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ABSTRACT
Short rotation coppice (SRC) willow is a second-generation lignocellulosic energy crop with a background of research and breed-
ing programmes carried out globally for more than three decades. While commercial standards include planting in mixtures of 
6–8 willow genotypes of genetic diversity, much research to date has focused on monoculture trials. Research has found signifi-
cant differences in willow performance through different management methods, soil properties and environmental interactions 
(GxE), when applied locally. However, global analysis of these interactions remains a challenge. We present a global SRC willow 
dataset to facilitate researchers and growers with a resource not available to date to help in closing the gap between research and 
industry. Data has been collected through literature review and personal communications with key researchers on willow in the 
United Kingdom. Global annual average yield is 9 Mg Dry Matter (DM) ha−1 year−1 with 17 genotypes, including two types of 
mixtures, above the economic threshold of 10 Mg DM ha−1 year−1. Canada and the United States are the best and worst perform-
ers with 10.6 and 6.7 Mg DM hr−1 year−1, respectively. We expect this dataset to provide an efficient way of estimating yields at a 
smaller scale by multiple combinations of GxE interactions. Biomass production from 1-year-old stems in the first harvest cycle is 
significantly lower than for the second and third year of the first harvest cycle (ANOVA, p < 0.001). Harvest cycles of 2 and 3 years 
did show significant but small differences in final yield (t = 3.87, p < 0.001). A random forest statistical procedure was applied 
to test for the association of the predictor variables with biomass production. The model explained up to 63.65% of the variance 
observed in yield for all genotypes and sites, with genetic diversity among the most important variables.

1   |   Introduction

Globally, bioenergy accounts for 55% of renewable energy (e.g., 
transport fuels, biogas, heat and power generation, etc.) and 6% 
of the total energy supply (IEA 2023).

The potential benefit of biomass production as a renewable source 
of energy to alleviate the burden of fossil fuels in the power sys-
tem has been long praised by multiple organisations such as the 
International Energy Agency (IEA), Intergovernmental Panel 
on Climate Change (IPCC) or the Climate Change Committee 

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, 
provided the original work is properly cited.

© 2025 The Author(s). GCB Bioenergy published by John Wiley & Sons Ltd.

https://doi.org/10.1111/gcbb.70069
https://doi.org/10.1111/gcbb.70069
mailto:
https://orcid.org/0000-0003-2750-1414
https://orcid.org/0000-0003-1902-5147
https://orcid.org/0000-0001-9397-9243
https://orcid.org/0000-0001-9863-7613
mailto:a.castellanoalbors.22@abdn.ac.uk
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fgcbb.70069&domain=pdf&date_stamp=2025-08-04


2 of 22 GCB Bioenergy, 2025

(CCC) (Smith and Porter 2018; CCC 2020; IEA Bioenergy 2020) 
in the United Kingdom. However, newest reports call for cau-
tion on previous estimates, and more strict regulations have 
been put in place in order to make the production of energy from 
biomass sustainable (Lecocq et al. 2022; IEA 2023; DESNZ 2023; 
Clifton-Brown et al. 2023).

Current concerns about energy crops comprise environmental 
issues regarding soil health, biodiversity, water quality and inva-
sive species (Powlson et al. 2005; Haughton et al. 2009; Schmidt-
Walter 2020; Zitzmann and Rode 2021), competition for the same 
agricultural land with food versus energy production (Karp 2011; 
Karp and Richter  2011; Don et  al.  2011; Valentine et  al.  2011). 
Previous land use is another important factor when considering 
the benefits of bioenergy crops, along with the potential impacts 
from the use of fertilisers and herbicides (McCalmont et al. 2015; 
Milner et al. 2015). Perennial bioenergy crops are better suited for 
overcoming this challenge than annual crops due to their ability to 
grow in marginal lands and provide wider environmental benefits 
(Karp and Shield 2008; Clifton-Brown et al. 2018).

Willows (Salix spp.) are one of the second-generation lignocel-
lulosic energy crops aimed at contributing towards achieving 
net zero emissions by 2050 in the United Kingdom (Karp 2011; 
Hastings et al. 2014; Clifton-Brown et al. 2018; Albanito et al. 2019). 
Along with the genus Populus, genus Salix comprises the family 
Salicaceae. Lack of agreement regarding the taxonomy of willows 
still prevails (Shield et al. 2014; Dickmann and Kuzovkina 2014). 
Their origin is considered to be Eastern Asia (Karp 2011), but they 
are mainly distributed in the northern hemisphere in temperate 
climates (Dickmann and Kuzovkina 2014). Shrub willows (subge-
nus Vetrix) and tree willows (subgenus Salix) are the best suited 
and used for bioenergy production. Willows are catkin-bearing pe-
rennial crops grown as short rotation coppice (SRC), characterised 
by a fast growth rate after coppicing (Shield et al. 2014).

Phenology stages of willow grown as SRC in a full growing 
season would include budburst (late winter/early spring), leaf 
elongation, stem growth, leaf senescence leading to stem growth 
stop and leaf fall in the autumn, and dormancy during the win-
ter until the next season.

Research on willow as a bioenergy crop dates back to early pro-
grammes in the 1970s in Sweden (Gullberg 1993; Volk et al. 2006) 
and the 1980s in United Kingdom (ETSU 1998) and United States 
(Volk et al. 2006), anticipated by uncertainty in oil prices and en-
ergy distribution (Karp 2014; Karp and Richter 2011). Despite this 
effort, willow is lacking a commercial and industrial scale that al-
lows it to be economically viable for growers in the United States, 
United Kingdom and Poland (Volk et  al.  2016; Macalpine  2019; 
Ziety et al. 2022). Research has continued in the form of funded 
programmes (Evans et  al.  2007; Valentine et  al.  2009; Volk 
et  al.  2016; Clifton-Brown et  al.  2018, 2023) that determine the 
potential yields of willow along with the associated environmen-
tal, social and economic impacts through the supply chain (Volk 
et al. 2006; Hastings et al. 2014; Tallis et al. 2013; Aylott et al. 2008).

This extensive research in the United Kingdom enabled knowl-
edge in the agronomy of willow and the most influential fac-
tors on its productivity (Tubby and Armstrong  2002; Evans 
et al. 2007; Valentine et al. 2009; Caslin et al. 2023).

