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Abstract: This study reveals patterns of yield and survival of short-rotation coppice (SRC) willow
cultivars over eight rotations (1993–2019). Cultivars fell into four broad categories: commercial,
released, stable, and decline. SV1, the singular cultivar that advanced to commercial deployments,
had first-rotation yields of 8.9 Mg ha−1 a−1, peaking at 15.2 Mg ha−1 a−1 by the fourth. Mean yields
from rotations 2–8 were still 36% above first-rotation yields, confirming the commercial potential for
this cultivar over 26 years. The released group (four cultivars) had stable yields over six rotations
(approximately 3 to 7 Mg ha−1 a−1), rising to match commercial yields (10 Mg ha−1 a−1) between the
sixth and eighth rotation. Most of the cultivars were in the stable group that had relatively consistent
yields over time. First-rotation yields in this group were approximately 5 Mg ha−1 a−1, and average
yield increased by 23% for rotations 2–8. The two cultivars in the decline group were impacted by
disease and browsing that lowered survival and growth. These findings are crucial for understanding
willow systems’ potential over their full lifespan as a bioenergy crop, which is a crucial input into
yield, economic, and environmental models.
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1. Introduction

Shrub willow (Salix spp.) is a fast-growing perennial woody plant native to North
America, Asia, and Europe. While the benefits and attributes of shrub willow have been
known for centuries, there has been growing interest in recent decades for potential uses
for bioenergy and biofuels because of its perennial nature, fast growth rate, and the range
of environmental and socioeconomic benefits it can provide [1].

Shrub willow’s high yield potential, rapid growth rate, and carbon neutrality make
it an attractive option as a feedstock for the generation of renewable energy. The crop
can be used directly as a source of heat and electricity production through combustion or
harvested and processed into biofuels such as ethanol, renewable diesel, or sustainable
aviation fuels [2,3]. The United States has set an ambitious goal of producing 3 billion
gallons of sustainable aviation fuel (SAF) by 2030 and 35 billion gallons by 2050 [4], which
will require over one billion dry tons of biomass per year, including an estimated 110 million
tons per year from perennial woody crops like willow [5]. For shrub willow to play a role in
this transition, it is imperative to comprehend how willow production evolves throughout
its projected lifespan of 20–25 years and the potential implications of these changes on the
economic and environmental viability of shrub willow.

Understanding the dynamics of long-term yield is of paramount importance in the
effective cultivation and utilization of shrub willow and other short-rotation woody crops.
Many variables, including site conditions, genetics, weather, land management practices,
and harvesting techniques, can influence the growth, biomass production, and productivity
of shrub willow [6]. Consequently, conducting and monitoring long-term research becomes
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indispensable in evaluating the sustainability, economic viability, and environmental im-
pacts of shrub willow. Obtaining data on the long-term dynamics of shrub willow will
enable informed management and economic decision-making and foster the development
of a robust market.

The expected service life for a willow field is 7 or 8 three-year harvest rotations before
the crop needs to be removed and replaced. Currently, economic and life cycle assessments
of the willow biomass crops in the United States (US) have been based on models where
there are seven harvests based on three-year rotations (e.g., [2,5,7–11]). Yield is consistently
one of the most important factors influencing both the economic and the environmental
attributes of this system. However, data that captures the full lifespan of any willow
plantings is limited, particularly in North America.

Currently, cultivar selection, management decisions, and economic projections pre-
dominantly rely on data from one to three harvest rotations. For example, data from
a network of 17 trials in the United States only included four sites with data from two
rotations, and only one site had data from three rotations [12]. As a result, the yield model
developed from this network relied heavily on data from the first rotation, with yield
projections for later rotations based on expert knowledge and estimation. Yield projections
from this model were used in the 2016 and 2024 Billion Ton Reports [5,7].

Recent studies have reported yields of different willow genotypes over two to three
rotations. Sleight et al. [13,14] summarized yield data from a set of 25 willow cultivars grown
on five different sites, finding that second-rotation yields only increased when the first-rotation
yield was less than 9.7 Mg ha−1 a−1. When only the top three genotypes were included in
the analysis (a narrow deployment strategy), 11.4 Mg ha−1 a−1 was the first-rotation yield
cut-off where no increase in second-rotation yield is expected. Sleight and Volk [13] found
that there were no significant changes in yield for 18 willow cultivars planted at two sites
over three rotations. When just the top three cultivars were included in the analysis, there
was no significant change in yield (13.1 Mg ha−1 a−1 to 12.6 Mg ha−1 a−1) at one site and a
slight increase in yield at the second site (10.6 Mg ha−1 a−1 to 11.4 Mg ha−1 a−1). Another
study reporting yield data over three rotations for sites in New York (NY) and Minnesota
(MN) found that for the top three cultivars, first-rotation yield was lower at the NY site and
increased over the three rotations (9.6 Mg ha−1 a−1 to 12.2 Mg ha−1 a−1). At the MN site,
first-rotation yields for the top three cultivars were higher, and there was still a small increase
in yield (10.0 Mg ha−1 a−1 to 11.1 Mg ha−1 a−1). These reported changes over three rotations
follow a pattern similar to those reported over two rotations by Sleight et al. in 2015 [14]. As
a result of these studies, technoeconomic analysis (TEA) and life cycle assessments (LCA)
assessments over seven rotations have used a small increase in yield from the first to second
rotation and then held yields stable for rotations three through seven, but data from yields in
the later rotations are lacking.

