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Abstract: Hybrid poplars have demonstrated high productivity as short rotation woody
crops (SRWC) in the Midwest USA, and the hybrid aspen ―Crandon‖ (Populus alba L. ×
P. grandidenta Michx.) has exhibited particularly promising yields on marginal lands.
However, a key obstacle for wider deployment is the lack of economic returns early in the
rotation. Alleycropping has the potential to address this issue, especially when paired with
crops such as winter triticale which complete their growth cycle early in the summer and
therefore are expected to exert minimal competition on establishing trees. In addition,
well-placed fertilizer in low rates at planting has the potential to improve tree establishment
and shorten the rotation, which is also economically desirable. To test the potential productivity
of ―Crandon‖ alleycropped with winter triticale, plots were established on five topographic
positions with four different rates of fertilizer placed in the planting hole. Trees were then
harvested from the plots after each of the first three growing seasons. Fertilization resulted
in significant increases in branch, stem, and total aboveground biomass across all years,
whereas the effects of topographic position varied by year. Allocation between branches
and stems was found to be primarily a function of total aboveground biomass.
Keywords: agroforestry; biofuels; marginal land; Populus; triticale; woody biomass
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1. Introduction
Using baseline scenarios, the U.S. Department of Energy estimates that forestlands in the
contiguous United States have the capability to produce 298 million dry Mg of biomass annually by
the year 2030 [1]. Likewise, the baseline estimate for perennial crops (woody and herbaceous) on
agricultural lands was 346 million dry Mg of biomass annually, with estimates for high-yield scenarios
reaching 705 million dry Mg annually. Production from both land cover types will be vital to meet the
nation’s demands for biofuels, bioenergy, and bioproducts. For example, adequate woody feedstock
supply is necessary for achieving our national goal of 16 billion gallons of cellulosic biofuels by 2022,
established under the U.S. Energy Independence and Security Act of 2007. Short rotation woody crops
(SRWC) are purpose-grown trees that are a vital component of this potential woody biomass supply.
Comparison with other perennial energy crops shows that SRWC have superior energy use efficiency
and similar productivity [2]. In fact, biomass yields of up to 10 Mg ha−1 yr−1 are common in the
Midwest and those approaching 20 Mg ha−1 yr−1 are attainable when growing adapted genotypes at
sites with optimal environmental conditions [3,4]. To become competitive as a feedstock for cellulosic
biofuels, however, the economic performance of SRWC must be improved [5]. One approach is
targeting marginal agricultural lands upon which traditional crops often perform poorly [6]. The hybrid
aspen ―Crandon‖ (Populus alba L. × P. grandidenta Michx.) appears especially promising, due to both
its high productivity and its adaptability to sloping marginal lands [7].
In addition, economic performance may be improved by growing SRWC in conjunction with
agricultural crops in the form of alleycropping systems. These alternating strips of agricultural crops and
trees offer the opportunity to harvest an annual crop and generate revenue early in the rotation while the
trees become established. Furthermore, alleycropping systems have been shown to provide numerous
benefits over agricultural monocropping in temperate regions including enhanced erosion control [8],
more efficient nutrient cycling [9], improved water quality [10], greater carbon sequestration [11],
improved pest control [12], and higher productivity when tree and row crops are properly matched to
minimize competition with one another [13]. Hybrid poplars have been used in alleycropping systems
with corn [14], soybeans [14–16], canola [17], and various other crops [18,19] with mixed success. For
hybrid poplars, which experience peak growth during mid- to late-growing-season [20], it is logical that
winter triticale (Triticum spp. × Secale spp.) which completes its growth cycle by mid-season would be a
better match in alleycropping systems than crops with similar peak-growth periods as hybrid poplars
(e.g., corn). Winter triticale has proven to be productive in double-cropping systems with corn [21,22]
and sorghum [23], but the published literature appears to lack studies on winter triticale alleycropped
with hybrid poplars.