Best practice guidance in the United Kingdom (Caslin et al. 2023) 
comprises the suitability of the terrain alongside climate variables 
more suitable for crop growth (e.g., rainfall, slope, altitude, tem-
perature and land shape). Ground preparation is an important 
factor when considering willow as a bioenergy crop, as commer-
cial plantations have a life span of 20+ years (Shield et al. 2014; 
Powlson et al. 2005; Nordh 2005). This usually takes place the year 
before planting is due. Issues such as soil compaction, herbicide 
application, soil testing and pest control must be considered to at-
tain optimum conditions for crop establishment. Planting material 
usually comes in the form of approximately 20 cm long dormant 
cuttings from 1-year-old plants and is stored between −4°C and 
−2 (Welc et al. 2017, 2018; Volk et al. 2004). Planting takes place 
during early spring to allow the plant to take advantage of lon-
ger days and higher radiation exposure in order to compete with 
weeds until May/June. Herbicide is usually applied post-planting 
to prevent weed growth. Fencing might be needed if herbivores 
are a potential issue. Cutback (coppicing) after the first growing 
season remains best practice to induce vigorous regrowth and 
allow for more herbicide application if needed. According to best 
practice, the plant is then left to grow for three (Caslin et al. 2023) 
more seasons when it is harvested again in the winter months 
once leaf drop has occurred. Fertilisation is advised only if needed 
(marginal land) or when soil analysis confirms so. Willow should 
be planted in mixtures of 6–8 genotypes (or clones—called va-
riety if it was marketed) to increase their resilience against Leaf 
Rust (Melampsora spp.) among other pathogens (McCracken and 
Dawson 2003; Begley et al. 2009). Genotype selection for the mix-
ture and planting density can also influence final yields across 
different harvest cycles along with water availability (Bullard 
et al. 2002; Stolarski et al. 2019). Harvesting, drying and storage 
methods are also compiled in best practice guidance along with 
site restoration to grassland or arable.

Extensive research confirms the importance that the establish-
ment period has on later development and performance of willow 
(Welc et al. 2017; Verwijst et al. 2012; Larsen et al. 2014) and rep-
resents 20%–25% of total costs (Volk et al. 2016). Field trials with 
different planting methods (vertical vs. horizontal), materials 
(cuttings, rods and billets) and lengths have been carried out to 
gain knowledge about establishment methods and potential yields 
(Bergante et al. 2016; Larsen et al. 2016; Edelfeldt et al. 2015; Cao 
et  al.  2011; Vigl and Rewald  2014; McCracken et  al.  2010; Welc 
et al. 2018). Bush et al. (2015) studied the establishment constraints 
in a commercial context in the United States by comparing the per-
formance of various planting machines.

Weed competition is a major problem if not treated appropri-
ately. Survival rates and poor performance, along with upfront 
costs, could make the whole commercial operation economically 
unviable (Valentine et al. 2009; Jureková et al. 2011; Albertsson 
et al. 2014). Weeds compete with willow in the establishment years 
for water and nutrients and can halt their capacity to survive and 
grow. Albertsson et al. (2014) and Schlepphorst et al. (2017) found 
survival rates and biomass production critically impacted by this 
competition. Cutback after the first year (establishment year) 
is a common practice, widespread globally (Cunniff et  al.  2015; 
McKenzie  2011; Fabio  2017; Caslin et  al.  2023). However, some 
studies (and now guidance) suggest that coppicing at the end of 
the first year should be considered with precaution and only if 
the plant shows vigorous growth in early establishment (Caslin 
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et al. 2023; Albertsson et al. 2014). McKenzie (2011) compared the 
yield of two identical experiments, but with one of them not follow-
ing the standard practice of cutback. Results show that no cutback 
increased the yield in the first harvest cycle (3 years) due in part 
to cutback plants being unable to compete in the same conditions 
because of the harder climate in Orkney, Scotland.

Breeding programmes since the 1980–1990s have been aimed at 
improving yields and disease resilience (Lindegaard et al. 2001, 
2011; Macalpine et  al.  2011; Macalpine et  al.  2014). Genetic 
research in willow has brought to light promising findings to 
improve the genotype by environmental interactions, including 
phenological and physiological traits by new available molecular 
techniques (Clifton-Brown et al. 2018; Hallingbäck et al. 2016; 
Hanley and Karp 2014; Berlin et al. 2017).

In this paper, we have collected and produced a comprehensive 
dataset of willow phenology and physiology from literature and 
trial data with the objective of using this dataset to understand 
Salix phenology and physiology to develop a statistical willow 
yield model.

2   |   Materials and Methods

2.1   |   Data Collection

Yield, crop management, environmental, soil and willow's phe-
nology data was collected from a literature search internation-
ally and key players in willow research in the United Kingdom. 
Keywords ‘SRC’, ‘willow’, ‘Salix’, ‘biomass’, ‘yield’ or ‘harvest’ 
were used in the Web of Science and Scopus databases. In some 
cases, data from published studies were complemented with 
data from personal communications. In addition, some papers 
found in the search were part of a long-term experiment, with 

various published papers for the same site. In this case, a spe-
cific search was conducted to gather as many harvest cycles as 
possible for the same site. Best crop management practice as de-
fined by best practice guidelines (Caslin et al. 2023) was used as 
a criterion for inclusion in the dataset. Establishment methods 
such as horizontal planting and studies on soil remediation and 
wastewater treatment or similar were discarded. Besides loca-
tion, two data variables were considered indispensable in the 
screening process for inclusion in the dataset: yield and plant-
ing/harvest dates to calculate the average yield per year of har-
vest cycle. The values of yield in the dataset are presented as dry 
matter (DM). Yield data that was only reported graphically was 
extracted using PlotDigitizer (https://​plotd​igiti​zer.​com/​).

This willow dataset (Castellano Albors et  al.  2025) comprises 
soil characteristics, management methods for several genotypes, 
both commercial and those never released to the market. A sum-
mary of the variables included and their characteristics can be 
found in Table S1. It was often found that one site hosted differ-
ent research trials. In these cases, a new column (id) was added 
where different numbers for the same location indicate a differ-
ent research trial in time. A total of 3429 ID entries comprising 
99 independent sites (Figure 1) and 113 genotypes from different 
breeding stages can be found in this dataset. Individual yield 
for each of the years included in a harvest cycle was preferred; 
however, it was not always reported. Willow's growth and yield 
can vary dramatically from year to year within a cycle due to 
impacts by drought, late frost, etc., and these events were not 
always reported.

Soil properties were divided into three soil layers with all asso-
ciated characteristics to be as representative as possible and to 
avoid any soil profile averages that could cause misleading re-
sults when analysed. Terrain elevation that was not reported in 
the papers was extracted from Google Earth Pro (Google 2024).

