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Abstract: A plant’s genotype, their environment, and the interaction between them influence its
growth and development. In this study, we investigated the effect of these factors on the growth
and biomass yield of willows in short-rotation coppice (SRC) under different harvesting cycles
(i.e., two- vs. three-year rotations) in Quebec (Canada). Five of the commercial willow cultivars most
common in Quebec, (i.e., Salix × dasyclados Wimm. ‘SV1’, Salix viminalis L. ‘5027’, Salix miyabeana
Seeman ‘SX61’, ‘SX64’ and ‘SX67’) were grown in five sites with different pedoclimatic conditions.
Yield not only varied significantly according to site and cultivar, but a significant interaction between
rotation and site was also detected. Cultivar ‘5027’ showed significantly lower annual biomass yield
in both two-year (average 10.8 t ha−1 year−1) and three-year rotation (average 11.2 t ha−1 year−1)
compared to other cultivars (15.2 t ha−1 year−1 and 14.6 t ha−1 year−1 in two- and three-year rotation,
respectively). Biomass yield also varied significantly with rotation cycle, but the extent of the response
depended upon the site. While in some sites the average productivity of all cultivars remained fairly
constant under different rotations (i.e., 17.4 vs. 16 t ha−1 year−1 in two- and three-year rotation,
respectively), in other cases, biomass yield was higher in the two- than in the three-year rotation or
vice versa. Evidence suggests that soil physico-chemical properties are better predictors of willow
SRC plantation performance than climate variables.
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1. Introduction

Woody biomass is a renewable resource with multiple applications, and can be used as feedstock
for pulp and paper production as well as by the energy or biofuel industry [1]. Short-rotation coppice
(SRC) is a well-established plant production technique used to manage a broad variety of woody
species, mostly for bioenergy purposes. This cropping system was defined in the late 1980s as a
silvicultural approach based on short clear-felling cycles, which uses intensive cultural techniques with
genetically superior planting material and often relies on coppice regeneration [2]. Since then, it has
been applied to a number of species, including poplars [3], willows [4], eucalyptus [5], black locust [6],
alders [7] and Leucaena spp. [8]. In the early years, SRC plantations were designed to be managed
much like any other agricultural crop, by methods including tilling, fertilization, weed and pest
control, and irrigation [9]. However, concerns were raised about the need to reduce its footprint on
the environment while maintaining economic profitability [10]. This has led to management models
that rely on less external input, often by recycling different types of waste, including ash [11], sewage
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sludge [12,13], pig slurry [14] and wastewaters [15–17]. The productivity of SRC plantations relies
heavily on the cultivar’s genotypic characteristics, habitat-related factors and cultivation techniques.
Along with poplar, willow SRC represents a very popular woody crop in temperate regions of North
America and Eurasia. In fact, willow SRCs have been shown to be one of the best-suited biomass
crops for many Canadian regions, because under optimal conditions they can achieve very high
biomass yields (on average 21 t ha−1 year−1 of dry biomass for the most productive cultivar) [18],
although yields are highly dependent on genotypic characteristics, soil fertility, climate, and crop
management [19]. A recent study conducted to determine which set of soil, climatic conditions, and
cultivars are responsible for greater willow SRC yields in eastern Canada showed that both geographic
location and cultivar play a significant role in determining annual yields. In particular, biomass yield
was positively correlated to some climatic (i.e., average annual temperature, total annual precipitation,
average growing season temperature, average growing season precipitation, and degree days) and soil
(pH, extractible P) factors and negatively affected by others (e.g., soil clay concentration) [20]. However,
this study was conducted over a single rotation. Furthermore, other studies report higher average
annual biomass yield in four-year rotation willow plantations compared to those in a three-year
cycle [18]. In this context, it appears necessary to assess the response of different willow cultivars
grown over several rotations and under different rotation lengths. Because it is an early successional
species, willow shows fast juvenile growth and rapid adjustments in leaf area and shoot morphology
in response to environmental conditions and management practices [21–23]. This means that in dense
plantations, the maximum mean annual increment (MAI) in biomass yield is reached at an early stage.
However, available information about this aspect is still inconclusive. Some studies have reported the
highest MAI in willow grown in Sweden at a density of 20.000 plants ha−1 and managed with 4-year
rotation harvesting [24]. Therefore, in order to identify optimal rotation length in willow SRC, both
cultivar characteristics and environmental parameters must be considered along with the principles
determining the dynamics of a population under inter-plant competition.