Two trials in southern Quebec, Canada, planted in 1995 and 1999, showed that over
four rotations, willow biomass yield exhibited changes that were not statistically different
beyond the first rotation, with minor variation between individual cultivars [15]. Similarly,
a 16-year yield trial planted in 1996 in Sweden had consistent yield patterns over six
rotations and highlighted the impact of establishment methods such as rods and cuttings
on long-term productivity. It was found that willow established through planting 1.8 m
rods exhibited a 21% higher first-rotation yield compared to those that were established
through 0.20 m cuttings, although the rods demonstrated an 11% lower yield by the third
rotation. For the fifth and sixth rotations, the differences between these two establishment
methods were no longer significant [16]. A limitation of the Larsen et al. [16] trial was
incomplete yield data for the fourth and fifth harvest rotations that were encountered in
this trial due to a bacterial disease affecting one of the research blocks in the fourth rotation.

Another study conducted in Sweden based on commercial-scale willow crops over five
rotations initiated in 1986 suggested that yield increased after the first rotation, remained
stable for several rotations, and then declined in the fifth rotation [17]. In contrast to other
research mentioned, a study over four rotations in Poland, initiated in 2003, revealed the
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highest yield to be from the first rotation, with yields in subsequent rotations remaining stag-
nant or exhibiting a decline depending on the planting density. The researchers emphasized
the influential role of soil conditions, rainfall levels, and pest infestation in determining
the survival rates and yield of willow. Furthermore, they identified a correlation be-
tween planting density and yield over time, with a planting density of 24,000 cuttings ha−1

demonstrating the least significant decline in yield over time compared to densities of 12,
48, or 96 thousand cuttings per hectare [18].

A substantial knowledge gap persists regarding the long-term yield performance of
shrub willow despite previous work. There remains a need for this kind of information,
especially data for rotations 4–7 of willow, to improve confidence in the outputs of eco-
nomic and environmental models. Findings from various long-term yield trials emphasize
the critical role of environmental factors, including climate, soil quality, and pest man-
agement, in determining the long-term yield performance and viability of shrub willow
plantations [6,19,20]. Additionally, the establishment method, such as planting density and
methodology (e.g., willow cuttings vs. rods), and genotype have been identified as signifi-
cant factors influencing yield over multiple rotations [21–23]. This work underscores the
importance of considering these factors when evaluating the sustainability and productivity
of shrub willow plantations over an extended period [24].

The objective of this study is to measure and report yield and survival data for
19 willow cultivars across eight rotations at a location in central NY state and to assess if
weather patterns had a discernable impact on yield over time.

2. Materials and Methods
2.1. Trial Description

The trial is located in Tully, NY (42.796058◦ N, 076.119252◦ W), on a Palmyra gravelly
loam soil with less than 5% slope [14]. The trial is a completely randomized block design
with each of the 19 cultivars (Table 1; Figure A1) being included in each of the three blocks.
The crop is grown in situ and without irrigation, as they are grown in commercial stands.
Before establishment, vegetation at the site was sprayed with glyphosate and the site was
plowed and disked [25]. Three double rows of willow were planted in each plot in May
1993 using 25 cm long cuttings at a density of 15,346 plants ha−1. Cuttings were planted in
double rows with 1.52 m between the double rows, 0.76 m between the two rows in double
rows, and 0.61 m between plants along the row. Following planting, the site was sprayed
with oxyfluorfen (2.24 kg a.i. ha−1) and the plants were coppiced at a height of 2–5 cm after
the first growing season. In the spring, following coppicing, and after each rotation, the
plots were fertilized with 100 kg N ha−1.

Plot size varied by width to allow room for an additional buffer row on the outer
double row for plots on the edge trial that were not boarded by other willow plots. As
a result, the plot size varied, and the number of cuttings planted per plot ranged from
56 to 72. Measurements were taken on the space occupied by the original inner 30 plants in
each plot.

2.2. Data Collection

Plots were harvested by hand on a three-year rotation, except for the third and eighth
rotations, which were four years. All stems attached within the plot were harvested during
the dormant season after the leaves had dropped using a brush saw at a height of 5–10 cm.
All biomass within the plot was cut, laid on straps, and suspended from hanging scales on
a tractor bucket to the nearest 0.1 kg. The cutting height promotes vigorous production of
new stems for the next harvest. A subsample of 1–2 kg of chipped willow was weighed
in the field and dried at 60 degrees C to a constant weight to determine moisture content.
All yield data are reported on a dry weight basis, scaled, and annualized to Mg ha−1 a−1.
In addition, a relative yield was determined for each plot using its first-rotation yield as
a baseline (annualized yield of a given rotation (2 through 8) divided by first rotation
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annualized yield). Survival reflects the number of living plants in the original 30 plants in
each plot.

Table 1. Willow cultivar genotypes, with species and origin information, included in the trials in
Tully, NY, that were harvested for eight rotations.

Cultivar Species Origin 1

SV1 S. dasyclados OMNR
SA2 S. alba OMNR
SP3 S. pupurea OMNR
S287 S. eriocephala U of T
S34 S. eriocephala U of T

S185 S. eriocephala U of T
S546 S. eriocephala U of T
S557 S. eriocephala U of T
S566 S. eriocephala U of T
S599 S. eriocephala x petiolaris U of T
S625 S. eriocephala x interior U of T
S646 S. eriocephala U of T
S652 S. eriocephala U of T
S71 S. petiolaris x eriocephala U of T
SH3 S. pupurea OMNR
S19 S. eriocephala U of T
S25 S. eriocephala U of T
S365 S. discolor U of T
S301 S. interior x eriocephala U of T

1 U of T is University of Toronto, OMNR is Ontario Ministry of Natural Resources (now the Ministry of Natural
Resources and Forestry).

To examine the potential influence of climate on willow yield and survival, historical
weather data was compiled for both Syracuse and Tully, New York, from 1993 to 2020
from the NOAA Climate Data Online [26]. The information in this dataset includes daily
temperature, precipitation, and snowfall readings. Tully’s data was fragmented while the
Syracuse data was complete. A simple linear regression model was developed to coarsely
predict the number of days of rainfall greater than 25 mm for 3 months before the growing
season (90 days) and the early growing season (43 days) at the study site using data from
Syracuse Hancock Airport (unpublished model). The impact of drought on the study site
and relevant historical drought data were also procured from the US Drought Monitor [27].