Additionally, fertilization may improve SRWC economics by increasing productivity and/or
shortening rotations. For example, broadcast fertilization at agronomic rates around the time of canopy
closure (typically at mid-rotation) may substantially increase biomass growth rates [24]. However,
such fertilization may also stimulate the allocation of biomass to branches and thereby reduce the value
of the trees for certain markets (e.g., lumber). In contrast, fertilization early in the rotation has been
observed to stimulate growth while having minimal effects on biomass allocation [25]. While
broadcast applications are not environmentally or economically desirable early in the rotation because
the trees have not yet fully occupied the site and therefore take up little of the applied nutrients, much
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lower rates of well-placed fertilizer have been shown to significantly increase the early growth of
hybrid poplars [26,27].
In this study, we sought to evaluate the productivity of SRWC under a combination of management
practices aimed at improving economic performance. Specifically, the productivity of the hybrid aspen
―Crandon‖ grown in an alleycropping system with winter triticale was evaluated at multiple
topographic positions with different rates of fertilizer placed in the planting hole. Subsets of trees were
then harvested after each of the first three growing seasons to determine the effects of topographic
position and fertilizer rate on aboveground dry biomass (branch, stem, and total) and allocation
(branch:stem ratio). The results are expected to be useful for informing researchers, landowners, and
natural resource professionals about the roles that placement in the landscape and early fertilization
play on the establishment of ―Crandon‖ in alleycropping systems. The economic performance of the
alleycropping system, including yields for winter triticale, has been described by Manatt et al. [28].
2. Materials and Methods
2.1. Tree Materials
The trees used in this study were established in the greenhouse during spring 2009 using 10-cm
long dormant hardwood cuttings grown in 236-cm3 Accelerator® containers (Nursery Supplies Inc.,
Chambersburg, PA, USA). They were continuously sub-irrigated until reaching a height of approximately
10 cm, after which they were watered twice daily with an automated overhead sprinkler system. Two
weeks prior to field planting, the trees were pruned back to a height of 20 cm and placed outdoors to
harden off.
2.2. Study Site and Experimental Design
The study site is located at Iowa State University’s Uthe Research and Demonstration Farm
approximately 20 km southwest of Ames, IA, and is situated on an east-facing hillside adjacent to Big
Creek and ranging in elevation from 305 to 325 m above sea level. Soil surveys indicate that the
floodplain (previously in mixed grass) consists of Coland clay loam, whereas the rest of the study area
(previously in row crops) consists primarily of Clarion loam (~75%) along with smaller areas of
Nicollet loam, Spillville loam, and Zenor sandy loam. Plots measuring 18.3 × 24.5 m were established
at each of five topographic positions (floodplain, toe slope, back slope, shoulder slope, and summit),
with three plots placed along the north-south axis of each topographic position, for a total of 15 plots.
Within each plot, two sets of trees were planted: 48 trees spaced at 3.0 × 3.65 m for long-term
evaluation of growth and environmental impacts relative to other perennial and annual biomass
cropping systems, and 24 trees placed at half-spacing (1.5 m × 3.65 m; Figure 1) which were harvested
over the first three years and are the subject of this paper. These short-term trees were randomly
assigned to one of the three harvest years and one of four fertilizer rates (0, 10, 20, or 40 g tree −1 of
20-10-5 NPK tablets; Henry Field’s Seed and Nursery Co., Aurora, IN, USA), with two trees
independently assigned to each combination of fertilizer rate and harvest year (i.e., 5 topographic
positions × 3 plots × 4 fertilizer rates × 3 years × 2 trees year−1 fertilizer rate−1 = 360 trees). Welsh [29]
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and Wilson et al. [30] provide more-detailed descriptions of the long-term study and the additional
biomass cropping systems evaluated therein.
Figure 1. Overhead view of plot layout showing long-term study trees (white circles),
short-term study trees (green circles), and winter triticale (gold strips). The short-term trees
are the subject of this paper. Tree spacing and plot dimensions are given in meters.

