
Abstract
Agricultural landscape design has gained recognition by the 
international environmental and development community as a 
strategy to address multiple goals in land, water, and ecosystem 
service management; however, field research is needed to 
quantify impacts on specific local environments. The production 
of bioenergy crops in specific landscape positions within a grain-
crop field can serve the dual purpose of producing cellulosic 
biomass (nutrient recovery) while also providing regulating 
ecosystem services to improve water quality (nutrient reduction). 
The effectiveness of such a landscape design was evaluated by the 
strategic placement of a 0.8-ha short-rotation shrub willow (Salix 
miyabeana Seemen) bioenergy buffer along marginal soils in a 6.5-
ha corn (Zea mays L.) field in a 6-yr field study in central Illinois. The 
impact of willow integration on water quality (soil water, shallow 
groundwater leaching, and crop nutrient uptake) and quantity 
(soil moisture and transpiration) was monitored in comparison 
with corn in the willow’s first cycle of growth. Willows significantly 
reduced nitrate leachate in shallow subsurface water by 88% while 
maintaining adequate nutrient and water usage. Results suggest 
that willows offer an efficient nutrient-reduction strategy and may 
provide additional ecosystem services and benefits, including 
enhanced soil health. However, low values for calculated willow 
biomass will need to be readdressed in the future as harvest data 
become available to understand contributing factors that affected 
productivity beyond nutrient availability.
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Research interests in alternative management strate-
gies for water quality conservation in agricultural sys-
tems have grown as negative impacts of excess nutrients 

on the environment (Rabalais, 2002; Rabalais et al., 2002; Dale 
and Polasky, 2007) and human health (Rabalais et al., 2002; 
Townsend et al., 2003; Galloway et al., 2008; Nissim et al., 2014) 
are seen at multiple monitoring scales. Important ecological 
and societal impacts range from the hypoxic zone in the Gulf of 
Mexico to the 2014 shutdown of the Toledo public water system 
because of cyanotoxins (Kozacek, 2014), to the lawsuit by the 
Des Moines Water Works, IA, against surrounding agricul-
tural Drainage Districts for nitrate pollution of drinking water 
(Snider, 2015). Practices to reduce nutrient loadings need to be 
economically viable and implementable in practice. The inte-
gration of cellulosic biofuel feedstocks into agricultural fields 
in marginal soils (underproductive or high environmental risk 
areas) may be able to address nutrient leachate. The passive reuse 
(recovery) of leached nutrients from neighboring grain crops in 
strategic cropping systems can promote enhanced biomass pro-
duction without additional fertilizer application (Ssegane et al., 
2015). This may provide a cost-effective solution (Ssegane et al., 
2016) for state and national nutrient reduction goals (USEPA, 
2013; IDOA and IEPA, 2015). Targeting marginal lands opti-
mizes land use by reducing the competition between bioenergy 
and grains for land allocation, improves the economics of bioen-
ergy crop production (Ssegane and Negri, 2016; Ssegane et al., 
2016), and may provide additional benefits (Graham et al., 2016, 
2017), thereby offering potential solutions for other problems 
within the food, energy, and water nexus. In particular, it may 
offer positive synergisms between the need to produce lignocel-
lulosic feedstock, as mandated by the Renewable Fuel Standard 
(USDOE and USDA, 2009; USDOE, 2016), and to provide 
cost-effective solutions for water quality problems, as identified 
by State and Regional Hypoxia Task Force targets.