Growing degree days (GDD) is the accumulated number of degrees of the average daily
temperature over a reference temperature (10 degrees C) over a given period; it is a quanti-
tative measurement of heat accumulation that is well correlated to plant growth [28,29]. For
instance, the 30-year annual precipitation at the study site is 1039 mm with 967 GGD [14].
Climate Smart Farming’s growing degree day calculator [30] uses a network of regional and
farm-deployed weather stations to interpolate degree days for locations in the Northeastern
United States. For the purposes of this study, the growing season spans from 18 May to
30 September, while the early growing season ranges from 18 May to 30 June [31].

2.3. Statistical Analysis

Annualized yield and survival were available for each 3- or 4-year rotation for each
plot. Mean annualized yield, survival, and relative yield were determined for each cultivar
using the MEANS procedure in SAS (9.4). Next, cultivars were placed into one of four
groups based on survival and yield and survival patterns (Table A1): “commercial”, the only
cultivar with an average yield greater than 10 Mg ha−1 a−1, which was later used in wide-
scale planting; “released”, cultivars with yields that increased in at least 6 of 8 rotations
and approach the commercial yields by the eighth rotation; “stable”, cultivars without
distinct trends in yield or survival; and “decline”, cultivars that had distinct reductions in
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yield in 6 of 8 rotations, drops of at greater than 20% after the first rotation, and survival
under 20% by the eighth rotation.

Summary statistics for these groups were determined by rotation using the UNIVARI-
ATE and MEANS procedures (SAS 9.4). The 95% confidence interval for the combined
relative yields for rotations 2 through 8 were used to estimate the range of expected improve-
ment and whether there were significant improvements over the first rotation. Significant
differences in certain groups were evaluated using the LSMEANS statement in the GLIM-
MIX procedure (SAS 9.4). Significant differences between yields and survival from one
rotation to the next for individual cultivars were obtained using LSMESTIMATE statements
in the GLIMMIX procedure. Significant differences for groups of rotations (e.g., drought
vs. normal) were determined using contrasts and the LSMESTIMATE statement.

3. Results and Discussion
3.1. Biomass Yield and Climate Data over Eight Rotations

Across eight rotations, the average yield of all cultivars ranged between 5.2 and
6.7 Mg ha−1 a−1 (Figure 1). Rotations one, three and six had the numerically lowest yields.
Rotation 2 had the highest yield, but it was only significantly greater than the three least
productive rotations (1, 3, and 6). A study that included 20 willow cultivars in monoculture
and random mixtures of 5 to 20 cultivars found that the yield in monoculture plots (similar
to this current study) was fairly stable over four rotations, unlike the patterns yield patterns
in this study [32,33]. The 20-way random mixture had the highest yields in the first three
rotations and there was a 67% increase in yield from the first to second rotation. The yields
of the 20-way mixture in the third and fourth rotation were lower than the second rotation
but still among the highest yields in the trial. The third and fourth rotation yield in the
20-way plots were greater than the first-rotation yields, like the pattern in this trial, where
the first-rotation yield was the lowest over multiple rotations.
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Figure 1. Arithmetic means of the annualized yield for 19 willow cultivars across eight rotations from
1993 to 2019 at Tully, NY. Error bars indicate the standard error. Letters indicate significant differences
at p = 0.05 based on the least square means.

The growing season during the sixth rotation was 13% warmer than the 30-year
average, with 1173 growing degree days (10 degrees C), and the early growing season
was 21% warmer than the 30-year average (Table 1). The fifth rotation was the coolest
overall rotation (5% cooler), and the third rotation had the coolest early growing season
(12% cooler).

The rotations where annual production decreased were characterized either by a
warm overall growing season (rotations 6 and 8) or a cool early growing season (rotation 3).
Rotations 3 and 6 also had early-season GDD that were substantially different than the
30-year average. Early season GDD for rotation three was 88.2% of the 30-year average, and
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the first growing season after harvest when the willow was resprouting was exceptionally
cool, at 80.34% of the 30-year average. The early growing season of rotation 6 was warmer,
with GDD being 121.3% of the 30-year average.

Six of the eight rotations had some period of drought during one of the years. The
exceptions were rotations four and seven, where no periods of drought were reported.
The first (7 months) and sixth rotation (10 months) have the longest periods of drought
among all the rotations. Other studies have noted that water availability is often a key
factor limiting willow yields, [34,35], so the lower yields in rotations with more drought
were anticipated. These rotations were also among the lowest average yields across all
the cultivars. The sixth rotation also had above-average GDD early in the growing season
(121.3% of the 30-year average) and over the entire growing season (113.1%), suggesting
that it was both hot and dry.

Thus, the three rotations with the lowest yields showed some deviation from long-
term averages for GDD and/or drought. One of the challenges in making more precise
assessments of the impact of drought or GDD with this system is that the yield data
for each rotation covers three or four growing seasons; annual data were not collected.
Kopp et al. [36] reported data from an irrigated willow trial over 10 annual harvests and
found that the seasons with the lowest GDD had lower production and that the year with
the highest production was also the year with the greatest GDD. Because this trial was
irrigated, the interactions between rainfall and GDD were not assessed. A study in Japan
that harvested willow plots annually noted that weather factors such as hours of sunshine
over the growing season, early season temperatures, and amounts of mid-season rainfall
all had significant positive effects on the yield of the willow in the trial [20].