2.3. Site Preparation, Planting, and Harvest
Plots were tilled and planted to winter triticale in the fall of 2008, and tree rows were prepared by
spraying glyphosate herbicide in 1-m wide strips prior to planting in spring of 2009. Trees were
planted into the strip-killed triticale at the end of May, using a tractor-mounted auger (20 cm diameter)
to dig the planting holes. Fertilizer tablets were placed at a distance of approximately 10 cm from the
trees, and at depth of approximately 10 cm below the ground. The triticale was harvested from the
plots in early July, and was similarly grown in the alleys between the tree rows in the following two
years (planted with a no-till drill in the fall and harvested in early July). Fertilizer (30 kg N ha−1 as
urea) was broadcast in the alleys of triticale each spring. Glyphosate was applied to the plots twice
during the first growing season; once in mid-summer using wick applicators in the immediate vicinity
(~0.5 m radius) of the trees, and once in early-fall using a shielded backpack sprayer for spot-treatment
(primarily on the floodplain where weed pressure was high). Surviving trees were harvested during the
dormant season following each of the first three growing seasons (n = 332 trees). For trees having
good stem form (i.e., straight distinct leader; n = 256), height and diameter at the base of the
harvestable stem (10 cm above ground level) were recorded for use in developing allometric biomass
equations. For all harvested trees, aboveground biomass was separated into components (stem and
branch) and oven-dried at 100 °C until stable, at which time dry mass was measured.
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2.4. Data Analysis
The experiment was analyzed as a split-plot design with fixed blocks (i.e., three blocks [north,
central, and south] each containing one plot per topographic position; randomized complete block
design). Topographic position was the main plot effect (experimental unit = plot), with position × plot
as a random effect. The split-plot effects (experimental unit = tree) included the two-way factorial of
fertilizer and year (completely randomized design). Analysis of variance (ANOVA) was conducted
using PROC MIXED (method = type3) in SAS® (SAS Institute Inc., Cary, NC, USA) for aboveground
dry biomass components (branch, stem, and total) and allocation (branch:stem biomass ratio). The
biomass components were log-transformed (base = 10) prior to analysis due to the variance being
proportional to the mean, which increased substantially (by a factor of approximately 40) from the first
year to the third year. For the branch:stem biomass ratio, log-transformed total aboveground dry
biomass was used as a covariate, based on previous research showing tree size to be an important factor
in biomass allocation [25]. Denominator degrees of freedom were determined via the Kenwood-Rogers
method and significant treatment effects were further evaluated using multiple comparisons analysis
with Tukey adjustment [31]. In the event of a significant interaction between main effects, multiple
comparisons were conducted on the interaction rather than the main effects. To produce allometric
biomass equations, linear regression was conducted using PROC GLM in SAS ® to model each of the
three components (branch, stem, and total aboveground biomass) based on tree height and diameter at
the base of the harvestable stem.
3. Results and Discussion
3.1. Analysis of Variance (ANOVA)
Significant (p < 0.05) block, fertilizer, year, and position × year effects were observed for all three
aboveground biomass parameters, whereas allocation (branch:stem biomass ratio) was not significantly
impacted by any of the treatment factors (Table 1). Based on the significant interaction between
position and year, discussion of year effects is hereafter limited to the position × year interaction. For
describing treatment effects, geometric means (calculated by converting least squares means of
log-transformed values to the original units of measure) are reported; however, because geometric
means are systematically lower than arithmetic means calculated from untransformed data [32], final
(third-year) productivity is reported in terms of arithmetic means scaled to a per-hectare basis.
Multiple comparisons analysis showed that, across all three years, the geometric mean of total
aboveground dry biomass for the north block (94 g tree−1) was significantly lower than that of the
south block (169 g tree−1) and central block (191 g tree−1). The lower biomass productivity was likely
attributable to deer damage (i.e., browsing of growing points and rubbing/breaking stems during the
rutting season), as deer and their tracks were most frequently observed at the north end of the study site.
The physical condition of the trees was surveyed after the first growing season, and it was found that
approximately 13% of the trees in the north block had been damaged by deer, as compared to rates of
7% and 8% for the south and central blocks, respectively. By the end of the second growing season,
the trees had grown sufficiently tall (mean height = 2.2 m) that the main stems were less susceptible to
browsing. However, girdling of the stems as a result of deer rub continued throughout the three years
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in all plots, which reduced harvestable biomass via dieback and breakage of stems. Despite these
challenges, overall survival was high (92%) and varied by topographic position (from 86% on the
floodplain to 97% on the back slope) and, to a lesser extent, by fertilizer rate (from 88% at 20 g tree −1
to 95% at 40 g tree−1).
Table 1. Results of ANOVA for total biomass (BT), branch biomass (BB), stem biomass
(BS), and branch:stem biomass allocation ratio (AB:S) for the hybrid aspen ―Crandon‖.
Statistically significant effects (p < 0.05) are shown in bold.
Effects
Block
Position
Fertilizer
Year
Fertilizer × Year
Position × Fertilizer
Position × Year
Position × Fertilizer × Year

