markets can further promote
AC profitability and scalability (Wolz et al., 2018). To further catalyze
economic and cultural acceptability, AC could initially be established
on marginal farmland where row crops are unprofitable and contribute
disproportionally to N losses (Brandes et al., 2016, 2018).

5. Conclusions

Row crop agriculture continues to contribute substantially to water
quality issues and global climate change through large environmental N
losses. Our results demonstrate that AC quickly reduced N losses via
NO3

− leaching and soil N2O emissions during establishment years, even
when mean annual fertilizer N inputs remain the same. These results
build on prior work that has demonstrated reduced N losses in mature
agroforestry systems by evaluating the underexplored establishment
phase. Furthermore, our approach provides a more thorough compar-
ison between AC and MSR via yield-scaled N losses. Future work
evaluating the long-term yields and biogeochemical consequences of
AC are critical to widespread adoption of this transformative agri-
cultural alternative.
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