FIGURE 1    |    Global map showing the site trials included in SRC willow dataset.
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2.2   |   Calculations and Assumptions

The purpose of this dataset is to understand the explanatory 
variables that relate to aboveground biomass in Salix spp. Data 
from all variables were extracted directly from papers when 
available. Some minor calculations were performed when data 
were reported in different units across papers to keep consis-
tency within the dataset (i.e., soil organic carbon (SOC) in re-
ported units → SOC in %). Soil stocks for carbon and nitrogen 
were calculated on a per hectare basis to match with the yields 
(also in Mg ha−1). The following equations were used:

Soil nitrogen (SN) above refers to both soil available nitrogen (SAN) 
and soil total nitrogen (ST). SAN is the nitrogen in the soil read-
ily available for the crop to uptake, and STN is the nitrogen in the 
soil that has the potential to be available for the crop after chem-
ical modification. When soil organic matter (SOM) was reported, 
SOC was calculated as a 50% of the total SOM as per Pribyl (2010). 
When soil texture in percentage was reported, this data was trans-
posed to the soil textural triangle (USDA system) to know the soil 
type associated with it. However, this was not reciprocal due to 
the large variation in percentage for sand, silt and clay for some 
soil types (e.g., clay soils could have between 60% and 100% of 
clay). Bulk density, when not reported, was calculated using the 
Saxton calculator (Saxton et al. 1986) by adding the sand and clay 
percentage. Plant available water (PAW), field capacity (FC) and 
permanent wilting point (PWP) were calculated with the model 
proposed by Campbell (1985) modified by Hastings et al. (2014). 
Despite some of the papers reporting PAW values, the calculator 
was used to keep consistency throughout the dataset.

If not reported, ArcMap v. 10.8.1 (ESRI 2020) was used to cal-
culate raster data of the aspect derived from two data elevation 
models. EuroDEM height data (EuroGeographics  2023) was 
used for sites located in Europe. The North America Elevation 
1 km resolution data from the Commission for Environmental 
Cooperation (CEC) was used for the United States and Canada 
(CEC 2007).

Climatic variables such as temperature and precipitation were 
often reported annually in papers or for the growing season 
from May to September. Due to the variation in latitude and phe-
nology between different sites, a growing season from April to 
October was included in the dataset. Growing season length has 
been considered according to phenology data (I. Shield, personal 
communications, July 2023) and supported by previous research 
(Tallis et  al.  2013; Holman and Hess  2014). Climate data was 
extracted from the nearest weather station when available and 
otherwise from average monthly data provided by the CRU TS v. 
4.08 dataset (Harris et al. 2020).

Following Armstrong (1997) and Tallis et al. (2013), a similar ap-
proach was considered by creating a ‘climate’ variable according 
to cumulative degree days over 5.6°C (DDcum) and soil moisture 
deficit (SMD) levels for the growing season (April—October). 
The MiscanFor model (Hastings et  al.  2009) was used for the 
calculations, subsequently transferred to a map in ArcMap v. 

10.8.1 (Esri  2020). Six climatic zones were differentiated ac-
cording to Pyatt et al. (2001), with slightly modified thresholds 
to be adapted to the output data (Table 1). This classification is 
intended to provide an objective comparison between sites and 
takes into consideration the difference in DDcum and SMD for 
geographical areas in proximity due to altitude.

A new column ‘group’ was included to differentiate between 
genotypes grown in monoculture and those grown in mixtures. 
Within ‘variety’, an average of genotypes grown in monoculture 
has been calculated and stored as ‘mix’. According to Begley 
et  al.  (2009) and McCracken et  al.  (2001), the yield produced 
by different genotypes grown in mixtures is equal or larger 
than the yield produced when the same genotypes are grown 
in monoculture. Therefore, the ‘mix’ values could be considered 
as an estimate of the potential yield of the genotypes grown in 
monoculture for the same trial.

European (Caslin, Finnan, and McCracken  2012) and US 
(Cameron et al. 2007) variety guides were used to ascertain the 
parentage of the genotypes included in the dataset when no in-
formation was reported in the papers or data was received from 
personal communications. The breeding stage was defined by fol-
lowing the crossings as per the diagram in Figure 2 from Caslin 
et  al.  (2023). The first stage consists of genotypes found natu-
rally in the environment and were the first collected, or clones 
derived, by researchers to start willow trials (e.g., S. dasyclados, 
S. schwerinii, L78183, Germany, etc.). Any crosses between geno-
types pertaining to stage 1 will be considered as stage 2. Crosses 
of genotypes included in stage 2 with genotypes included in stage 
1 or 2 will be included in stage 3, and successively. This approach 
is good for capturing the breeding effort but will miss other fac-
tors such as ploidy (number of complete sets of chromosomes in 
a cell) or diversity (W. Macalpine, personal communication, July 
2024). For instance, intraspecific (between same species) and in-
terspecific (between different species) crosses will rank the same 
even though performance in the field might differ.

The genotypes were grouped according to their genetic diversity 
to facilitate the statistical analysis. Following the approach in-
cluded in Rothamsted Research (2022, 2023), a total of 15 groups 
were created.

SOC
(

Mg ha−1
)

= SOC (%) × bulk density
(

g cm−3
)

× soil depth (cm)

SN
(

Mg ha−1
)

= SN (%) × bulk density
(

g cm−3
)

× soil depth (cm)

TABLE 1    |    Climatic zones and their thresholds for the growing 
season based on monthly means from DDcum (5.6°) and soil moisture 
deficits. These have been adapted to the current data for better 
representation.

Climatic zone

Accumulated 
degree days 
above 5.6°C

Soil moisture 
deficit (mm)

Cool wet 0–1375 0–20

Cool moist 0–1375 20–50

Cool dry 0–1375 > 50

Warm wet > 1375 0–20

Warm moist > 1375 20–50

Warm dry > 1375 > 50
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2.3   |   Dataset Analysis

2.3.1   |   Data Exploration

R (R Core Team 2022) and R Studio (R Studio Team 2020) were 
used to explore the data (Table  S1) and carry out statistical 

analysis. For this purpose, some variables were coded differ-
ently to be able to run statistics on them. For instance, previous 
land use was coded as ‘arable/grassland’, fertilisation was set as 
‘yes/no’, etc. Harvest usually takes place when coppiced willow 
is dormant (i.e., between autumn/winter). As most of the trials 
were harvested in the year after last growing season, harvesting 

FIGURE 2    |    Diagram used as a base for elaborating the parentage (breeding) of the genotypes collected in the willow metadata set. As presented 
in Caslin, Finnan, and McCracken (2012).
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carried out in the same year as the last growing season was 
changed to the following year to keep consistency.

There is a noteworthy difference in the data between final yield 
averaged over the length of the cycle and data independently for 
each of the cycle years. To fix this inconsistency in terms of statis-
tical analysis, cumulative data was averaged per cycle length and 
establishment year data was removed. This led to a reduced num-
ber of 2178 observations. An issue detected when exploring the 
data is the large number of missing values (NA in dataset) leading 
to unbalanced data. Graphical exploration and descriptive statis-
tics were performed on all the variables to remove those with little 
representation over all the data. Due to the data structure, soil 
and environmental factors associated with a particular site are 
increased by the number of genotypes included in the study. This 
can be overcome by subsetting only for the ‘mix’ (average) and 
‘mixtures’ in the group column since exploratory analysis tends 
to provide similar results (Roback and Legler 2021).

2.3.2   |   Statistical Analysis

The main objective for the statistical analysis in this paper was 
to find which of the 66 variables of interest were associated 
(Shmueli 2010) with the variation in yield. After exploring the data-
set, the Random forests procedure (Breiman 2001) was considered 
the best fit as no linear relationship was observed when plotting 
the independent variables against the dependent variable, yield.