BT
0.0044
0.7234
<0.0001
<0.0001
0.2515
0.7287
0.0005
0.6691

BB
0.0082
0.7362
<0.0001
<0.0001
0.4008
0.8617
0.0018
0.7393

BS
0.0044
0.5854
0.0012
<0.0001
0.3552
0.6711
0.0074
0.9712

AB:S
0.3147
0.1968
0.1244
0.2658
0.7438
0.9083
0.5097
0.7721

For the fertilizer effects, total aboveground dry biomass was significantly higher at 20 and 40 g tree−1
than at 0 g tree−1, and at 40 g tree−1 compared to 10 g tree−1 (Table 2). The same pattern was observed
for branch biomass, whereas the differences for stem biomass were limited to the fertilizer rate of
40 g tree−1 being significantly higher than 0 and 10 g tree−1. These results demonstrate that relatively
small amounts of well-placed fertilizer at planting (e.g., 40 g fertilizer tree−1 = 14 kg N ha−1, compared
with 120 to 240 kg N ha−1 annually for corn [2]) can significantly improve aboveground biomass
production of ―Crandon‖ during tree establishment. In fact, total biomass after the third year was 0.6
and 1.2 Mg ha−1 higher for trees receiving 20 g tree−1 and 40 g tree−1 of fertilizer, respectively,
compared to trees receiving no fertilizer (Figure 2). This increase of 41 to 86% is similar to the
response observed by Guillemette and DesRochers [27], who reported first- and second- year increases
in tree volume of approximately 20 to 70% for hybrid poplars supplied with 20 to 25 g tree −1 of
fertilizer at planting on former agricultural sites.
Table 2. Geometric means for aboveground total (BT), branch (BB), and stem (BS) dry
biomass per tree by fertilizer rate. Significant differences (p < 0.05) are denoted by
different letters within the column.
Fertilizer Rate
(g tree−1)
0
10
20
40

BT
(g tree−1)
102
c
132
bc
162
ab
200
a

BB
(g tree−1)
43
c
60
bc
81
ab
98
a

BS
(g tree−1)
54
c
62
bc
71
abc
89
a
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Figure 2. Arithmetic means for aboveground total (□), branch (◊), and stem (○) dry
biomass per hectare after the third year, by fertilizer rate and adjusted for survival.

The results of the multiple comparisons analysis of position × year are shown in Table 3.
Significant within-year differences between positions were only observed at year 1, in which the trees
growing on the floodplain had lower branch biomass than those on the shoulder slope and lower stem
biomass than those on the back slope. The remaining significant differences were among years, in
association with the trees increasing in size over time. Also, a lack of significant differences was
observed between the most productive position at year 2 and the least productive positions at year 3.
Specifically, the trees growing on the toe slope did not differ significantly at year 2 from other
positions at year 3 in terms of stem biomass (summit, shoulder, and back slope), branch biomass
(summit and shoulder slope), and total biomass (summit).
The broader lack of significant within-year effects for topographic position may be due in large part
to the adaptability of ―Crandon‖ to a variety of site conditions, although the reduced statistical power
associated with main plot effects in split-plot designs may also be a contributing factor. While the use
of fixed blocks and a single study site precludes inference to a larger geographic area, previous
research at multiple sites in Iowa has shown that ―Crandon‖ produces less variable (and often higher)
yields relative to other woody species. Specifically, Goerndt and Mize [7] found that for 10-year-old
plantations ―Crandon‖ productivity varied by a factor of approximately two (16 to 30 Mg ha−1 year−1)
between site types (upland, sloping, or bottomland), whereas silver maple (Acer saccharinum L.)
varied by a factor of more than four (4 to 18 Mg ha−1 year−1) and the hybrid cottonwood ―Eugenei‖
(P. deltoides Bartr. ex Marsh. × P. nigra L.) varied by a factor of more than eight (2 to 17 Mg ha−1 year−1).
In the current study, ―Crandon‖ yields similarly varied by a factor of approximately two between the
best and worst topographic positions, thus providing general support for the hypothesis that ―Crandon‖
produces relatively consistent yields across topographic positions.
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Table 3. Geometric means from position × year interaction for aboveground total (BT),
branch (BB), and stem (BS) dry biomass per tree. Significant differences (p < 0.05) are
denoted by different letters within the column.
Position × Year
Combinations
Year 1
Summit
Shoulder Slope
Back Slope
Toe Slope
Floodplain
Year 2
Summit
Shoulder Slope
Back Slope
Toe Slope
Floodplain
Year 3
Summit
Shoulder Slope
Back Slope
Toe Slope
Floodplain