The aim of the current study was: (i) to assess the response of several willow cultivars in SRC to
different rotations; and (ii) to highlight which set of environmental parameters play a major role in
determining the yield of different willow cultivars.

2. Materials and Methods

2.1. Experimental Sites

This study was carried out over a three-year period (2015–2016–2017) at five sites in southern
Quebec, Canada, located along a climatic gradient. Prior to plantation establishment, each site had
distinct soil properties (Table 1).

Table 1. Soil Physical and Chemical Characteristics at the Time of Establishment for Five short-rotation
coppice (SRC)-Willow Plantations.

Site pH OM P K Ca Mg Sand Silt Clay
Texture Soil Type

% (kg ha−1) %

Beloeil 7.3 4.2 31 729 7570 2490 10 40 50 Silty clay Gleysols
Boisbriand 6.9 4 21 166 4935 1120 31 33 36 Clayey loam Brunisols

La Morandière 5.6 2.9 20 410 2796 1261 1 36 63 Clay Luvisols
La Pocatière 6.1 5.6 101 475 5889 1138 20 31 49 Clay Gleysols
St-Siméon 5.2 2.1 50 155 1662 72 60 20 20 Sandy loam Brunisols

Soil texture was determined by granulometric analysis; P, K, Ca, and Mg were extracted by Melich-3 digestion and
determined using inductively coupled plasma mass spectrophotometry (ICP-MS); OM organic matter [20].

The Beloeil (45◦35′24′′ N–73◦13′48′′ W) and Boisbriand (45◦35′24′′ N–73◦13′48′′ W) sites
showed the highest pH values (7.1 on average), as well as high organic matter (OM) (4.1%) and
Ca, Mg, K concentrations, whereas the La Morandière (48◦40′12′′ N–77◦36′00′′ W) and St-Siméon
(48◦04′12′′ N–65◦33′36′′ W) sites showed the lowest pH values (5.4 on average) and OM concentration
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(2.5%), as well as lower Ca, Mg and K concentrations. The La Pocatière site (47◦21′36′′ N–70◦01′48′′

W) showed intermediate properties and, compared to the other sites, had the highest OM (5.6%)
and P concentrations. Sites also differed in soil texture; the La Morandiere site is clay Luvisol,
whereas the St-Siméon site is a sandy loam Brunisol. More details on soil properties are reported in
Lafleur et al. [20].

2.2. Willow Varieties and Experimental Setup

The experimental sites were all located on former agricultural farmland. In the fall of 2010, the soil
was prepared by ploughing, and disc harrowing was performed the following spring prior to planting.
One-year-old dormant cuttings (0.20–0.25 m) were planted in the spring of 2011. Plant density at
establishment was 18,500 cuttings ha−1 (1.80 m between rows and 0.30 m within each row). Five of the
willow commercial cultivars most common in Quebec were selected, including ‘SV1’ (Salix× dasyclados
Wimm.), ‘5027’ (Salix viminalis L.), ‘SX61’, ‘SX64’ and ‘SX67’ (Salix miyabeana Seeman). The five willow
cultivars were arranged in a complete randomized block experimental design with four replicates for
each cultivar (total 20 plots per site, 100 plants per plot per each cultivar). Throughout the trial, weeding
was performed manually in willow rows, and mechanically between rows. No chemical control of
weeds, pests or diseases was performed during the trial. All plots in all sites were harvested (cut back)
at the end of the first growing season. Since high mortality was recorded at the La Morandière site
in 2011, the site was replanted in 2012. The following spring (2012), mineral fertilizer was applied,
supplying 100 kg ha−1 of N, 100 kg ha−1 of P2O5. While N was supplied to all sites, only those
showing less than 100 kg ha−1 of P prior to planting received P2O5 fertilizer (e.g., the La Pocatière
site received none). Plants were harvested from all sites in 2014 when stems were three (S3) and roots
four (R4) years old respectively (except for the La Morandière site, were roots were three years old).
Data related to the first rotation are described in Lafleur et al. [20]. After the first harvest, each site was
split into biannual (S2R6) and triennial (S3R7) rotation cycles with blocks 1 and 2 harvested in 2016
(biannual) and blocks 3 and 4 harvested in 2017 (triennial). Plants were harvested at the end of the
growing season, that is, in November.