Shrub willows (Salix miyabeana Seemen) are efficient bio-
energy and phytoremediation candidates due to their fast 
perennial growth, high biomass production, and high nutrient 
uptake. They can tolerate a wide range of environmental con-
ditions, including drought, saturated soils, and high toxicity 
(landfill leachate), as well as stressors including herbivory, rust 
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TECHNICAL REPORTS

Core Ideas

•	 We assessed impacts of shrub willow integration within an ag-
ricultural landscape.
•	 Nitrate leachate was significantly reduced by willow buffers in 
an Illinois cornfield.
•	 Willows used water resources differently than corn with time.
•	 Improved soil health seen under willow will continue to be 
monitored.
•	 Influencing factors contributing to low willow biomass will be 
assessed in the future.
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infection, and frost (Elowson, 1999; Kahle et al., 2002; Smart et 
al., 2005; AILE, 2007; Nissim et al., 2014). Taking into account 
soil and climate effects on denitrification and soil immobiliza-
tion, the literature suggests that ~200 kg N ha−1 yr−1 could be 
treated through a soil–willow system (AILE, 2007). Therefore, 
the objectives of this paper were to evaluate the impacts of field-
scale willow integration into a continuous corn (Zea mays L.) 
rotation system for the dual purpose of addressing water quality 
issues while producing bioenergy feedstock. Our purpose for the 
willow buffer, planted along areas considered underproductive 
or of high environmental risk (marginal land) to reduce land 
competition for grain-crop production, was to bolster its yield 
through the interception and uptake of leached nitrate, thereby 
improving water quality (Ssegane et al., 2015).

Materials and Methods
Field Site and Experimental Setup

The field site is a 6.5-ha, nontiled corn field located in 
Livingston County, Fairbury, IL (40.74° N, 88.50° W). The site 
is hydrologically isolated from neighboring fields, with Indian 
Creek lying west of the field and an elevated soil embankment 
to the east. The 5-yr average annual precipitation for Fairbury 
(2011–2015) was 877.3 mm (Fairbury WWTP; NOAA, 2016).

The field was set up using a randomized block design with 
plots of corn and willow ‘SX61’ blocked on lowland flood-
plains in Comfrey loam soil (fine-loamy, mixed, superactive, 
mesic Cumulic Endoaquolls), 0 to 2% slope, (northern plots 
[N-plots]) and upland plains in Symerton silt loam soil (fine-
loamy, mixed, superactive, mesic Oxyaquic Argiudolls), 2 to 
10% slope, (southern plots [S-plots]) (Supplemental Fig. S1). 
The S-plots represent marginal soils with a relatively deep, 
nitrate-enriched (NO3/NO2−N) water table, whereas the 
N-plots represent a pseudo-control situated in fertile, flood-
plain soil with a shallow water table and more limited nitrate 
leaching. Additional site characterization is found in Ssegane et 
al. (2015) and Ssegane and Negri (2016).

Willow and corn plots were each ~0.2 ha. Willow plots 
were planted in the spring of 2013 using a double-row planting 
system (150-cm spacing between double rows, 75 cm between 
rows, and a 60-cm in-row spacing) (Abrahamson et al., 2010) 
at a density of 15,300 cuttings ha−1 into a grass cover crop. 
Planting density was lower in the N-plots due to equipment cal-
ibration problems, which resulted in many rows being planted 
as single rows. Subsequent hand planting was unsuccessful, in 
terms of establishment. The willows were coppiced at the end of 
2013, with willow harvest expected to be every 3 yr. No fertil-
izer was applied to the willows at or after planting; all corn crop 
was managed as usual, with an average fertilizer application 
of 248  kg N ha−1 yr−1, with pre- and postemergent herbicide 
applied at rates of ~3.5  L ha−1 of Harness Xtra (aceteochlor) 
and 0.04 L ha−1 of Impact (topramezone methanone), respec-
tively. Land under corn crop was conventionally tilled with no 
corn stover collection after harvest. Management of willow 
plots was limited to mowing of the herbaceous understory as 
an alternative to herbicide application because of foliar damage 
during the first year of herbicide application (a pendimethalin 
pre-emergent herbicide applied at 5.7 L ha−1 and 2.43 L ha−1 of 
Poast [sethoxydim] postemergent herbicide).

Field Monitoring and Statistical Analysis
The data collection regime followed pre-willow intro-

duction (2011–2012) and post-willow introduction (2013–
2016) periods.