Random forests deal proficiently with non-linearity and pro-
vide more flexibility in regard to correlation and multicol-
linearity between explanatory variables (Estévez et  al.  2023; 
Hanberry  2024). Random forests of multiple trees are created 
by resampling the data (bootstrapping), usually with repetition. 
Since not all variables are chosen for all trees, the algorithm for 
regression or classification is able to identify the most influential 
variables associated with the dependent variable and their rel-
ative importance. Random forests are also very effective when 
dealing with both continuous and categorical predictor vari-
ables presenting unbalanced data between levels (Díaz-Uriarte 
and de Alvarez Andrés 2006), as found in this analysis.

R package randomForest (Liaw and Wiener 2001) was used as 
a regression tool in two datasets derived from the main one. 
Firstly, a subset (cumulative dataset) of cumulative only data 
was used to show the relationship between explanatory vari-
ables and annual above-ground biomass (AGB) production over 
a full harvest cycle. The second subset (average dataset) is the 
modification of the original dataset by calculating the average 
per harvest cycle of the cumulative data to match it with the rest 
of the data. Both datasets had most variables in common except 
for planting density and fertiliser, only included in the average 
data and ‘rootage’ only included in the ‘cumulative’ model.

After screening and selecting the variables with a lower percent-
age of missing values, multiple combinations of variables and 
levels were considered, with small differences in variance ex-
plained and prediction correlation (PC) (data not shown). After 
consideration, it was decided to include all the variables in an 
initial model despite correlations found between some variables 
in the dataset (Figure  S1), in case some information could be 

lost if left out following Hanberry (2024). Columns containing 
missing values up to 30% were also included since entire rows 
would be removed if any of the columns had a missing value, 
and potential useful information for the model could be lost 
(Hapfelmeier and Ulm 2014).

The variables chosen for the initial models in the cumulative and 
average subsets are shown in Table 2. The same combination of 
57 variables was included in the initial model for the cumulative 
subset, with one including missing values (NA) and the other 
without missing values.

Root year (‘rootage’) was not considered for the analysis of the 
average subset. Shoot year (‘shootage’) was included since it 
would show if the cycle length of 2 versus 3 years had an impact 
on yield. Soil profiles number two and three were removed from 
the initial model, containing for the average subset to compare 
the initial model with and without missing values as we did in 
the cumulative subset. A total of 27 variables were included for 
analysis and four models were analysed (Table 2).

Continuous predictors were chosen over categorical when 
they provided the same information (e.g., sand, silt and clay 
percentage instead of soil type) for variables to be assessed as 
independently as possible. Despite random forests handling 
overfitting successfully (Breiman 2001), the datasets were split 
into train (80%) and test (20%) sets to be used for extra protection 
in avoiding overfitting.

A simple process of variable selection was followed by eliminat-
ing the 20% of variables that showed the lowest scores of variable 
importance (%incMSE) in the model. This was followed until 
the variance explained (VE) dropped and the root mean square 
error (RMSE) increased, indicating that important variables 
were missing for association with AGB production. The number 
of trees to be grown (ntree) and the number of predictors (mtry) 
to be chosen at each split of the data are two key parameters in 
random forest models that can be tuned or modified to achieve 
a higher accuracy or prediction. After some preliminary tests on 
how the initial model was affected by their modification, it was 
decided to leave it as default (ntree = 500; mtry = p/3, where p is 
the total number of predictors available at each step), since not 
much variation was observed (data not shown).

An ANOVA test and a t-test were carried out in both cumula-
tive and average subsets, respectively, to show the possibilities 
derived from the main dataset. The shoot (stem) age must be 
interpreted differently for both sets. In the cumulative subset, 
each shoot year indicates the AGB production for that particular 
year. Shoot year in the average subset indicates the length of the 
harvest cycle.

3   |   Results

3.1   |   Summary and Statistical Analysis

The average temperature for all sites and harvest cycles was 
12.91°C with a standard deviation (±1.3), with the maximum 
mean temperature of 18.9°C reached in Savoy (United States) 
and the minimum of 9.1°C in Aberystwyth (Wales). The average 

 17571707, 2025, 9, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcbb.70069 by R

otham
sted R

esearch, W
iley O

nline L
ibrary on [26/08/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



7 of 22

precipitation for all sites was 545.28 (±137.29) mm. Aberystwyth 
was the site with the maximum precipitation over a harvest cycle 
with 1009.3 mm, with Geneva in United States reaching a min-
imum amount of precipitation with only 167 mm. As expected, 
average precipitation increases from dry to wet climatic zones 
and average temperatures are higher in the warm than in cool 
climatic zones (Table 3).

The annual average yield across all data is 9.01 (±4.05) Mg DM 
ha−1 year−1 for all harvest cycles and genotypes (Figure 3). Yield 
varies along the six climatic zones, achieving a higher production 
in warm and wet areas. Data show that willow seems to perform 
better in wetter areas with warm conditions but not when tem-
peratures are cooler under the same soil moisture conditions.

Annual production of biomass per country ranged from 6.87 
(±3.13) to 10.6 (±6.35) Mg DM ha−1 year−1 in the United States 
(US) and Canada, respectively. Maximum annual yield of 32.7 Mg 
DM ha−1 year−1 was achieved in Canada (La Pocatière), located 
in a cool and wet area, for the genotype ‘SX67’ (Salix miyabeana) 
(Figure  4). Annual yield for genotypes grown in mixtures is 
slightly lower than for monocultures (Figure 5). However, mix-
tures were only grown in cool moist and wet climatic zones. After 
comparing only between these two areas, genotypes grown in 
mixtures perform slightly better than in monoculture.

Previous land use can be an important factor affecting yield (W. 
Macalpine, personal communication, July 2024). When sub-
setting for this, crop production where the previous land was 
grassland was slightly higher than when arable land, for a total 
of 23 sites. Application of fertilisers on land previously classi-
fied as arable had a higher impact on annual yield than when 
applied on land previously used as grassland (Figure  6). Best 
practice guidance in the United Kingdom (Caslin et  al.  2023) 

advises planting the cuttings in spring to take advantage of the 
sun radiation early in the growing season. Data on planting 
dates comprising 15 sites and nine countries show higher yields 
when planted in March and April rather than in May and June 
(Figure 7).

Yield increase was among the main objectives of breeding pro-
grammes globally. Figure 8 shows data for genotypes bred in the 
United Kingdom, Sweden and United States. Mean values are 
similar across all stages, but median values increase, suggest-
ing a yield increase of up to 1 Mg DM ha−1 year−1 for genotypes 
included in the 4th stage. Planting densities were moved into a 
total of 11 groups due to some of them having differences of less 
than 100 plants ha−1 (Figure 9).