A potential pattern between atypical early growing season GDD values and subpar
cultivar production performances is suggested by weather patterns. Specifically, the har-
vests with the highest and lowest average early growing season GDDs exhibited the most
unfavorable changes in yield and overall productivity when compared to all other harvests.
Additionally, the most unfavorable changes in yield corresponded to the third and eighth
harvests, which were 4-year rotations. However, this may have as much to do with canopy
closure as weather conditions as this typically occurs in year three for willow grown in New
York [37,38]. Notably, the overall average GDDs for growing seasons did not correspond
as well to willow performance as early season GDDs. Rotation three exhibited a decline
and had the coolest GDDs of any rotation. The first regrowth year during rotation three
was also the coldest of the growing seasons as well as the coldest of all the early growing
seasons. Rotation six, which also showed a decline, was unusually high in GDD and dry,
which could be a factor in the poor yield performance. It is possible that the first year of a
rotation’s weather has a disproportionate impact on the rotational yield since it is impor-
tant for the willow to be able to grow above the weeds as quickly as possible. However,
GDD data did not have a uniform effect on all cultivars, with several distinct groupings
of cultivars reacting differently to different rotations. For example, several cultivars (S287,
SP3, SA2) showed rapid increases in yields following rotation 6 while many others showed
minimal variation following said rotation.

Yield patterns of individual cultivars over the eight rotations were categorized into
four distinct groups (Figure 2). The only cultivar that is still available and has been used in
commercial-scale plantings is SV1. This cultivar was placed in its own group, designated
“commercial”. Its mean yield was 11.8 Mg ha−1 a−1, significantly (p < 0.0001) higher than
the mean of other cultivars and 3.8 Mg ha−1 a−1 greater than the next most productive
cultivar S287. The average yield of SV1 remains above that of the first rotation for all eight
rotations despite its gradual decline in yield following the fourth rotation.

The “released” group had increases in yield for at least six of eight rotations and
final yields that approached the commercial performance (Figure 2). In this case, these
cultivars maintained stable yields until the sixth rotation, and then mean annualized yield
began to climb. Even with this increase in yield in the later rotations, the overall yield of
this group over eight rotations was still only 6.42 Mg ha−1 a−1. The sixth rotation was
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distinguished by being warmer than normal, with GDD being 132% of normal and six
months of drought over the rotation. However, the reasons for the increases after so many
stable rotations are not entirely clear. Cultivars in this trial were exposed to increasingly
drier and hotter conditions as they aged, which may have resulted in their release with
the observed deviations from the normal long-term climate patterns. Identifying these
cultivars and understanding their resilience would be beneficial as climate patterns change.
This could indicate that these cultivars are now approaching their potential at the site.
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Figure 2. Annualized yield for 19 willow cultivars across eight rotations organized into four different
groups (commercial, released, stable and decline) based on yield patterns. Dark lines for the group
cultivars are overlayed over gray lines for the other groups to assist in visual scaling and comparison.
Specific cultivars are described in Appendix A.

The “Stable” group consisted of 12 of the 19 cultivars, which are characterized by
relatively stable yield across all rotations. The average yield for this group across all eight
rotations was 4.98 Mg ha−1 a−1. Yields of the cultivars were between 2.56 Mg ha−1 a−1

and 7.47 Mg ha−1 a−1 across all rotations, except for S566, which had a drop in yield in the
third rotation to 1.24 Mg ha−1 a−1 but then recovered and fell within the range of all the
other cultivars in this group. These cultivars did not appear to be strongly impacted by
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changes in weather patterns over the 8 rotations by either increasing or decreasing their
yield substantially. It may be that these cultivars are more plastic in nature and able to
tolerate a wider range of conditions.

Finally, two cultivars comprise the “Decline” group. These two cultivars (S301 and
S365) had distinct reduction in yield in 6 of 8 rotations, drops of at greater than 20% after
the first rotation, and survival under 20% by the eighth rotation. S301’s decline began by
the third rotation and was due to leaf rust disease. S265 suffered girdling by rabbits in
the sixth rotation, possibly succumbing to the difficult environmental conditions that year.
Both cultivars were among the highest performers for the first two rotations. The yield
across all eight rotations was 6.05 Mg ha−1 a−1, which was consistent with the stable group.

All the cultivars except S34 (3.4% decline) increased in yield from the first to the
second rotation, with the increase being statistically significant for 10 of them (Figure 3).
The increase from the first to the second rotation ranged from 5.0 to 65.6%. There were no
rotations where all the cultivars either increased or decreased in yield.

Negative changes in yield occurred in rotations with notable drought events (rotations
three and six). In rotation three, nine of the cultivars had a significant decrease in yield,
but there were also two cultivars (SP3 and SV1) that had significant increases in yield,
which highlights that potential in the genetic pool represented by this trial. Understanding
what contributes to this resilience to stressors among cultivars will be important to creating
resilient willow systems to meet future biomass feedstock needs. The second-longest period
of drought occurred in the sixth rotation, and the response was different. Thirteen cultivars
had a decrease in yield, but it was only statistically significant for five cultivars. SV1 yield
decreased significantly, which was the opposite of what was observed for rotation three.
Rotation six was also the warmest rotation based on GDD, and it may be the combination
of multiple weather factors that impacted yield patterns rather than individual factors. This
has been noted in other studies where annualized yield has been measured. For example,
Harayama et al. [20] found three weather conditions (hours of sunshine, early season
temperatures, and early and mid-season rainfall) that were positively associated with yield.
More detailed tracking of yield and weather patterns on an annual, or maybe even a finer
time scale, would likely be needed to understand how and why willow cultivars respond
to changes in weather.