Soil Moisture
Soil moisture was continuously measured in the four S-plots 

from 2014 to 2015 using a Sentek EnviroSCAN probe, a capaci-
tance probe, which monitored hourly volumetric water content 
(VWC) at several depths between 0 and 150 cm. The probes 
were calibrated in air and water according to manufacturer cali-
bration requirements. Linear regression was used to interpolate 
missing data using R statistical software version 3.3.1 (R Core 
Team, 2016) and Microsoft Excel 2016. Total soil moisture 
(TSM) for the full 150-cm profile was calculated using the trap-
ezoidal formula for nonuniform increments:
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Groundwater Monitoring
Edge-of-field and intrafield monitoring wells (MW) were 

used to monitor water quality (see Supplemental Fig. S1). The 
edge-of-field MWs (MW1, MW3, MW4, and MW5) were 
screened at depths between 180 and 400 cm. The intrafield 
MWs consisted of a shallow well (MW6S) screened between 
120 and 300 cm and a deep well (MW6D) screened between 
370 and 580 m. Water samples were analyzed by Servi-Tech 
Laboratories (Dodge City, KS) for nitrate using a copperized 
cadmium column that reduced nitrate to nitrite. A modified 
Greiss–Ilpsvay method was used to calculate nitrate concentra-
tions, which were measured spectrophotometrically (USEPA, 
1974; Promega Cooperation, 2009; Gelderman and Beegle, 
2011). Any samples returned with a value less than the minimum 
detection level (0.2 mg L−1) were reported as 0.1 mg L−1. Annual 
nitrate loads were calculated using annual well concentrations 
normalized by daily average leached rainfall. The biogeochemi-
cal modeling tool DeNitrification-DeComposition (DNDC) 
(Li, 2012; http://www.dndc.sr.unh.edu/) was used to calculate 
the amount of leached rainfall entering the shallow groundwater 
system (18% of annual rainfall).

Soil Water
During the growing seasons of 2011 to 2016, water from the 

unsaturated zone at a depth of 120 to 150 cm was collected using 

http://www.dndc.sr.unh.edu
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evacuated syringes connected to MacroRhizons (by Rhizosphere) 
with pore size of 0.15 mm, referred to as rhizon(s). The sampling 
depth was selected according to the average surface-to-ground-
water depth across the field, as well as the corn rooting depth, to 
target the leachate. Syringes were left attached in the field for up 
to 5 d, with the time limit set by an in-house study that assessed 
nitrate degradation rates without preservative. It found no sig-
nificant impact of time on water nitrate levels under sun or shade 
conditions compared with laboratory-control preserved samples 
after 5 d. Soil water and groundwater were collected and ana-
lyzed on the same day. Data were analyzed using a linear mixed 
model fit using the statistical package ImerTest, with residuals 
checked for normality using R statistical software version 3.3.1 
(R Core Team, 2016). Fixed factors included crop type, land-
scape position, and year, whereas sampling date and rhizon ID 
(identification number) were treated as random factors. The 
linear model was simplified to include only two-way interac-
tions between fixed factors, because the three-way interaction 
was nonsignificant (P = 0.38). The average annual concentra-
tions (least square means) were used to determine nitrate reduc-
tions in soil water as percentage over corn. Geostatistical analysis 
with ArcGIS Desktop 10.x (ESRI, 2016) was used to determine 
nutrient hotspot and nitrate leaching patterns throughout the 
growing season for each year using the inverse distance weighted 
interpolation method.