Annual yield in Mg (dry matter) DM ha−1 year−1 (se) for all 
genotypes and harvest cycles included in the average data-
set, is highest for ‘Paramore’ (13.16 ± 1.63), ‘Ashton Parfitt’ 
(12.35 ± 0.85), ‘SX67’ (12.31 ± 1.11), ‘SW930984’ (12 ± 2.4) and 
‘Endurance’ (11.71 ± 0.59). The five lowest yielding genotypes 
were ‘India’ (3.9), ‘Gustav’ (3.35 ± 0.31), ‘V7511’ (2.73 ± 0.27), 
‘V794’ (2.38 ± 0.24) and ‘Baldwin’ (0.8), with only one sample for 
‘India’ and ‘Baldwin’ in the dataset (Figure S2).

A total of 20 genotypes (Figure 10), including two types of mix-
tures, are above the economical and commercially viable threshold 
of 10–12 Mg DM ha−1 year−1 (Lindegaard et al. 2001). They range 
through four breeding stages (1 to 4, as described in methods) and 
six diversity groups (S. dasyclados hybrid, S. miyabeana, S. vimina-
lis x S. miyabeana, S. viminalis, S. viminalis x S. miyabeana (b), S. 
dasyclados). Genotypes of S. miyabeana, grown only in the United 
States and Canada, achieved an annual yield of 10.42 (±0.5) Mg 
DM ha−1 year−1 for all harvest cycles and sites (n = 134), followed 
by S. spaethii (n = 14) and S. sitchensis (n = 14) with 9.86 (±0.74) and 

TABLE 2    |    Variables used in the initial model for both cumulative subset and average subset.

Variables cumulative subset Variables average subset

Latitude Silt3 SoilAN3 Pwp3 Latitude Bulkdensity1 Fctotal

Altitude Clay1 SoilANstock1 Pawtotal Altitude Soilcarbon1 Pwptotal

Climate Clay2 SoilANstock2 Fctotal Climate SoilCstock1 Density

Aspect_f Clay3 SoilANstock3 Pwptotal Aspect_f SoilCtotal Shootage

Avgtemp Bulkdensity1 pH 1 SoilCtotal Avgtemp Fertiliser Cyclenumber

Avgprecip Bulkdensity2 pH 2 SoilANtotal Avgprecip pH 1 Diversity

Soildepth Bulkdensity3 pH 3 Density Thickness1 Paw1 Breeding

Thickness1 Soilcarbon1 Paw1 Shootage Sand1 Fc1

Thickness2 Soilcarbon2 Paw2 Rootage Silt1 Pwp1

Thickness3 Soilcarbon3 Paw3 Cyclenumber Clay1 Pawtotal

Sand1 SoilCstock1 Fc1 Diversity

Sand2 SoilCstock2 Fc2 Breeding

Sand3 SoilCstock3 Fc3

Silt1 SoilAN1 Pwp1

Silt2 SoilAN2 Pwp2
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8 of 22 GCB Bioenergy, 2025

9.81 (±0.88) Mg DM ha−1 year−1, respectively. Genotypes from the 
breeding stage number two ranked first with an annual yield of 
9.08 (±0.13) Mg DM ha−1 year−1, with genotypes at the breeding 
stage number five ranked the last, achieving 8.63 (±0.95) Mg DM 
ha−1 year−1 (Figure 11).

Analysis of shoot years in the cumulative dataset showed the 
AGB production independently for each year of the harvest 
cycle (Figure 12). In the first cycle of 3 years, 1-year-old shoots 

produce lower AGB than 2- and 3-year-olds (p < 0.0001). Shoots 
of 2- and 3-year-olds are not significantly different from each 
other (p > 0.05). When looking at cycle number two, AGB from 
2-year-old shoots was significantly lower than 1- and 3-year-old 
shoots (p < 0.001), but no significant difference was found be-
tween the latter (p > 0.05).

When comparing shoots of the same age between the two cycles, 
a significant difference was found between all of them (p < 0.05). 

TABLE 3    |    Average precipitation and temperature for the growing season (April–October) for each climatic zone. It shows the mean and standard 
deviation, the median with minimum and maximum values, and the number of missing values and its percentage.

Variables

Climatic zone

Cool dry Cool moist Cool wet Warm dry Warm moist Warm wet

(N = 60) (N = 91) (N = 64) (N = 1) (N = 54) (N = 47)

Avgprecip (mm)

Mean (SD) 439 (72.8) 487 (46.4) 597 (149) 584 (NA) 577 (128) 653 (111)

Median 
[min, max]

452 [207, 584] 492 [368, 586] 531 [384, 1010] 584 [584, 584] 575 [167, 848] 649 [410, 898]

Missing 0 (0%) 0 (0%) 2 (3.1%) 0 (0%) 2 (3.7%) 0 (0%)

Avgtemp (°C)

Mean (SD) 13.4 (0.908) 12.6 (0.764) 11.6 (0.798) 16.3 (NA) 14.2 (1.21) 13.5 (1.26)

Median 
[min, max]

13.5 [9.80, 16.0] 12.8 [10.3, 13.9] 11.7 [9.10, 12.9] 16.3 [16.3, 16.3] 13.7 [12.9, 18.9] 13.1 [11.2, 15.3]

Missing 0 (0%) 0 (0%) 2 (3.1%) 0 (0%) 5 (9.3%) 0 (0%)

FIGURE 3    |    Annual yield for all genotypes over all sites and cycles in the average subset (left). This includes genotypes grown in monoculture and 
mixtures. On the right, histograms of the annual yields (Mg DM ha−1 year−1) achieved for each climatic zone.
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9 of 22

FIGURE 4    |    Violin plots of annual yield (Mg DM ha−1 year−1) achieved per country in the average subset. N indicates the number of samples (from 
Castellano Albors et al. 2025).

FIGURE 5    |    Violin plot showing the annual yield (Mg DM ha−1 year−1) for genotypes planted in monoculture and mixtures. Differences in shape 
accounts for the high number of samples for monoculture in comparison with the willow grown in mixtures. N indicates the number of samples.
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10 of 22 GCB Bioenergy, 2025

FIGURE 6    |    Raincloud plot showing boxplot, sample distribution and density for the annual yield (Mg DM ha−1 year−1) achieved by application of 
fertiliser Y (YES) or N (NO) for land previously used as arable or grassland.

FIGURE 7    |    Annual yield (Mg DM ha−1 year−1) for all cycles when planting dates were provided. These will include cutback and non-cutback 
crops. Cutback happened when crops were coppiced during dormancy after the first growing season after planting. Non-cutback crops were left 
without coppicing.
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Shoots of 1- and 3-year-olds in the second cycle performed better 
in general than shoots of the same age in the first cycle. The op-
posite happened for 2-year-old shoots.

For the average subset, the mean yield for all sites when cop-
piced willow was harvested after two growing seasons was 
higher than those harvested after 3 years with 9.6 and 8.76 Mg 
DM ha−1 year−1, respectively (t = 3.87, p < 0.001) (Figure 13).