Excluding the first growing season, the mean yield for drought years was
0.65 Mg ha−1 a−1 less than rotations 2, 4, 5, 7, and 8 (p < 0.0001) (Figure 1 and Table 2).
Comparing Figures 2 and 3, patterns following the establishment rotation showed yields
below 5 Mg ha−1 a−1 for those rotations that experienced drought. The influence of local
weather and environmental conditions on yield over time does not impact most cultivars,
which are resilient and continue to produce consistently. However, it is important to note
that these yield trends are not representative of all cultivars, particularly those among the
“released” group who exhibited increased yields on the seventh rotation rather than the
stagnation observed in the overall mean yield. Nevertheless, the lack of a consistent trend
in the data suggests that shrub willow yield generally remains stable for 7 rotations after
the initial harvest. The presence of different trends within groupings of shrub willows
may indicate that these groupings consist of willows with varying traits such as drought
tolerance or vulnerability, and their performance may be correlated to local conditions. This
has implications for selecting appropriate willow cultivars for different growing locations
rather than focusing on developing a single high-yielding cultivar. Concerning the released
group, three of its members are among the top four yielding cultivars, and it includes the
best performer in the most recent harvest rotation.



Forests 2024, 15, 2041 9 of 20Forests 2024, 15, x FOR PEER REVIEW 9 of 21 
 

 

 
Figure 3. Changes in yield between rotations for each of the 19 cultivars in the trial over rotations 2 
through 8. Cultivars are grouped in the left column by the four categories in Figure 2 (commercial, 
released, stable, decline). There were significant increases in yield for 10 cultivars in the second ro-
tation. Yield decreased in the third (9 cultivars) and sixth rotations (5 cultivars) across many of the 
cultivars. Yield increases are dark or light green and yield decreases are orange or red. Significant 
changes in yield from one rotation to the next are marked as * for 0.10 < p > 0.05, ** for 0.05 < p > 0.01, 
and *** for p < 0.01. 

Figure 3. Changes in yield between rotations for each of the 19 cultivars in the trial over rotations 2
through 8. Cultivars are grouped in the left column by the four categories in Figure 2 (commercial,
released, stable, decline). There were significant increases in yield for 10 cultivars in the second
rotation. Yield decreased in the third (9 cultivars) and sixth rotations (5 cultivars) across many of the
cultivars. Yield increases are dark or light green and yield decreases are orange or red. Significant
changes in yield from one rotation to the next are marked as * for 0.10 < p > 0.05, ** for 0.05 < p > 0.01,
and *** for p < 0.01.
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Table 2. Growing Degree Days (GDD, base 10 ◦C) and GDD relative to the 30-year average for each
rotation. Number of recorded droughts, their length and when they occurred during the rotation,
and the change in production across all cultivars to those environmental conditions.

Growing Degree Days (Base 10 ◦C) a Recorded Droughts b

Rotation
Number

Rotation
Length
(Years)

Mean
Seasonal
GDD (18
May–30

September)

Seasonal
GDD

Relative to
the 30-Year

Average (%)

Mean Early
Season GDD
(18 May–30

June)

Early Season
GDD

Relative to
the 30-Year

Average (%)

Early
Growing
Season

Droughts

Early Season
Drought
Length

Growing
Season

Droughts
Drought Length

(Months)
% Cultivar
Increased

Production

1 3 1017 98.1 306 104.7 1 (1995) full early
season 1 (1995) April to October

(7 months) N/A

2 3 1043 100.5 302 103.5 1 (1999) full early
season 1 (1999) mid-May to September

(4.5 months) 95%

3 4 994 95.9 257 88.2 1 (2001) mid-May to
early June 1 (2001) mid-May to early June

(1.5 months) 21%

4 3 1064 102.7 287 98.5 0 N/A 0 N/A 84%

5 3 987 95.2 287 98.2 0 N/A 1 (2007)
late August to

mid-September
(<1 month)

84%

6 3 1173 113.1 354 121.3 0 N/A 2 (2011, 2012)

Late July to September
(2011), Early July to

October (2012)
(6 months combined)

32%

7 3 1059 102.2 304 104.2 0 N/A 0 N/A 79%

8 4 1089 105.0 287 98.3 1 (2016) late June 1 (2016) Late June to October
(4 months) 47%

a: GDD values are based on data obtained from Cornell University’s Climate Smart Farming GDD Calculator for
Tully, New York [30]. b: Drought data is from the drought.gov historical drought data for Onondaga County [27].

It was also observed that rotations with notable increases in yield were immediately
preceded by years with significant declines in yield (Figure 3). Examples of this include
both the fourth and the seventh rotations. This indicates that willow species can recover
their yields following rotations with less favorable growing conditions. This resilience is
a positive characteristic for the economic and environmental modeling of shrub willow
cultivation, as it indicates the potential for yield recovery over time.

3.2. Relative Biomass

The productivity of a system is governed by two limits: site carrying capacity and
environmental resistance [39,40]. Carrying capacity is the maximum amount of biomass
that a given piece of land will support, which can apply to the individual crop or the entire
system. The ability to exploit a site fully may vary between and within species [41,42]. En-
vironmental resistance is the interaction between phenotype and environment that controls
the rate at which the crop biomass approaches the site’s carrying capacity. Previous re-
search has shown that short-rotation coppice like willow experienced a bump in production
following the first rotation [13,14]. Once willow develops a root system in the first rotation,
plants can devote more photosynthate to producing aboveground biomass in subsequent
rotations. Across all cultivars, the mean first rotation biomass was 5.16 Mg ha−1 a−1 and
the mean for the subsequent eight rotations was 5.91 Mg ha−1 a−1 (Table 3). Relative yield
is the ratio of the age 2–8 yield to the first rotation, which for all cultivars was 1.233. This
23% increase was significantly different from 1 (which would indicate no change over the
first rotation).
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Table 3. Yield, relative yield (rotation 2–8 vs. rotation 1), and survival for the four growth patterns (commercial, released, stable, and decline from Figure 2), a priori
selection groups, a posteriori selection groups, and selected cultivars. First rotation and means for rotations 2 through 8 are presented. Letters within the growth
pattern groups indicate significant differences in means. Asterisks in the confidence limits column indicate whether the relative yield is significantly different than 1,
signifying no significant increase or decrease. ‘NS’ indicates not significant.