2.3. Measurement and Sampling

At the end of the growing season of each rotation (2016 and 2017) the height and diameter (0.2 m
above ground) of the main stem were measured on nine randomly selected plants per block for each
species in each site. Plants were randomly selected within the two central rows in order to avoid edge
effect. The growth rates were expressed as annual diameter and height increments by dividing the
value measured by the age of the stems. In addition, after leaf drop, the same plants were harvested
and weighed in the field using an electronic scale. To evaluate dry matter of willow aboveground
biomass, the whole green stem samples collected from the field were oven-dried at 80 ◦C (to constant
mass) before being reweighed. Annualized biomass yield was calculated by dividing plantation
density as re-evaluated at the end of each growing season by the age of the plants.

2.4. Meteorological Conditions

The climatic conditions at different experimental sites are shown in Figure 1. According to the
nearest weather station for each site, from 2015 to 2017, La Morandière was the site recording the
lowest average annual temperature (i.e., 1.3 ◦C) and the lowest rainfall (579 mm), whereas Beloeil
showed the highest average annual temperature (i.e., 7.3 ◦C) and St-Siméon the highest annual rainfall
(1143 mm). During the growing season (i.e., May to September), average temperatures varied between
13.5 ◦C (St-Siméon) and 18.8 ◦C (Boisbriand), whereas total precipitation varied between 340 mm
(La Pocatière) and 490 mm (St-Siméon).
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(May–September 2015–2017) at different experimental sites. Bars represent annual precipitation and 
lines temperature. 
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cultivars in the five locations were assessed through two-way ANOVA tests followed by multiple 
comparisons of means according to Tukey’s Honestly Significant Difference (HSD). A 5% 
significance level was adopted for identifying significant treatment effects (i.e., cultivar, site, cultivar 
× site). Subsequently, a regression tree approach was used to predict, independently for the two- and 
three-year rotations, plant height and diameter annual increment and annual yield at the site level 
from climate and soil variables. Regression trees function by partitioning a dataset into increasingly 
homogenous subsets. This approach was selected because it is non-parametric, can account for 
non-linear relationships between variables, and tends to be robust in regard to errors in both the 
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Figure 1. The mean temperature and rainfall on an annual basis and during the growing season
(May–September 2015–2017) at different experimental sites. Bars represent annual precipitation and
lines temperature.

2.5. Data Analysis

Within each rotation cycle, the differences in plant growth and biomass yield of the five cultivars
in the five locations were assessed through two-way ANOVA tests followed by multiple comparisons
of means according to Tukey’s Honestly Significant Difference (HSD). A 5% significance level was
adopted for identifying significant treatment effects (i.e., cultivar, site, cultivar × site). Subsequently,
a regression tree approach was used to predict, independently for the two- and three-year rotations,
plant height and diameter annual increment and annual yield at the site level from climate and soil
variables. Regression trees function by partitioning a dataset into increasingly homogenous subsets.
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This approach was selected because it is non-parametric, can account for non-linear relationships
between variables, and tends to be robust in regard to errors in both the independent and dependent
variables [25]. Regression trees were carried out using JMP 10.0 (SAS, 2012).

3. Results

3.1. Plant Growth and Biomass Yield

The growth of willow plants varied according to cultivar, site and the interaction between these
two factors. For the two-year rotation cycle, the diameter growth rate was significantly influenced
by both the cultivar (p < 0.0001) and the site (p < 0.0001) (Figure 2). In particular, cultivars of the
S. miyabeana group (i.e., ‘SX61’, ‘SX64’ and ‘SX67’) showed the highest diameter growth rates (average
14.1 mm year−1) compared to ‘SV1’ and ‘5027’ (10.6 mm year−1). The highest diameter growth rates
(average 14.4 mm year−1) were recorded at two specific sites (i.e., La Pocatière and Beloeil) for all
cultivars, whereas for cultivar S. viminalis ‘5027’, the most productive site was in La Morandière, with
an average growth rate of 12.0 mm year−1. On the other hand, for the three-year rotation, ANOVAs
showed significant differences only among cultivars, whereas no significant difference was found
among the sites (Figure 2). In particular, we found that although diameter growth was reduced
compared to the two-year rotation, at all sites the S. miyabeana cultivars showed higher growth rates
(average 8.0 mm year−1) compared to ‘5027’ (average 6.1 mm year−1) and ‘SV1’, which showed
intermediate values (7.0 mm year−1).