3.2   |   Random Forest on Cumulative Subset

3.2.1   |   With Missing Values

The total number of models and associated variables, prediction 
correlation and RMSE are shown in Table S2. For the set includ-
ing missing values, the maximum variance explained (58.9%) with 
the highest PC and lowest RMSE is model number six (optimum 
model), comprising 19 independent variables. It can predict up to 
73% of the test set and the variance not explained by the model 
is 2.81. The VE by the different models is very similar until the 
optimum model. The next two models see a slight decrease in the 
VE and PA and a slight increase in the RMSE. Since we are in-
terested in the GxE interaction, we would not choose the model 
number nine or subsequent models, due to the removal of the 
variable ‘diversity’. However, VE and PA decreases substantially 
from here, and the RMSE increases. Thus, the variable selection 

process continues until there is only one explanatory variable in 
the model.

Model number eight is the last model with the variable ‘diver-
sity’ included. The difference in VE between this and the op-
timum model (number six) is less than 2%, and more than 12% 
with model number 10. Models with less variables are preferred 
under similar conditions, thus, model number eight would be 
chosen over number six in this case.

3.2.2   |   Without Missing Values

Model number three achieved the highest score in VE (56.7%) and 
the second highest score in PA (0.78) and RMSE (3.16). It includes 
36 independent variables, 17 more than the optimum model, in-
cluding missing values. The variance explained drops more than 8% 
when diversity is removed from the model (model number eight).

3.3   |   Random Forest on Average Subset

3.3.1   |   With Missing Values

Number five is the optimum model with higher VE (63.65%), ap-
proximately 5% higher than the initial model, PC (0.72) and lower 
RMSE (2.89) including 10 independent variables. The first model 

FIGURE 8    |    Annual yield (Mg DM ha−1 year−1) achieved by all genotypes in relation to the breeding stage. Oldest genotypes are included in group 
one and new crosses are found in group five (non-marketed). Stage 1 included genotypes as found in nature; Stage 2 includes any crosses between 
genotypes of Stage 1; Stage 3 included any crosses with genotypes from Stage 2; Stage 4 included any crosses with genotypes from Stage 3; and Stage 
4 included any crosses with genotypes from Stage 5.
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12 of 22 GCB Bioenergy, 2025

after removing ‘diversity’ is the number eight with only five vari-
ables and explaining up to 52.11% of the variance observed in yield.

3.3.2   |   Without Missing Values

The initial model when soil profiles number two and three were 
not included explained almost 54% of the variance, with a pre-
diction correlation of 0.81 and RMSE of 2.43 with 27 indepen-
dent variables. Model number four was the optimum model with 
a VE of 62.99%, PC of 0.77 and RMSE of 2.41, including 13 inde-
pendent variables. The 10 most important variables (highest as-
sociation with biomass production) for the initial and optimum 
model for the four different options are shown in Figure  14. 
Figure  15 shows the correlation between predicted and mea-
sured values applied to the test data for the optimum models.

4   |   Discussion

4.1   |   Agronomy

With approximately 5000 ha of SRC willow in the United 
Kingdom, the dataset and meta-analysis presented here aim to 
better understand what the associated factors are with above-
ground biomass production of SRC willow at a global scale, in 
order to help in the mass-scale deployment until 2050. Research 

trials spanning 30 years from 1992 until 2022 were collected. 
Site classification into different climatic zones by differences in 
accumulated degree days over 5.6°C and soil moisture deficit al-
lowed us to consider the regional variation when factors such as 
elevation are included, among others.

Here, we presented biomass production on a year-by-year basis 
as measured in the field (Mg DM ha−1 year−1) and also averaged 
over all the years of the cycle (Mg DM ha−1 year−1). The former 
included 49 sites from Forest Research trials established in the 
mid-90s in the United Kingdom (Aylott et al. 2008).

SRC willow presents many challenges that have stimulated 
interest and driven research since the 1990s. A key limitation 
of the extrapolation of the results provided here is the unbal-
anced research to date in regard to willow grown in mixtures 
versus monoculture. As seen in Figure 4 and consistent with 
previous studies, the overall performance of individual geno-
types within a mixture will be at least equal to or higher than 
the yield achieved by the same genotypes grown in monocul-
ture. Only three studies with reported yields from mixtures 
were found, all located in Northern Ireland. In the United 
Kingdom, current projects such as UKRI-funded Perennial 
Biomass Crops Greenhouse Gas Removal (PBC4GGR) and 
DESNZ-funded Biomass Connect include up to six genotypes 
of willow grown in mixtures, with promising knowledge gain 
for future research.

FIGURE 9    |    Raincloud plots showing boxplot, sample distribution and density for each of the plant density groups. Density groups relates to the 
following planting densities (plants ha−1): 1 (8.889); 2 (9875); 3 (10,000); 4 (11,000); 5 (12,000); 6 (13,000; 13,333); 7 (14,813; 15,000; 15,408); 8 (16,000; 
16,600; 16,666; 16,667); 9 (18,000; 18,500); 10 (20,000); and 11 (25,000).
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13 of 22

FIGURE 10    |    Average yield (Mg DM ha−1 year−1) for the 20 most productive genotypes (including two types of mixtures) in the dataset. Standard 
error bars are shown in black inside the columns.

FIGURE 11    |    Annual yield (Mg DM ha−1 year−1) achieved by diversity group. Standard error bars are shown in black inside the columns except for 
S. triandra with only one value in the dataset.
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14 of 22 GCB Bioenergy, 2025

FIGURE 12    |    Histograms of annual yield (Mg DM ha−1 year−1) by shoot year for the first two cycles in the cumulative subset.

FIGURE 13    |    Violin plots showing the difference in yield (Mg DM ha−1 year−1) between coppiced willow harvested after 2- and 3-year cycles. N 
indicates the number of samples.
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According to Lindegaard et  al.  (2011), yields in commercial 
plantations are expected to be 20% lower than those achieved 
in experimental trials, suggesting a bigger challenge to achieve 
the economical threshold of 10–12 Mg DM ha−1 year−1. Yields 

presented here may also differ from commercial activities, due 
to crop trial yield estimates sometimes being upscaled from plot 
level and with associated survival rates. Low yields due to poor 
establishment, rust infection or other setbacks were reported 

FIGURE 14    |    Plots showing the 10 variables that scored highest according to randomForest's importance measure (%IncMSE). The initial models 
are shown on the left and the optimum models are shown on the right for the following subsets: (a, b) cumulative with missing values; (c, d) cumula-
tive without missing values; (e, f) average (only upper soil profile) with missing values; (g, h) average (only upper soil profile) without missing values.
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16 of 22 GCB Bioenergy, 2025

and kept in the dataset. Despite challenging the understanding 
of the relationship between explanatory variables and yield, the 
impact of these issues was considered part of the commercial 
reality growers face.