BT
(g tree−1)

BB
(g tree−1)

BS
(g tree−1)

25.7
25.1
25.7
24.0
9.8

d
d
d
d
d

10.7
11.5
7.8
8.5
3.0

de
d
de
de
e

13.5
12.6
15.8
13.2
6.2

de
de
d
de
e

178
158
129
240
195

c
c
c
bc
c

93
76
52
110
93

c
c
c
bc
c

76
74
72
115
85

c
c
c
bc
c

646
676
813
891
1202

ab
a
a
a
a

372
380
479
537
724

ab
ab
a
a
a

251
288
316
331
447

ab
ab
ab
a
a

Based on visual observations, the lower initial productivity on the floodplain was likely attributable
to greater weed competition. The prevalence of weeds on the floodplain was believed to be due to a
combination of factors including a large seed bank built up under the previous land cover of mixed
grasses, as well as greater availability of resources to stimulate weed growth (e.g., higher soil N
content, organic matter content, and water conductivity than the other topographic positions at the
site [32]). Notably, the trees growing on the floodplain eventually surpassed the other positions and
had 1.3 Mg ha−1 higher total biomass than the summit and shoulder slope after the third year
(Figure 3). Similarly, the lack of significant differences between the toe slope at age 2 and the summit
position at age 3 highlights the trend of faster growth at lower-lying topographic positions. Goerndt
and Mize [7] observed similar trends with three-year-old ―Crandon‖ producing biomass of 1.8 and
5.9 Mg ha−1 yr−1 for upland and bottomland sites, respectively. The yields in the current study are
somewhat lower than this, and while the exact cause is unclear it may be related to the use of smaller
planting stock, less favorable site conditions, negative interactions with winter triticale, or some
combination thereof. Thus, additional research is recommended, especially with respect to evaluating
different types of planting stock and the possibility of allelopathic effects with winter triticale.
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Figure 3. Arithmetic means for aboveground total (□), branch (◊), and stem (○) dry
biomass per hectare after the third year, by topographic position and adjusted for survival.

Allocation (branch:stem ratio) was not significantly impacted by any treatment factors (see Table 1);
however, the covariate was found to be a significant factor in predicting allocation (p = 0.0155), with
branch:stem ratio increasing as total aboveground biomass increased. Thus, our results suggest the
increases in branch:stem ratio commonly associated with fertilization and/or topography-related
resource availability may actually be indirect effects realized via increasing total biomass (Figure 4).
This finding agrees with previous research by Coyle and Coleman [24], in which biomass allocation
for two P. deltoides clones was dictated primarily by tree size rather than nutrient or water availability.
Figure 4. Relationship between branch:stem ratio and the covariate, log-transformed
(base = 10) aboveground total biomass (dotted lines), along with least-squares means for
(a) fertilizer treatments by year (4 fertilizer rates × 3 years = 12 points); and
(b) topographic position by year (5 positions × 3 years = 15 points). Error bars represent
+/− 1 standard error of the means.
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3.2. Linear Regression
Based on the ANOVA results, which indicated aboveground biomass allocation was primarily a
function of tree size, each of the three biomass components (branch, stem, and total) was modeled
using an equation equivalent to the Schumacher and Hall volume equation [33]:
log B(y) = a log D10 + b log H + c