Ion-Exchange Resins
Ion-exchange resins (Rexyn I-300, research-grade resin 

beads) housed in a permeable polyvinyl chloride (PVC) capsule 
were used to measure annual soil-water nitrate and ammonium 
loads to the subsoil. Ion exchange resin capsules were con-
structed with a modified design following Susfalk and Johnson 
(2002) and Ventura et al. (2013) (see Supplemental Fig. S2) 
and placed in the S-Plots along transects upslope, within, and 
downslope of the plots with three replicates each. Capsules 
were placed in 46-cm-deep boreholes using a GeoProbe drill-
ing system at a 45° angle (±3°) with the permeable sides of the 
capsule parallel to the soil-infiltration pathway. Capsules were 
refrigerated after extraction from the field until analysis. Resin 
beads were cleaned with deionized water and placed in 2 M 
KCl on a shaker for 1 h at 100 rpm (Ventura et al., 2013). The 
combination of resin beads and KCl solution was transferred 
to a separatory funnel with glass wool supported down by glass 
beads, for resin separation from extractant. The extractant was 
analyzed by Servi-Tech Laboratories. A Kolmogorov–Smirnov 
nonparametric test was used to assess crop effect.

Soil Sampling
At the beginning of each growing season (2011–2016), 

soil core samples to a depth of 122 cm were collected using an 
acetate sleeve-lined macro-core sampler (2.5-cm o.d.) attached 
to a GeoProbe drilling system. Approximately the top (surface) 
15 cm and bottom (subsurface) 15 cm of the soil cores were col-
lected and put on ice for chemical analysis. Soil samples were ana-
lyzed by Servi-Tech Laboratories for total N (TN) and organic 
matter (OM) (Grafton et al., 2015). Descriptive statistics by 
monitoring plot, landscape position, and soil type were calcu-
lated. Additionally, soil chemical mapping using Veris Precision 
Farm Mapping (Prime Meridian, Nevada, MO) was done in 

December of 2014 from 2400 sampling points calibrated with 
laboratory-analyzed soil core samples.

Vegetation Sampling and Allometric Measurements
Vegetation sampling for willow was done following a modi-

fied version of Mirck and Volk (2009). Corn (grain) and willow 
(single branch cut at the 30-cm height above ground) were col-
lected at the end of the 2015 growing season. Three random corn 
samples were collected from each corn plot; willow plot sam-
pling was based on transects (one sample from each of the three 
transects: north, middle, south). Samples were dried at 60°C 
until constant weight and analyzed for percentage TN by Servi-
Tech Laboratories.

Stem counts and diameter measurements were taken every 
200 cm along each willow transect three to four times in 2015 
to calculate willow standing biomass. Stem counts included all 
stems growing at the 30-cm height, with two randomly selected 
stems being measured for diameter using a digital caliper. A 
stem-size class (small, medium, large) was developed on the last 
sampling event (18 Oct. 2015), for use with transpiration data. 
Small stems were usually first-year stems with diameters <1.3 cm. 
Medium stems, usually with developing bark, had diameters of 
<2.3 cm; large, mature stems were up to 4.4 cm in diameter. The 
number of stems per size class was counted, and one random stem 
per class was measured for diameter (Mirck and Volk, 2009). 
Willow density (plants per unit area) was quantified by counting 
the number of willows in each 200-cm ´ 250-cm consecutive 
plot along each transect. Corn was planted at a density of 84,016 
plants ha−1. Calculation of standing biomass for corn (grain) and 
willow (stems) was done using the following equations:
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Corn grain biomass was normalized by the actual yield col-
lected at the end of the season. Crop N uptake was calculated 
from standing biomass and its corresponding percent N concen-
tration using Eq. [4]:

1 % TN
kg N ha biomass

100
- = ´

	
[4]

Leaf area index (LAI) was also measured for both crops using 
an AccurPAR LP-80 ceptometer (Decagon Devices) at the end 
of 2015 and throughout the 2016 growing season.