Globally, breeding programmes increased yield over 1 Mg DM 
ha−1 year−1 over four crosses. However, genotypes in the United 
States and Canada are only at their second breeding stage. When 
considering European genotypes only, across all climatic zones, 
an increment in yield was observed of 1.8 Mg DM ha−1 year−1 
from the first breeding stage to the second breeding stage but 
no further improvement since then. When climatic zones are 
included, an improvement in yield was observed for all climatic 
zones except for ‘Cool Wet’ (Table 4).

American genotypes show a decline in yield from the first 
breeding stage to the second breeding stage of 3.8 Mg DM 
ha−1 year−1. These observations must be considered with cau-
tion due to the high yields of genotypes from first breeding 
stage observed in trials planted in Canada from Labrecque 
et  al.  (2023). Factoring in climatic zones did not show any 
yield improvements.

Different management methods can not only produce a signif-
icant difference in yield, but also a difference in the econom-
ics and sustainability of the plantation. The use of fertilisers, 

pesticides and herbicides can increase the running costs but 
might offer a better economic return via higher yields (Nordborg 
et al. 2018). While significant differences in yield due to fertilisa-
tion were found in the individual studies, Fabio and Smart (2018) 
did not find the same correlation for all studies combined in a 
meta-analysis. They suggested that different environments and 
genotypes (European vs. American) could lead to differences 
in nitrogen effectiveness. Similarly, no difference in yield was 
found between plots with nitrogen added from those that were 
not fertilised, 9.31 and 9.33 Mg DM ha−1 year−1, respectively. As 
seen in Figure 6, not only were yields higher for former grassland 
but also the yield was higher for non-fertilised crops. Fertilised 
crops in former arable land benefited from fertilisation, with 
yields increased by almost 1 Mg DM ha−1 year−1.

The importance of weed control through mechanical or chemical 
methods is captured in the dataset where only one site in Canada, 
Boisbriand, did not apply any weeding method. Mean yield 
achieved on this site was 10.77 (±1.88) for 16 American genotypes, 
which is within the economically viable threshold. Albertsson 
et al. (2014) reported reductions in stem dry weight of up to 94.5% 
on average across three sites in Sweden. When mechanical and 
herbicide application methods were compared, mean yields for the 
former were 3.4 Mg DM ha−1 year−1 higher than the latter (7.5 Mg 
DM ha−1 year−1). If mechanical weed control were applied, energy 
intensity and carbon footprint could be lower than when applying 

FIGURE 15    |    Correlation plots between yield predicted by random forest model in the test set. Only optimum models shown as follows: (a) cu-
mulative with missing values; (b) cumulative without missing values; (c) average (only upper soil profile) with missing values; and (d) average (only 
upper soil profile) without missing values.
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herbicide (Nordborg et al. 2018). Trial plots are much smaller than 
commercial plantations and mechanical weeding may only be fea-
sible at small-scale plantations.

During the first harvest cycle, 1-year-old stems were signifi-
cantly different in dry weight from 2- and 3-year-old stems. 
Although yields from the establishment year (biomass produc-
tion in the growing season following planting) were included, 
there were only a few samples of data, and the difference be-
tween stem years was still significant when removed. During 
the first growing season after planting, roots started developing 
from cuttings holding back stem growth. The 1-year-old stems 
that were cutback (coppiced) after the first growing season fol-
lowing planting (2-year-old roots) produced higher yields than 
non-cutback crops, due to roots being developed during the es-
tablishment year. Yields in the second harvest cycle were higher 
than in the first cycle for all but the second shoot year. While 
higher yields for the second harvest cycle have been reported in 
previous studies, it is not possible to know from our current data 
why 2-year-old stems did not follow this trend.

Harvest cycles' length may vary between countries. In Sweden, 
3–5-year cycles are common (Mola-Yudego and Aronsson 2008), 
whereas best practice guidance in the United Kingdom suggests 
3-year cycles for an optimum balance between yield and costs 
associated with harvest operations (Caslin et al. 2023). Only six 
sites presented results on 4-year cycles and were left out from 
the analysis, as shown in Figure 12. Johnston et al. (2022) and 
Labrecque et al. (2023) studied the difference in yield between 
2-year and 3-year cycles in Northern Ireland and Canada, re-
spectively. While yields from 3-year cycles in Northern Ireland 
were about 10% higher than 2-year cycles, trials in Canada did 
not find generally any differences between them. The t-test 
showed a significant but not large difference (less than 1 Mg DM 
ha−1 year−1) between the two cycles' lengths (t = 3.87, p < 0.001). 
It included 22 sites for 2-year cycles and 88 sites for 3-year cycles.

Planting densities showed variability, but no correlation be-
tween yield and density was observed. Bullard et  al.  (2002) 
found significant differences and higher yields from higher den-
sities; however, some of these were beyond the current best prac-
tice (e.g., 111,000 plants ha−1). Planting dates (shown by month 
in Figure 6) show the importance of getting the cutting in the 
soil at the right time of the year to increase the yield by taking 
advantage of the solar radiation as early as possible in the grow-
ing season. The data include annual yields averaged across the 
cycle years, with most of the trials being cutback after the first 

growing season and only four sites being left to grow without 
coppicing. Cutback after the establishment year has been the 
standard practice globally for SRC willow, as it allows the willow 
to grow more stems in the following year and to apply herbicide 
to last the full harvest cycle. Tubby and Armstrong (2002) advise 
to cutback only if the plants have grown healthy and are able to 
shade the surrounding weeds. Conversely, McKenzie (2011) and 
Albertsson et al. (2014) found that coppicing after establishment 
negatively impacted biomass production and survival in plots 
in Scotland and Sweden, respectively. It would be interesting 
to gather some more data on non-cutback trials to understand 
under what conditions cutback could be beneficial or negative 
and transfer this advice to the growers, since the current com-
mercial standard in the United Kingdom is to not cutback after 
the establishment year (Lindegaard, pers. comm., January 2024).

4.2   |   Random Forest

Performance of SRC willow vary according to genotype by en-
vironment interaction, agronomy and management methods. 
These factors were analysed through random forest's algorithm 
for two different subsets (Table  3), using the maximum num-
ber of variables as possible as described in methods. For a meta-
analysis conducted on data collected from multiple and diverse 
sources, the data usually entails lack of standardisation and ho-
mogeneity between values that in most cases can be overcome 
(Ledo et al. 2019). For a sample point in the dataset, values col-
lected for other variables associated with a missing value will be 
discarded, with the risk of losing some important information 
in the process. Similar results were obtained for all models with 
this ‘default’ approach where missing values were handled with 
the default mode in the R package.

Due to both subsets not having the exact set of variables in-
cluded, a direct comparison of the importance of all variables 
was not possible. However, some common variables were found 
to be highly associated with AGB production as shown below. 
The results observed for all five models suggest that overfit-
ting was overcome and correlated variables did not inflate the 
variance explanation. While Hapfelmeier and Ulm (2014) agree 
with the inclusion of missing values as a much more reliable 
approach than leaving the analysis to complete cases only, they 
suggested that variable importance scores would benefit from 
an extra method to help random forest handle missing values. 
Similarly, it has been suggested that variable importance selec-
tion may be biased by how the random forest algorithm favours 

TABLE 4    |    Average yield (Mg DM ha−1 year−1) for each breeding stage and climatic zones.