(1a)

B(y) = (D10)a × Hb × 10c

(1b)

which can be re-written as:

where B(y) is the dry biomass in g tree−1 for a given aboveground component (y), D10 is the diameter of
the tree in cm at harvestable height (10 cm aboveground), and H is the tree height in cm.
The results of the linear regression are presented in Table 4. The model was found to have a strong
fit for all three aboveground biomass components, with coefficients of determination (R2) ranging
from 0.90 (branch) to 0.98 (stem). These results demonstrate that the aboveground biomass of young
―Crandon‖ trees may be reliably estimated based on readily-obtained measurements (i.e., height and
diameter at harvestable height).
Table 4. Coefficient values for Equation 1 based on linear regression of aboveground total
biomass (BT), branch biomass (BB), and stem biomass (BS), along with R2 values reflecting
model fit.
Component
BT
BB
BS

a
2.040
2.985
1.548

b
0.769
0.055
1.153

c
−0.174
0.820
1.202

R2
0.97
0.90
0.98

It should be noted that the allometric relationships observed during establishment (when trees are
open-grown) are not likely to be maintained after canopy closure is reached. Particularly, branch
biomass is expected to level off after canopy closure, as horizontal crown expansion is curtailed and
continued vertical crown expansion is met with shading out of the lower branches. However, we
expect that the changes to these allometric relationships will correlate with certain metrics of
competition. A metric of particular interest is crown competition factor (CCF), which has been
previously described as a tool for optimizing clone selection and spacing for SRWC [34]. For closed
stands, CCF represents the ratio of the crown area of an open-grown tree to that of a tree of the same
diameter in a closed stand [35], and therefore may similarly reflect the ratio of branch biomass
predicted by allometric equations for open-grown trees to that of trees in a closed stand. Thus, we
suggest CCF may be useful as an additional predictor variable in allometric equations for aboveground
biomass, and merits further investigation with ―Crandon‖ and other SRWC species.
4. Conclusions
The results of this study demonstrate that low rates of fertilizer at planting can nearly double the
productivity of the hybrid aspen ―Crandon‖ during establishment (i.e., the first 3 years of growth).
Further research should be done to determine whether these early gains in aboveground biomass are

Sustainability 2013, 5

2884

maintained throughout the rotation and/or allow for a shorter rotation length, as well as to evaluate
whether winter triticale may have any negative (e.g., allelopathic) effects on tree productivity. The
current study also reinforces previous research suggesting that ―Crandon‖ is a versatile clone capable
of producing relatively consistent yields across a variety of topographic positions. Aboveground
biomass allocation (branch:stem ratio) was found to be primarily a function of tree size (i.e., total dry
biomass), and all three tree components (branch, stem, and total aboveground biomass) were found to
be strongly correlated with tree height and diameter at harvestable height (i.e., 10 cm aboveground).
Acknowledgments
Support and funding for this project were provided by ISU College of Agriculture and Life
Sciences, Leopold Center for Sustainable Agriculture, USDA Agriculture and Food Research Initiative,
and US Forest Service Institute for Applied Ecosystem Studies. In addition, a portion of the long-term
study trees were provided by ArborGen, Inc. (Ridgeville, SC, USA). The authors would like to thank
Steve Jungst, Phil Dixon, and Ken Moore of Iowa State University for reviewing earlier drafts of the
manuscript, and Theo Gunther for his expertise in triticale management.
Conflict of Interest
The authors declare no conflict of interest.
References and Notes
1.

2.
3.

4.

5.

6.
7.