Sap Flow and Transpiration
Crop transpiration was measured using the Dynamax Flow 

32-1K system at an hourly interval based on the stem heat bal-
ance relationship. The sap flow system was set up along the corn–
willow interface of two S-plots, with 16 sensors of varying sizes 
(from 10-mm to 25-mm diameter, equally distributed between 
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corn and willow). Transpiration was measured for 5 mo ( July–
November) in 2015. Sap flow sensors of 10-mm and 13-mm 
diameter used small-stem allometric data; sensors fitting 16 and 
19 mm used medium-stem data, and the 25-mm sensor used 
the large-stem allometric data. Outliers (values more than two 
standard deviations from the mean) and missing data were filled 
in using a local temporal-based regression relationship using 
a sensor on a similarly sized stem. This approach assumes tem-
poral similarity of the relationships between the two responses. 
Transpiration data at stem level were converted to transpiration 
at stand and canopy levels (Mirck and Volk, 2009). For corn, the 
entire field was assumed to have the same density and an aver-
age stem diameter (calculated from stems with sensors placed) 
(McChung and van Bavel, 2005).

Results and Discussion
Nitrate Concentrations in Soil-Water Leachate

Geostatistical analysis of seasonal leaching of nitrate from 
2011 to 2015 across the field depicts the seasonal movement of 
the nitrate hotspot (Fig. 1a). Differences in hotspot locations 
and intensity varied by year and as a function of the timing of fer-
tilizer application, precipitation events, and sampling. Nutrient 
hotspots in the southern uphill end of the field in 2011 identi-
fied the location of the buffer strip (S-plots) as having the largest 

impact on nutrient reduction. Soil water collected in 2011 rep-
resented premonitoring plot design, so only the impact of land-
scape position on seasonal nitrate was examined. The 2011 data 
were not directly compared with subsequent years after monitor-
ing plot establishment due to the low number of sampling loca-
tions that fell within plot boundaries. The northern floodplain 
corn had a seasonal mean nitrate concentration of 23.8 mg L−1 
(SE = 14.6 mg L−1), whereas southern uphill corn had a mean 
concentration of 102.9 mg L−1 (SE = 21.3 mg L−1). Therefore, 
prior to willow planting, nitrate concentrations were found to 
be significantly higher in uphill corn than on the floodplain (P = 
0.005). Drought conditions in 2012 prevented adequate water 
collection for analysis.

Every year, the data show a similar pattern of elevated con-
centration in the late spring to early summer, with highest nitrate 
concentrations toward the southern end of the field, followed 
by a decline in concentrations later in the season, when subsoil 
water was too scarce for collection. In 2013, after willow estab-
lishment, plot comparisons by crop cover showed no signifi-
cant differences in nitrate concentrations in soil water between 
willow and corn-crop treatments in comparable soil, indicating 
that starting concentrations were comparable. As willow below- 
and aboveground biomass began to increase after coppicing, sig-
nificant nitrate reductions were seen in 2015 and 2016 (Fig. 1b). 
Reduction in nitrate concentrations was greater in N-plots, with 

Fig. 1. Soil water NO3+NO2–N (nitrate) concentra-
tions. (a.) Nutrient hotspots (2011–2015) leached 
nitrate concentrations post-fertilizer application 
before and after willow introduction. The first 
map in each year shows the placement of the 
north and south plots in reference to the upslope 
nutrient hotspot. Areas outlined in pink denote 
the willow plots; however, willows were planted 
in 2013, and therefore 2011 serves as a refer-
ence for starting conditions. (b.) Annual nitrate 
concentrations (least square mean ´ SE) by crop 
type regardless of landscape position. Percentage 
nitrate reduction by willow is shown above with 
p-values (* = significant difference at a = 0.05).
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the exception of 2014 (8.7, 80.8, and 98.5% in 2014, 2015, and 
2016) than in S-plots (12.5, 60.6, and 74.0%). This observation 
may be attributed to differences in transient times of soil water 
due to varying soil types and topography, and thus to differences 
in nutrient availability for plant uptake (sandy soils in S-plots 
vs. clay soils in the N-plots). Average nitrate concentrations in 
leachate from all willow plots were significantly lower in 2015 
(6.0 mg L−1) and 2016 (2.0 mg L−1) than in 2013 (27.1 mg L−1) 
and 2014 (24.2 mg L−1), suggesting that crop uptake plays a 
larger role in nitrate reduction than weather (annual precipita-
tion for 2013–2016: 1422, 1955, 1839, 1250 mm, respectively).