Scenarios Cultivars N

Yield Relative Yield 2–8 Survival First
Rotation

with <80%
Survival

1st 2nd–8th Mean 95% CI
1st Mean 8th

Mg ha−1 a−1 Proportion

All All cultivars
combined 19 cultivars 456 5.16 (0.23) 5.91 (0.13) 1.233 (0.030) ±0.048 * 80.9 (2.6) 67.4 (1.0) 54.9 (2.9) 2

Patterns

Commercial SV1 24 8.93 A (0.11) 12.16 A (0.51) 1.360 B (0.056) ±0.096 * 93.3 A (3.8) 85.5 A (2.5) 62.0 AB (4.9) 8

Released S287, SA2, SP3 72 4.96 CD (0.73) 7.13 B (0.25) 1.635 A (0.094) ±0.157 * 97.4 A (1.0) 86.4 A (1.4) 72.1 A (3.7) 7

Stable > 80 sur 5 cultivars 120 5.24 C (0.28) 6.19 C (0.15) 1.231 B (0.038) ±0.064 * 89.6 A (1.7) 72.4 B (1.5) 58.5 AB (5.1) 3

Stable < 80 sur 8 cultivars 192 4.38 D (0.29) 4.98 D (0.13) 1.227 B (0.042) ±0.069 * 63.5 B (3.9) 57.6 C (1.3) 56.0 B (3.3) 1

Decline S365, S301 48 6.50 B (0.36) 3.92 E (0.50) 0.595 C (0.074) ±0.124 * 97.5 A (0.5) 56.0 C (4.8) 12.2 C (5.9) 3

a priori
Top 3 Initial Yield SV1, S287, S365 72 7.71 (0.50) 8.68 (0.44) 1.130 (0.051) ±0.085 * 96.0 (1.4) 77.4 (2.4) 47.8 (8.2) 5

>80% Initial
Survival See below 264 5.73 (0.31) 6.58 (0.19) 1.237 (0.041) ±0.068 * 93.5 (1.1) 74.4 (1.4) 54.1 (4.5) 6

Top 3 Initial
Survival SP3, S365, S301 72 5.71 (0.51) 5.12 (0.41) 1.056 (0.112) ±0.186 NS 98.0 (0.5) 66.8 (3.7) 34.0 (11.6) 4

a posteriori
Top 3 Mean Yield SV1, S287, SP3 72 6.80 (0.82) 9.22 (0.35) 1.502 (0.079) ±0.131 * 96.3 (1.5) 84.7 (1.6) 67.3 (3.5) 7

Top 3 Mean
Survival SA2, SP3, SV1 72 5.50 (0.90) 8.52 (0.43) 1.799 (0.088) ±0.146 * 96.3 (1.5) 88.2 (1.1) 72.0 (3.5) 8

Top 3 Ending
Survival S652, SP3, SA2 72 4.28 (0.42) 6.37 (0.24) 1.630 (0.097) ±0.161 * 94.6 (2.5) 86.1 (1.1) 77.3 (2.1) 8

Single
Cultivars

SP3 SP3 24 4.14 (0.76) 7.51 (0.34) 1.978 (0.172) ±0.297 * 99.0 (1.0) 88.5 (1.7) 77.7 (2.3) 8

S365 S365 24 6.87 (0.53) 5.91 (0.13) 0.863 (0.090) ±0.156 NS 98.0 (1.0) 66.5 (5.1) 19.0 (10.7) 2

S301 S301 24 6.12 (0.50) 1.97 (0.50) 0.327 (0.084) ±0.144 * 97.0 (0.0) 45.5 (7.7) 5.3 (3.9) 3

Stable > 80 S652, S185, S19, SH3, S25

Stable < 80 S557, S646, S34, S599, S546, S625, S566, S71

Survival > 80 SP3, S365, S301, SA2, S287, S25, SV1, S185, S652, SH3, S19
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Among the growth patterns described in the previous section, the lone commercial
cultivar (SV1) had a significantly higher initial yield and nearly double the cumulative
yield of the other groups (p < 0.0001) (Table 3, Figure 2). The mean yield for SVI increased
from the first to the next seven rotations (rotations 2–8) by 36%. Meanwhile, the released
group yield increased by 64%, which was significantly higher, but its cumulative yield
was only 1.22 Mg ha−1 a−1 higher than the overall mean because the largest increases in
yield only occurred in the last two rotations. The stable group was broken into two parts,
those with less than and greater than 80% initial survival. They differed from each other
in all metrics except relative yield and the eighth rotation survival. Finally, the decline
group had an initial yield that was significantly higher than all groups except SV1, but
S301 crashed due to disease. S365 did comparatively well throughout the study on the
merit of its high production through the first 6 rotations (Figure 3) but was impacted by
rabbit browsing and/or drought in the 7th and 8th rotations. Its cumulative yield and eight-
rotation survival, although handicapped by decline, were no different than the average for
the entire study.

In breeding or deployment programs, cultivars are often judged by the first or second
rotation in local yield trials for their suitability for deployment or advancement [43]. Al-
though this study only includes one commercially successful cultivar, it is unique in that
the performance of groups may be evaluated in both a priori and a posteriori contexts over
the full seven or eight rotations. Examples of three a priori groupings include the selection
of the top-three cultivars based on yield or survival after the first rotation, which would
be a conventional management approach. The third approach is to deploy a wider array
of cultivars if not much is known about the suitability of cultivars deployed on a site to
dilute the risk as described by Sleight and Volk [13]; in this case, any cultivar with an initial
survival greater than 80 percent was included. A posteriori cases are those where the yield
and survival of all eight rotations are known. Examples of three a posteriori groups include
a selection of the top three cultivars based on yield, average survival, or ending survival
in rotations 2–8. In any of the a priori and a posteriori cases, a given cultivar may be a
member of more than one group.