U.S. Department of Energy. U.S. Billion-ton Update: Biomass Supply for a Bioenergy and
Bioproducts Industry; ORNL/TM-2011/224; Perlack, R.D., Stokes, B.J., Eds.; Oak Ridge
National Laboratory: Oak Ridge, TN, USA, 2011; p. 227.
Boehmel, C.; Lewandowski, I.; Claupein, W. Comparing annual and perennial energy cropping
systems with different management intensities. Agr. Syst. 2008, 96, 224–236.
Netzer, D.A.; Tolsted, D.; Ostry, M.E.; Isebrands, J.G.; Riemenschneider, D.E.; Ward, K.T.
Growth, yield, and disease resistance of 7- to 12-year-old poplar clones in the north central
United States; North Central Research Station General Technical Report NC-229; U.S. Forest
Service: St. Paul, MN, USA, 2002; p. 31.
Zalesny, R.S., Jr.; Hall, R.B.; Zalesny, J.A.; McMahon, B.G.; Berguson, W.E.; Stanosz, G.R.
Biomass and genotype × environment interactions of Populus energy crops in the midwestern
United States. BioEnergy Res. 2009, 2, 106–122.
Huang, H.J.; Ramaswamy, S.; Al-Dajani, W.; Tschirner, U.; Cairncross, R.A. Effect of biomass
species and plant size on cellulosic ethanol: A comparative process and economic analysis.
Biomass Bioenerg. 2009, 33, 234–246.
Blanco-Canqui, H. Energy crops and their implications on soil and environment. Agron. J. 2010,
102, 403–419.
Goerndt, M.E.; Mize, C. Short-rotation woody biomass as a crop on marginal lands in Iowa.
North. J. Appl. For. 2008, 25, 82–86.

Sustainability 2013, 5
8.

9.

10.

11.

12.

13.

14.

15.

16.
17.

18.

19.

20.
21.
22.

2885

Palma, J.H.N.; Graves, A.R.; Burgess, P.J.; Keesman, K.J.; van Keulen, H.; Mayus, M.;
Reisner, Y.; Herzog, F. Methodological approach for the assessment of environmental effects of
agroforestry at the landscape scale. Ecol. Eng. 2007, 29, 450–462.
Zamora, D.S.; Jose, S.; Napolitano, K. Competition for 15 N labeled nitrogen in a loblolly
pine-cotton alley cropping system in the southeastern United States. Agr. Ecosyst. Environ. 2009,
131, 40–50.
Dougherty, M.C.; Thevathasan, N.V.; Gordon, A.M.; Lee, H.; Kort, J. Nitrate and Escherichia
coli NAR analysis in tile drain effluent from a mixed tree intercrop and monocrop system.
Agr. Ecosyst. Environ. 2009, 131, 77–84.
Peichl, M.; Thevathasan, N.V.; Gordon, A.M.; Huss, J.; Abohassan, R.A. Carbon sequestration
potentials in temperate tree-based intercropping systems, southern Ontario, Canada. Agrofor. Syst.
2006, 66, 243–257.
Stamps, W.T.; McGraw, R.L.; Godsey, L.; Woods, T.L. The ecology and economics of insect pest
management in nut tree alley cropping systems in the Midwestern United States. Agr. Ecosyst.
Environ. 2009, 131, 4–8.
Tsonkova, P.; Bohm, C.; Quinkenstein, A.; Freese, D. Ecological benefits provided by alley
cropping systems for production of woody biomass in the temperature region: A review. Agrofor.
Syst. 2012, 85, 133–152.
Reynolds, P.E.; Simpson, J.A.; Thevathasan, N.V.; Gordon, A.M. Effects of tree competition on
corn and soybean photosynthesis, growth, and yield in a temperate tree-based agroforestry
intercropping system in southern Ontario, Canada. Ecol. Eng. 2007, 29, 362–371.
Manceur, A.M.; Boland, G.J.; Thevathasan, N.V.; Gordon, A.M. Dry matter partitions and specific
leaf weight of soybean change with tree competition in an intercropping system. Agrofor. Syst.
2009, 76, 295–301.
Rivest, D.; Cogliastro, A.; Bradley, R.L.; Olivier, A. Intercropping hybrid poplar with soybean
increases soil microbial biomass, mineral N supply and tree growth. Agrofor. Syst. 2010, 80, 33–40.
Beaudette, C.; Bradley, R.L.; Whalen, J.K.; McVetty, P.B.E.; Vessey, K.; Smith, D.L. Tree-based
intercropping does not compromise canola (Brassica napus L.) seed oil yield and reduces soil
nitrous oxide emissions. Agric. Ecosyst. Environ. 2010, 139, 33–39.
Delate, K.; Holzmueller, E.; Frederick, D.D.; Mize, C.; Brummer, C. Tree establishment and
growth using forage ground covers in an alley-cropped system in Midwestern USA. Agrofor. Syst.
2005, 65, 43–52.
Rivest, D.; Cogliastro, A.; Olivier, A. Tree-based intercropping systems increase growth and
nutrient status of hybrid poplar: A case study from two Northeastern American experiments.
J. Environ. Manag. 2009, 91, 432–440.
Devine, W.D.; Harrington, C.A.; DeBell, D.S. Intra-annual growth and mortality of four Populus
clones in pure and mixed plantings. New For. 2010, 39, 287–299.
Hegenstaller, A.H.; Anex, R.P.; Liebman, M.; Sundberg, D.N.; Gibson, L.R. Productivity and
nutrient dynamics in bioenergy double-cropping systems. Agron. J. 2008, 100, 1740–1748.
Jemison, J.M., Jr.; Darby, H.M.; Reberg-Horton, S.C. Winter grain—short season corn double
crop forage production for New England. Agron. J. 2012, 104, 256–264.