Annual Nitrate Loading
In 2014, willow plots had less (but nonsignificant) soil nitrate 

loading (71 kg NO3–N ha−1, average from plots I and III) than 
upslope corn from each plot (140 kg NO3–N ha−1) (Fig. 2), a 
loading reduction of ~49.3%. Annual soil moisture was not 
found to affect soil nitrate loading within plots, with the average 
annual TSM higher in willow plots (11 cm) than in corn plots 
(7.9 cm), yet nitrate loadings varied across all S-plots. No signifi-
cant reduction in nitrate loading was seen between willow and 
corn (P = 0.2), suggesting that crop cover did not have a signifi-
cant impact on nitrate loading in 2014. This was consistent with 
the 2014 soil-water nitrate concentrations for corn versus willow, 
with P = 1.0 for all plots in the first year of willow growth after 
coppice. However, it is noted that with a small sample size (three 
replicates) and high standard deviation, results may be influ-
enced more by intrafield soil heterogeneity than the treatment. 
Quantitative nitrate loading analysis for 2015 and 2016 (with 
increased replications) will be discussed in a future paper.

Nitrate Concentrations in Shallow Groundwater
Mean nitrate concentrations in groundwater are shown in 

Fig. 3. On average, seven times less nitrate leached into ground-
water under Comfrey soil (MW1, MW3, MW4, and MW5) 
than under the uphill Symerton soils (MW6S/D), with greater 
variability in annual nitrate loading in Symerton in-field MWs. 
However, it was noted that after willow establishment, MW5 
(closest to the willows in the N-Plots) and MW6S/D (within a 
willow S-plot) showed a decline in nitrate loading (two to seven 
times less) by 2015 compared with 2011. Nitrate concentrations 
were normalized for precipitation each year, suggesting that 
declines in nutrient concentrations are likely a result of uptake 
rather than a dilution effect or influence of soil condition.

Crop Water Use
Crop water use was evaluated by fluctuations in soil moisture 

and differences in transpiration, shown in Fig. 4. Seasonal soil-
moisture variations under corn and willow are depicted in Fig. 4a. 
Only the four S-plots were monitored, due to the high flooding 
risk in the N-plots and likely damage to the soil moisture sensors. 
The TSM fluctuated readily across the 2 yr, with greater fluctua-
tions occurring during the mid- to end of the growing season 
( July–October) and more stability during the dormant season 
(baseline). The two willow plots have a higher moisture baseline 
than corn plots, possibly due to their lack of tillage, which alters 
soil permeability and exposes the soil to direct soil evaporation. 
Differences in baseline between all four plots may also reflect 

differences in site-specific soil characteristics and crop density, 
namely for the two willow plots, where willow establishment 
in Plot III was less successful than in Plot I. Results, however, 
suggest that willows are not depleting water resources any faster 
than corn. Direct water use by each crop was monitored using 
sap-flow instrumentation (Fig. 4b).

Regression analysis showed that soil moisture was signifi-
cantly correlated to transpiration for both crops with adjusted R2 
= 0.66. Cumulative transpiration volume between the two crops 
was very similar at the beginning of July but diverged until mid-
August when water uptake by corn began to decline as it reached 
maturity, with no transpiration measured after 24 September. 
Conversely, water uptake and use by willow continued past the 
time of corn harvest (3 October) at around the same rate until 
mid-October, with no transpiration measured after 16 Nov. 
2015. With a longer growing season (March–November) than 
corn (May–October), willows have a better chance to intercept 
the leached nutrients from fertilizer applied during corn plant-
ing and exhibit higher total cumulative transpiration (295 mm) 
than corn (248 mm). However, the rate of willow transpiration 
for most of the monitoring period was lower than that of corn, 
and it was only after corn reached maturity and its water uptake 
declined that willow cumulative transpiration surpassed that of 
corn. The lower transpiration rate and higher soil moisture may 
suggest that willows are using water resources more conserva-
tively than corn. The perennial nature of willows and the year-
round soil coverage may also lead to more favorable conditions 
for water retention. Future monitoring will be required to deter-
mine if these trends will continue as the willows mature.