Height increment rate of the willow stems submitted to a two-year rotation was influenced by site
(p < 0.0001), cultivar (p < 0.0001) and the interaction between them (Figure 3). Thus, the tallest willow
cultivars were ‘SX61’, ‘SV1’, ‘SX67’ and ‘SX64’ at Beloeil (average 243 cm year−1), ‘SX61’ and ‘SX64’ at
Boisbriand (average 230 cm year−1), ‘SX64’ at La Morandière (average 162 cm year−1), ‘SX61’ at La
Pocatière (average 255 cm year−1), and ‘SX61’ and ‘SX67’ at St-Siméon (average 235 cm year−1). On the
other hand, except at La Morandière (122 cm year−1), cultivar ‘5027’ showed the poorest performance
(average 154 cm year−1). In the three-year rotation, the rate of height increment of willow stems
varied according to cultivar (p < 0.0001), and, to a lesser extent, site (p = 0.0332), although the average
increment values were lower than in the two-year rotation. In this case, ‘SX61’ was the best performing
cultivar in all sites (average 137 cm year−1) and ‘5027’ the worst performing cultivar (average 92 cm
year−1). For all cultivars, the La Pocatière site (average 141 cm year−1) recorded significant higher
stem height increments than at La Morandière.

With respect to biomass yield, we observed significant differences according to site (p < 0.0001)
and cultivar (p < 0.0001), as well as a significant interaction between rotation and site (p < 0.0001).
In particular, in all locations, cultivar ‘5027’ showed a significantly lower annual biomass yield in both
two-year (average 10.8 t ha−1 year−1) and three-year rotations (average 11.2 t ha−1 year−1), compared
with the other cultivars, which on average showed a biomass yield ranging from 15.2 t ha−1 year−1 to
14.6 t ha−1 year−1 in two- and three-year rotations respectively. (Figure 4). The most productive site
was La Pocatière, with 30.9 t ha−1 year−1 and 21 t ha−1 year−1 in the two- and three-year rotations
respectively, whereas the least productive site was La Morandière, where average biomass yield ranged
between 4.6 t ha−1 year−1 and 5.5 t ha−1 year−1 in the two- and three-year rotations respectively.
Intriguingly, biomass yield also varied significantly with rotation cycle, but the extent of the response
was site-dependent (Table 2). Thus, although at Beloeil the average biomass yield of all cultivars
remained fairly constant under different rotations (i.e., 17.4 vs. 16 t ha−1 year−1 in two- and three-year
rotations respectively), in other cases, biomass yield was higher in two-year than in three-year rotation
(La Pocatière and St-Siméon) or the opposite, higher in three-year than in two-year rotation (Boisbriand
and La Morandière).



Forests 2018, 9, 349 6 of 16
Forests 2018, 9, x FOR PEER REVIEW  6 of 16 

 

  

  

  

  
Figure 2. Cont.



Forests 2018, 9, 349 7 of 16Forests 2018, 9, x FOR PEER REVIEW  7 of 16 

 

  
Figure 2. Stem diameter growth rates of willow stems under different rotation cycles. Values are 
means (n = 9; standard deviation on the top of each bar) for each site (Be = Beloeil; Bo = Boisbriand; 
Mo = La Morandière; Po = La Pocatière, Si = St-Siméon) and cultivar. A 5% significance level was 
adopted for identifying significant treatment effects according to Tukey’s HDS test. Lowercase letters 
were used to highlight significant difference in two-year rotation. Capital letters identify significant 
differences in the three-year rotation. 
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Figure 4. Annual biomass yield of willow plants under different rotation cycles. Values are means (n = 9;
SD on the top of each bar) for each site (Be = Beloeil; Bo = Boisbriand; Mo = La Morandière; Po = La
Pocatière, Si = St-Siméon) and cultivar. A 5% significance level was adopted for identifying significant
treatment effects according to Tukey’s HDS test. Lowercase letters were used to highlight significant
difference in two-year rotation. Capital letters identify significant differences in the three-year rotation.
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Table 2. Results of ANOVA tests describing the statistical significance of site, cultivar, and rotation on
willow biomass yield.