Sustainability 2013, 5

2886

23. Goff, B.M.; Moore, K.J.; Fales, S.L.; Heaton, E.A. Double-cropping sorghum for biomass. Agron. J.
2010, 102, 1586–1592.
24. Coleman, M.; Tolsted, D.; Nichols, T.; Johnson, W.D.; Wene, E.G.; Houghtaling, T.
Post-establishment fertilization of Minnesota hybrid poplar plantations. Biomass Bioenerg. 2006,
30, 740–749.
25. Coyle, D.R.; Coleman, M.D. Forest production responses to irrigation and fertilization are not
explained by shifts in allocation. For. Ecol. Manag. 2005, 208, 137–152.
26. Van den Driessche, R. First-year growth response of four Populus trichocarpa × Populus
deltoides clones to fertilizer placement and level. Can. J. For. Res. 1999, 29, 554–562.
27. Guillemette, T.; DesRochers, A. Early growth and nutrition of hybrid poplars fertilized at planting
in the boreal forest of western Quebec. For. Ecol. Manag. 2008, 255, 2981–2989.
28. Manatt, R.K.; Hallam, A.; Schulte, L.A.; Heaton, E.A.; Gunther, T.; Hall, R.B.; Moore, K.J.
Farm-scale costs and returns for 2G cropping systems in the U.S. Corn Belt. Environ. Res. Lett.
2013, submitted for publication.
29. Welsh, W.W. Root zone water quality and soil moisture dynamics of biomass cropping systems
and landscape positions. Master Thesis, Iowa State University, Ames, IA, USA, 2012; p. 89.
30. Wilson, D.M.; Gunther, T.P.; Heaton, E.A.; Schulte, L.A.; Hall, R.B.; Headlee, W.L.; Moore, K.J.;
Maier, M.; Boersma, N.N. Establishment and productivity of annual and perennial biomass crops
across a landscape gradient, in preparation.
31. Littell, R.C.; Stroup, W.W.; Freund, R.J. SAS® for Linear Models, 4th ed.; SAS Institute Inc.:
Cary, NC, USA, 2002; p. 466.
32. Ontl, T.A.; Hofmockel, K.S.; Cambardella, C.A.; Schulte, L.A.; Kolka, R.K. Topographic and soil
influences on root productivity of three bioenergy cropping systems. New Phytol. 2013,
doi:10.1111/nph.12302.
33. Avery, T.E.; Burkhart, H.E. Volumes and Weights of Standing Trees. In Forest Measurements,
5th ed.; McGraw-Gill: New York, NY, USA, 2002; pp. 168–195.
34. Hall, R.B. Use of the crown competition factor concept to select clones and spacings for
short-rotation woody crops. Tree Physiol. 1994, 14, 899–909.
35. Krajicek, J.E.; Brinkman, K.A.; Gingrich, S.F. Crown competition—a measure of density. For. Sci.
1961, 7, 35–42.
© 2013 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/3.0/).