Fig. 2. 2014 annual nitrate load (mean ± SE) upslope of and within 
each southern plot.

Fig. 3. 2011–2015 annual nitrate load (mean ± SE) in groundwater 
normalized with daily rainfall. Monitoring wells (MWs) are distin-
guished by field location: edge-of-field or within-field. Gray bars 
represent years prior to willow planting, and pink bars represent 
those after willow integration.
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Impact on Soil Chemistry
Soil OM and TN were evaluated by soil type, crop cover, 

and landscape position to determine which factors or set of 
factors had the largest influence on the differences in sampling 
locations. Soil OM from 2011 to 2016 by plot is shown in Fig. 
5a. From 2011 to 2016, N-plots in Comfrey loam soils had, 
on average, 1.6% higher surface OM than S-plots in Symerton 
loam soils for all years and, on average, 0.8% higher subsurface 
OM (Fig. 5a). This trend was consistent with precision soil 
mapping in 2014, in which surface soil OM ranged between 

3.0 and 4.7% across the Comfrey loam soils, but between 2.2 
and 3.55% for the two Symerton soils (Fig. 5b). Evaluation of 
crop impact on soil OM showed an increase in subsurface OM 
under willow (all plots) from 0.7 to 1.3% from 2011 to 2016, 
whereas soil OM under corn decreased from 1.4% in 2011 to 
1.1% in 2016 (with S-Plot corn being more variable). Total N 
in willow plots tended to stay more consistent, at 717.8 mg kg−1 
in 2011 and 600.1 mg kg−1 in 2016, whereas corn plots showed 
a decline from 1220.7 mg kg−1 in 2011 to 412.1  mg  kg−1 in 
2016 (Fig. 5c). Annual fluctuations in soil TN and OM are 

Fig. 4. (a) Daily total soil moisture (0-cm to 150-cm 
soil profile) under willow and corn crop covers with 
their corresponding daily precipitation for 2014–
2015. Missing data are shown as a gap. Precipitation 
data are missing between 1 and 19 Sept. 2015. The 
dip near 26 October may be a result of tilling, which 
occurred that week. (b) Cumulative transpiration 
(sap flow) of corn and willow and cumulative rainfall 
in 2015.

Fig. 5. (a) Soil percent organic matter (OM, mean ± 
SE) and (c) soil total nitrogen (mean ± SE) by land-
scape position (northern plots [Comfrey loam soils] 
vs. southern plots [Symerton silt loam soils]) before 
(2011–2013) and after (2014–2015) willow introduc-
tion. Soil samples were collected at the beginning 
of the growing season, therefore representing the 
impact of the previous growing season. Surface 
(top) soil represents approximately the top 0 to 15 
cm, and subsurface represents a depth of 107 to 122 
cm. Sample size varied by plot and by year. (b) Veris 
precision farm mapping of percentage soil OM.
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similar under corn and willow crop cover. Although the site 
has been monitored for several years, change in soil condi-
tions may require more time to assess trends. Additionally, 
although willows are known for their luxury consumption of 
N (AILE, 2007), which could raise concern for soil nutrient 
depletion, no evidence was found of that occurring in this 
field study at rates any faster than corn. Considering that no 
fertilizer was applied directly, this finding also suggests that 
willow likely draws its N from soil water. Isotope analysis for 
nutrient-source tracking will be used in the future to confirm 
this assessment.