Source Nparm DF DFDen F Ratio Prob. > F

Site 4 4 50 99.0831 <0.0001
Cultivar 4 4 50 7.8034 <0.0001

Site × Cultivar 16 16 50 1.752 0.0668
Rotation 1 1 50 0.0422 0.838

Site × Rotation 4 4 50 9.9017 <0.0001
Cultivar × Rotation 4 4 50 0.3704 0.8286

Site × Cultivar × Rotation 16 16 50 0.6305 0.8437

Least Square Mean

Site
Rotation

Two-year Three-year

Beloeil 16.729656 A 15.294729 A
Boisbriand 9.270192 B 14.119425 A

La Morandière 4.1636872 B 4.8795649 A
La Pocatière 30.626091 A 20.151016 B
La Pocatière 10.681216 A 7.98445 B

The table highlights the interaction between site and rotation and their impact on biomass yield. Different letters
between columns indicate significant differences (p ≤ 0.05) according to Tukey’s HSD test.

3.2. Relating Plant Height and Diameter Annual Increment and Annual Yield to Climate and Soil Variables

Regression tree analyses conducted on the two-year rotation showed that along the pedoclimatic
gradient, soil variables were more accurate than climate variables at predicting height and diameter
annual increment and annual biomass yield than climate variables (Figure 5). With respect to both
height and diameter annual increment (Figure 5a,b), soil pH and OM content best explained differences
observed among sites, with sites with better annual increment having higher soil pH and OM content.
Soil extractible P was the best predictor of annual biomass yield, and the next best predictor was mean
annual temperature (Figure 5c). More specifically, higher extractible P and mean annual temperature
were conducive to greater annual biomass yield. With respect to these predictors, the La Pocatière,
Beloeil and Boisbriand sites showed the best performance. For the three-year rotation, regression tree
analyses showed that soil extractible P and clay content were the best predictors of height annual
increment (Figure 6a), whereas soil exchangeable Ca, extractible P and pH were the best predictors of
annual biomass yield (Figure 6c). More specifically, high soil P, Ca, pH and clay content were associated
with sites with better performance. With respect to diameter increment, three-year mean annual
temperature, followed by soil sand content, were the best predictors; high mean annual temperature
and low sand content were related to better growth (Figure 6b). Taken together, these results strongly
suggest that soil variables exerted a stronger effect than climate variables on plant growth for the
three-year rotation. As was the case for the two-year rotation, the La Pocatière, Beloeil and Boisbriand
sites showed the best performance with respect to these predictors. Soil physico-chemical properties
therefore appeared better significant predictors of willow SRC plantation performance.
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Figure 6. Regression tree model for stem height (a), stem diameter (b), and biomass yield (c) in the
three-year rotation willow SRC. Ca, soil exchangeable calcium; Clay, soil clay content; MAT, mean
annual temperature; P, soil extractible phosphorus; pH, soil pH; Sand, soil sand content. Splitting values
are indicated along the branches, and boxes indicate terminal node mean (± standard error).
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4. Discussion