In the case of the three a priori examples, the top three initial yields were the most
productive (8.68 Mg ha−1 a−1), followed by the group with greater than 80% survival
(6.58 Mg ha−1 a−1), and last by the group with the top three initial survival (5.12 Mg ha−1 a−1).
Relative yield increases for the a priori examples ranged between 5.6 and 23.7 percent. The
first two include SV1 (the only commercial cultivar), and the high yields of these top three
groups are largely on the merit of SV1’s inclusion. However, it is important to note that all
three of the a priori groups include at least one of the two cultivars from the decline group.
Both S301 and S365 were ranked as the top five performers on both yield and survival in
the first rotations, and the ranking of the top cultivars was no different after the second
rotation (Figures 2 and 4, and Table A1). S301 was ranked fourth for initial production and
third for initial survival. Therefore, selection strategies that included it would be severely
handicapped over eight rotations. Because S365 managed to have decent production for the
first six rotations, its inclusion was less impactful overall. A top three initial yield that had
excluded both S301 and S365 would have had a yield for rotations 2–8 of 8.75 Mg ha−1 a−1,
which is only a few hundredths more than the actual a priori top three initial yield group.

A posteriori examples have exceptional increases in relative production. For instance,
the top three relative producers increased 50.2% in rotations 2–8 over the first rotation
and had mean yields of 9.22 Mg ha−1 a−1 for ages 2–8 (Table 3). For obvious reasons,
a posteriori selection strategies would not be feasible outside perhaps of expansion at
existing long-term sites; however, it is important that the top three initial yield cadre was
numerically similar to this overall yield, even if it did not have as great of an increase in
relative yield. Sleight et al. [14] highlighted that cultivars that have low initial yields tend to
have larger jumps in following rotations, while cultivars that produce over approximately
10 Mg ha−1 a−1 are less likely to see substantial increases in subsequent rotations. SP3,
which was featured in all three a posteriori groups, increased by 97.8% over the first rotation
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but started fourth from the bottom in initial yield. What was implied by Sleight et al. [13]
and supported by this work is that high-performing, second-generation cultivars seem
to overcome environmental resistance rapidly and reach their maximum potential more
quickly by developing root systems. In contrast, the cultivars in this study are largely
native and unimproved, and thus either show potential later (as in the release group) or
are already near their full potential in terms of carrying capacity (as in the stable group).
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Figure 4. Harvest-year percent survival spanning rotations 1 (1996) through 8 (2019) for four yield
pattern groupings (Figure 2). Dark lines for the group cultivars are overlayed over gray lines for
the other groups to assist in visual scaling and comparison. Specific cultivars are described in
Appendix A.

These results suggest that the expected improvement following the first rotation can
be highly variable. In general, the lower the initial yield, the greater the percent increase in
subsequent rotations. The only commercial cultivar in this group saw an increase of 36%
but started below the 10 Mg ha−1 a−1 threshold suggested by Sleight et al. [14]. Selection
strategies for cultivars may be narrow (only a few cultivars; higher production) or wide
(many cultivars; theoretically lower risk). Either may be more appropriate depending
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on the degree of confidence a manager has in the match between cultivar and a given
deployment location.

This study highlights some important areas of research for future studies. First,
selection strategies in the future may need to improve screening for potentially poor
performers if they can. This could be accomplished by additional metrics, increasing the
number of rotations on unfamiliar cultivar/site matches, identifying genetic makers, or
staggering rollout or a combination of these ideas. Second, what are the management
strategies and implications when an individual cultivar crashes if it crashes early, as it did
with S301? If fields are planted in blocks of individual cultivars, should those rows be
replanted with a better cultivar? If the crash happens after multiple rotations, should the
commercial planting cycle be abridged by 2 or 3 rotations and the entire field replanted
or just the individual cultivar? Another approach to managing the decline of individual
cultivars is planting random mixtures. Research in the United Kingdom has suggested
that planting random mixtures of willow cultivars will allow a stand to maintain yields
if one or more of the cultivars in the mixture crashes [32,33]. While this has worked in
research studies, a challenge faced with random mixtures using North America cultivars in
larger scale plantings is that the differences in plant form among cultivars requires changes
in approaches to harvesting every few meters down the row. These kinds of changes
increase stress on both the harvester operator and the equipment, although discernable
differences in harvester throughput were not measurable in random mixtures [44,45]. The
impacts of this approach need to be assessed with the tradeoffs between more resilient
stands of willow over time assessed along with potential impacts on harvesting operations.
Finally, selection strategies in the past primarily focused on yield and survival, with less
consideration of disease or pest susceptibility. As breeding of willow advances, it will be
important to include other factors that will impact selection (e.g., composition, quality,
carbon sequestration potential, stem form, water use efficiency, drought tolerance, heat
tolerance, etc.).

3.3. Willow Survival

Survival at the end of the first rotation across all the cultivars was 80.9%, dropping to
54.9% by the eighth rotation, with a mean of 67.4% over all rotations (Table 3). The changes
in survival over time exhibited a gradually declining slope on average from 1996 to 2012.
However, changes in survival after each rotation were not consistent among cultivars or
within groups. Survival among the top-performing cultivars in the commercial and release
groups had a slow decline through all eight rotations but maintained very high survival
(>85%) for the duration of the trial (Figure 4; Table 3). The stable group had the widest
range of survival, with starting values generally ranging from 55% to 95% for all but one
cultivar, S71. By the eighth rotation, survival in the group ranged from 29 to 80%. Despite
the wide range in survival in this group, their yield remained consistent across rotations
(Table 3). The decline group experienced significant declines >40% for at least one rotation
and had survival below 20% by the eighth rotation.