Nitrogen uptake by each crop type in both landscape 
positions was also monitored throughout the 2015 growing 
season, along with its impact on biomass production (Fig. 6). 
Since 2015 represented second-year growth for willows, aver-
age annual N uptake and biomass are shown for corn com-
parison. Compared with willow, corn had three times greater 
N-uptake on average, which can be partially understood due 
to its annual lifecycle. However, this difference can also be 
attributed to harvestable biomass. Willow biomass (branches) 
in the plots as a whole was about half of that produced by corn 
(grain). However, the allometric calculations for willow bio-
mass will be reevaluated once harvest data become available. 
Two major problems that may have contributed to these lower 
biomass values are poor establishment (plot heterogeneity in 
soil moisture, pH, or mortality from direct or indirect [drift] 
herbicide application) coupled with planting anomalies (single 
rows vs. double rows), resulting in lower planting densities than 
expected. For N-plots, if only areas that were planted correctly 
in double rows are taken into account for biomass calculations, 
the two plots would yield 11.4 dry Mg ha−1 yr−1 (SE = 2.5) on 
average and therefore be comparable with corn. For S-plots, 
poorer establishment in spite of multiple replanting efforts may 
more likely be responsible for lower biomass values than plant-
ing anomalies. However, the leading cause is unknown and 
could be related to limited moisture, weed pressure, herbicide 
toxicity, and/or lower pH. Future evaluation of willow biomass 
production on an individual-plant basis in association with 
site characterization may help to determine the effect of plant-
ing and environmental factors on biomass production in this 
study. Additionally, plots will be assessed for gradient effect on 
biomass production, comparing willows closer to corn (where 
nutrient leaching is likely to be higher) with those further away, 
which may point to a threshold for buffer width. The data do 
show, however, that N-plots have an advantage over S-plots in 

both N-uptake and biomass production. This finding follows 
the soil-water nitrate reductions, for which a greater N reduc-
tion was seen under the willow N-plots after 2013. Higher bio-
mass production in N-plots can be attributed to their better 
soil conditions and higher moisture retention and availability 
in the northern Comfrey soils compared with S-plots.

The LAI data were inconsistent for aboveground biomass 
productivity. In September 2015, the average LAI values were 3.5 
and 3.0 for willow and corn, respectively, regardless of landscape 
position. The same trend was found in July 2016, with measured 
LAI of 4.5 and 3.3 for willow and corn, respectively. Differences 
in LAI may be due to plant structure, such as differences in leaf 
arrangement patterns to maximize light interception.

Conclusion
Results of this 6-yr study suggest that strategic placement of 

shrub willows on an agricultural landscape in central Illinois 
was an effective strategy for nutrient reduction, in which high 
nitrate-reduction efficiency was seen even under lower bio-
mass production. However, additional analysis will be required 
to assess the productivity of this strategy in marginal soil as 
a lignocellulose feedstock production system. Transpiration 
and TSM measurements suggest that willows consume water 
resources comparably with, yet more conservatively than, corn 
during the active growing season. The low soil-water nitrate 
concentrations, comparable soil TN contents, and potential 
increase seen in soil subsurface OM highlight the benefit of 
a perennial landscape for nutrient reduction, crop productiv-
ity, and soil health. Although soil type was a factor affecting 
nutrient dynamics and crop production, additional variation 
between plots can be attributed to differences in crop nutri-
ent use, length of seasonal growth, and corresponding land 
management practices, including fertilization and tillage. The 
benefits of shrub willow integration on marginal lands for 
soil health and nutrient reduction arises from the altered land 
management practices including no-till management and year-
round soil coverage. Additionally, willows can significantly 
reduce N leachate while maintaining a more conservative usage 
of water and nutrients than corn. However, further research is 
required to assess and improve yields when producing ligno-
cellulosic feedstock under marginal conditions. New research, 
such as cultivar selection, may be required to develop alterna-
tive design approaches for marginal land.
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