Willow SRC plantations have been studied for a number of years in many temperate and boreal
regions of the world. Previous studies carried out on willows in short-rotation coppice showed that
the climate of south-eastern Canada offers favourable growing conditions [26,27]. In the current study,
the annualized diametric growth of willow was significantly affected by both cultivar and site in
the two-year rotation and only by the cultivar in the three-year rotation, with the best performing
cultivars all belonging to the same S. miyabeana cultivar group. With respect to height increment,
we found that site played a significant role (at least for some cultivars) in determining performance.
In any case, since diameter and height play a major role in determining the total woody biomass of the
plant at the end of each growing season, biomass of the willow plants varied significantly according
to site (p < 0.0001) and cultivar (p < 0.0001). Strong genetic, site, and genetic by site interactions
have previously been observed in other experiments carried out in willow SRC [28]. In some cases,
site quality differences were most likely driven by nutrient concentration, physical traits, and water
holding capacity of the soil [29], whereas in others, differences were mainly influenced by climatic
variables, such as growing degree-days [30] or total rainfall during the growing season [31]. Likewise,
plant genetics has been shown to play an important role in determining the biomass yield of willow
SRC, both under optimal [32] and harsh [33] growing conditions. In our study, the lowest biomass
yield was shown by cultivar ‘5027’, which is consistent with previous results published for Canada [34],
and reveals once again the poor performance of S. viminalis cultivars in such regions. Even though this
result is surprising, considering that the most productive willow cultivars in other suitable regions do
originate from S. viminalis [35], its poor performance in our study is likely due to its high sensitivity
to pests and diseases, including the willow leaf beetle (Plagiodera versicolora Laicharteg.) and potato
leafhopper (Empoasca fabae Harris). On the other hand, our results confirm the high performance of
S. miyabeana cultivars also reported in other studies [36]. This species offers a wide range of genetic
material for farmers to select from for probable successful willow growth in SRC for commercial
purposes in Quebec; breeders, too, can select from among new high-performing commercial varieties.
Intriguingly, we also found a significant interaction between rotation length and site (p < 0.0001).
This finding could have a very strong impact on the management of willow SRC plantations. In fact,
if the ultimate goal of willow SRC is to maximize annual yield, our study shows that in some cases
a two-year rotation would be preferable to a three-year cycle. In general, willow SRC plantations
show higher annual biomass yield in longer, rather than shorter, rotation cycles [24] and specifically
triennial harvesting has been shown to provide higher annual biomass production than biennial
harvesting [37]. On the basis of these observations, the explanation for this differentiated response
should be sought elsewhere. Actually, the differences in the two rotations observed in the current study
were evident in both very suitable (i.e., Boisbriand and La Pocatière) and harsher (i.e., La Morandière
and St-Siméon) growing sites. In this case, the only factor that seemed to differentiate these groups of
sites was P soil concentration, which was significantly higher (average 75.5 kg ha−1) in those where
the highest biomass yield was recorded in the two-year rotation (i.e., La Pocatière and St-Siméon) and
lower (average 20 kg ha−1) where the highest biomass yield was recorded for most cultivars in the
three-year rotation (i.e., Boisbriand and La Morandière). The fact that the only site where biomass yield
was rather stable showed an intermediate P soil concentration (average 30 kg ha−1) could support
this observation. In fact, some researchers have shown that the concentration of nutrients in the
soil (including fertilization to enhance this pool) affects the mean annual increment (MAI) of some
short-rotation forestry species, including poplar and sycamore [38].

The fact remains that the annual yield values reported for most of the cultivars on the La Pocatière
site are surprisingly high. Yet the climatic conditions of this site are far from the most favourable among
these experimental sites. The average annual degree days (>5 ◦C) in La Pocatière are 1582, compared to
2029 in Boisbriand and 2122 in Beloeil. Soil characteristics, in particular the high percentage of organic
matter, certainly contribute to higher yield. Very high yield was also reported by Héneault-Éthier [39]
for willow, S. miyabeana ‘SX64’, grown in riparian buffer strips on organic rich soils in southern Quebec.
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When data concerning cultivars were pooled, some soil (i.e., extractible P concentration) and
meteorological (i.e., mean annual temperature) factors in the two-year rotation and soil exchangeable
Ca, extractible P and pH in the three-year rotation were the best predictors of annual biomass yield.
This information is partially consistent with the results of a recent published study in which silt content,
soil organic matter, pH, exchangeable Ca and Mg, and total N and Zn were significantly and positively
related to aboveground yield of willow in SRC [23]. In fact, in acid soils, soluble inorganic P is fixed by
aluminum and iron, thereby reducing its availability for the crop [40]. This would explain the strong
dependence of willow biomass yield and pH and Ca.

5. Conclusions

Taken together, our findings show that most commercial willow cultivars can be grown in
short rotation coppice and achieve high biomass yields under most of Quebec’s pedoclimatic
conditions. However, care should be taken to both avoid choosing poor performing genetic material
(e.g., S. viminalis ‘5027’) and match the right cultivar with the right environmental conditions.
In particular, since there is evidence that soil variables (i.e., pH, soil extractible P and Ca) have a stronger
impact than climate variables on willow growth and productivity, the site on which the crop will be
grown should be selected with care, and site soil should be modified to decrease physico-chemical
imbalances (e.g., liming) that prevent good crop development.
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