A key result is that two of the four highest-yielding cultivars in the first two rotations
were in the decline group, illustrating the risk of making cultivar selections strictly based
on yield after only one or two trial rotations and failing to deploy a wide array of cultivars
on sites where little is known about their performance and/or pests. A second issue, not
addressed by this paper, is that willow systems are typically expected to be in place for
7 rotations (>20 years). If a cultivar failure occurs late in this cycle (S365; Table A1), it may
not impact the overall economics. If a cultivar fails early (S301; Table A1), how should
management address that and at what survival is a crop considered a failure?

There were a small number of cultivars that had apparent increases in survival in the
last two rotations of the study (Figures 4 and A2). Tracking survival over time becomes
increasingly difficult over time in this high-density, perennial system. Shrub willow tends
to resprout from buds on the outside of the stems, and this results in stools spreading over
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time. By the fifth or sixth rotation, stools can begin to merge into adjacent plants, making
survival assessments more difficult.

3.4. Implications

Several areas appear to warrant further investigation to better understand the implica-
tions of long-term yield on the productivity and economic viability of willow biomass crops.
(1) Since this trial was established, dozens of yield trials have followed [12]. This trial clearly
indicates the limitations of short-term yield trials for effectively identifying the optimal
cultivars for an area. There is a need to maintain long-term trials to fully understand climate
and site factors to project growth and develop economic and conduct life-cycle assessments
of these systems. (2) Additional research is needed to better understand the resilience and
recovery of willow cultivars in the face of environmental stressors and changing climate.
(3) Additionally, a finer study of the dynamics of seasonal water and temperature variation
on willow productivity could provide valuable insights for developing selection criteria
for cultivars in willow deployments or lead to the development of different strategies to
mitigate the impact of atypical environmental conditions in the early growing season.

4. Conclusions

Economic and life cycle assessments of willow biomass crops often rely on expert
judgment to project growth and yield past the first or second rotation. This study demon-
strates that growers and modelers cannot rely on short-term data to predict long-term
performance. Despite that, long-term predictions are often made with short-term data.
Although this study utilizes cultivars that are no longer used in commercial deployments,
it evaluates one of the longest continuous datasets for willow in North America. A key
finding is that a relatively safe estimate for yield increase following the first rotation is
23%, which was found across all 19 cultivars in this trial. The case could be made that
an increase of 36%, which was reported for the one commercial cultivar, could be used in
models. However, the work also suggests that cultivars are subject to environmental and
climatic stresses that can affect growth patterns and survival. Subsequent studies have
suggested that the yield increase from first to subsequent rotations may be limited for
newer, high-yielding cultivars, so caution should be used when applying results from this
current study to the newest generation of commercial cultivars.

Another key finding is the importance of seasonal weather and environmental con-
ditions on biomass yield at a local level. Rotations that contained prominent drought
or that were atypically warm or cool in their early growing season were observed to
have diminished yields for individual cultivars. Additionally, rotation length appeared
to correspond to an attenuation of yield increases, which is in line with prior knowledge
that 3-year rotations that generally align with stand closure are optimal. Finally, the re-
silience of willow cultivars in recovering their yields following rotations with less favorable
growing conditions is a positive characteristic to isolate in breeding and identify during
cultivar deployments.
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Appendix A

Table A1. Yield, relative yield, and survival for the four growth patterns for individual cultivars in
Table 3. First rotation and means for rotations 2 through 8 are also presented.

Cohort Cultivars N Yield Relative Yield 2–8 Survival
First Rotation

with <80%
Survival

1st 2nd–8th Average 95% CI 1st Mean 8th

Mg ha−1 a−1 Proportion Percent

All cultivars All 456 5.16 5.91 1.233 ±0.048 80.9 67.4 54.9 2

Commercial SV1 24 8.93 12.16 1.360 ±0.096 93.3 85.5 62.0 8

Release S287 24 7.32 8.00 1.167 ±0.142 96.7 80.1 62.3 5

SP3 24 4.14 7.51 1.978 ±0.297 99.0 88.5 77.7 8

SA2 24 3.42 5.88 1.759 ±0.292 96.7 90.5 76.3 8

Stable SH3 24 4.89 6.73 1.394 ±0.122 87.7 58.5 29.0 3

S19 24 5.25 6.27 1.241 ±0.160 87.7 76.5 67.7 4

S185 24 5.14 6.17 1.245 ±0.141 90.0 73.5 63.3 4

S25 24 5.63 6.09 1.120 ±0.135 94.7 74.1 54.7 4

S652 24 5.29 5.71 1.153 ±0.173 88.0 79.3 78.0 5

S557 24 2.78 5.78 2.079 ±0.225 56.7 48.4 44.3 1
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Table A1. Cont.

Cohort Cultivars N Yield Relative Yield 2–8 Survival
First Rotation

with <80%
Survival

1st 2nd–8th Average 95% CI 1st Mean 8th

Mg ha−1 a−1 Proportion Percent

S34 24 5.77 5.77 1.066 ±0.134 74.3 69.6 67.7 1

S599 24 4.91 5.70 1.224 ±0.136 70.3 69.6 74.3 1

S646 24 4.39 5.30 1.226 ±0.128 63.7 50.4 44.7 1

S625 24 5.26 4.81 0.939 ±0.115 71.0 69.6 68.0 1

S71 24 3.04 4.57 1.498 ±0.160 36.7 38 45.7 1

S546 24 4.72 4.33 0.940 ±0.145 77.7 64.6 56.7 1

S566 24 4.20 3.56 0.843 ±0.122 59.0 51.0 46.7 1

Decline
S365 24 6.87 5.91 1.233 ±0.049 98.0 66.5 19.0 2

S301 24 6.12 1.97 0.327 ±0.144 97.0 45.5 5.3 3
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