Breeding

Climatic zone

Cool dry Cool moist Cool wet Warm moist Warm wet Total

1 8.59 6.96 7.31 8.25 7.76 7.49

2 8.31 9.35 8.53 10.97 9.58 9.16

3 9.86 8.25 6.64 11.24 10.54 9.21

4 10.22 8.40 5.64 12.67 9.05 8.90

Total 9.67 8.31 7.21 10.78 8.91 8.71
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the selection of categorical variables with a large number of lev-
els against fewer levels (Strobl et al. 2007), and the lack of a sig-
nificant threshold for separating important from non-important 
variables (Janitza et al. 2018).

R package randomForest was unable to provide an importance 
measure or ranking of the levels included in categorical predic-
tors. Thus, this interpretation was left to subjectivity and previ-
ous knowledge. The Caret package in R was tried but discarded 
since it did not handle missing values. It would be advised to try 
other random forest packages or use more classic statistical tests 
to check for these differences within predictors.

4.2.1   |   Annual Yield

Initial random forest models applied to the cumulative subset 
showed the same five most important variables with the grow-
ing season mean precipitation (‘avgprecip’) and the root year 
(‘rootage’) as the two most important in the same order. The age 
of the stems (‘shootage’), the diversity group (‘diversity’) and the 
growing season mean temperature (‘avgtemp’) were all among 
the five most important variables for the initial and optimum 
models with and without missing values.

Root year (‘rootage’) indicates the year since cuttings were 
planted is the most important variable according to the model 
and indicates the year since the cuttings were planted. Rootage 
is the most important variable associated with AGB produc-
tion according to the model and consistent with previous stud-
ies from Pacaldo et  al.  (2013) and Cunniff et  al.  (2015) where 
yield increase along the years for every cycle and within cycles. 
Similarly, our data shows similar results with an increase in yield 
over the first three harvest cycles (data not shown). However, 
shoot year (shootage) did not show any increasing pattern for 
any of the harvest cycles. Conversely, when harvest cycle was 
not included, yield showed an increase from beginning to the 
end of cycle.

Precipitation and temperature are important factors asso-
ciated with the performance of SRC willow (Rothamsted 
Research 2023). Richard et al. (2019) simulated the performance 
under different climate scenarios of different genotypes, with 
the latter showing clear differences in yield due to water avail-
ability and temperature. Under the same conditions, different 
genotypes performed differently due to differences in water use 
efficiency (biomass gained by unit of water used) and radia-
tion use efficiency (biomass gained by unit of solar radiation), 
among others. Lindroth and Båth  (1999) estimated AGB pro-
duction based entirely on precipitation, achieving good results. 
Although plant available water in soil did not reach a high score, 
Henner et al. (not published) found an important association be-
tween AGB production and proximity to water bodies.

Despite including in the model several variables highly cor-
related, the variance explained, prediction correlation between 
train and test data and RMSE associated with it do not vary 
in great proportion, as observed in Table S2. These results are 
consistent with Hanberry (2024), where models with correlated 
variables not only did not overfit but also provided the better 
association with the dependent variable. Despite only being 

interested in models including the variable associated with 
the genotype (GxE), the backward selection was continued as 
described in methods. A drop in variance explained (VE) was 
found in both with and without missing values models. While 
this drop in VE in the model with missing values was associated 
with a drop in PC and an increase in RMSE, we did not observe 
the same variation for the model without missing values.

4.2.2   |   Yield Averaged Over Full Cycle

When only the upper soil profile was included, due to a high 
percentage of missing values in the other two soil profiles, the 
VE was higher for the models including missing values than for 
those without them. Conversely, models without missing values 
performed better in terms of PC and RMSE. Similarly to mod-
els applied in the cumulative subset, the two initial models with 
and without missing values share the same most important vari-
ables with slight variation in the order observed. Their two opti-
mum models share eight variables within the 10 most important 
(Figure 13).

In summary, we have showed the versatility of a global SRC wil-
low dataset by running an ANOVA test on a subset for annual 
biomass production and a t-test for final yield averaged over 
the full harvest cycle. Random forest was applied to both sub-
sets with the maximum number of samples possible. The large 
number of locations with different types of management and en-
vironmental characteristics will enable the analysis of the vari-
ability in the performance of willow due to GxE interactions. 
This will allow growers to know the potential yield for different 
genotypes according to the site characteristics and agronomy 
to be applied. Despite some of the genotypes being outclassed 
or not marketed, a diversity group variable was created to help 
compare them to newer genotypes with similar backgrounds. 
Different combinations of genotypes per site could be used to 
assess the yield from a mixture of genotypes and fill the gap be-
tween research and industry.

With most of the genotypes showing a mean yield below the eco-
nomical threshold of 10–12 Mg DM ha−1 year−1 and a potential 
20% yield reduction when applied in commercial plantations, 
willow's purpose is not all about the yield; it is important to 
consider the environmental benefits reported from willow plan-
tations, such as soil remediation and Carbon Dioxide Removal 
(CDR) for carbon markets, nutrient retention buffers for agricul-
ture and wastewater treatment, and flood control as alternative 
incentives for planting, along with ongoing breeding efforts.

The lack of standardisation and homogeneity in the reporting 
of soil and environmental factors led to some assumptions that 
must be considered when analysing this data. When not re-
ported, precipitation and temperature were collected from the 
closest weather stations, some located miles away or from half-
degree estimations from CRU TS. Although random forest re-
gression showed high association between the latter and final 
yield, in addition to being consistent with previous studies, cau-
tion must be taken. Easy access to complete environmental data 
ranging from soil properties to climatic factors from research 
trials could improve our understanding of the complex associa-
tion between biomass production and genotype by environment 
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(GxE) interaction. This dataset could also be improved by the 
inclusion of newer genotypes and mixtures to be more represen-
tative of the commercial practice.
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Supporting Information

Additional supporting information can be found online in the 
Supporting Information section. Figure S1: Correlation diagram be-
tween numerical variables used in random forest analysis. Positive 
numbers indicate a positive relationship. Negative numbers indicate a 
negative correlation. The bigger the circle the higher the correlation. 
Figure S2: Annual yield (Mg DM ha−1 year−1) of all the genotypes and 
mixtures included in the willow SRC global dataset. Plot has been di-
vided in two for better visualisation. Standard error bars are shown as 
vertical black bars inside the green bars. Table S1: Metadata collected 
on Salix spp. from literature review and personal communications. It 
includes columns with the variables and associated units, number of 
parameters or levels for categorical variables and a brief description. 
Table  S2: gcbb70069-sup-0003-TableS1-S2.docx. Table including all 
the models and associated values for the four situations considered. 
Cumulative subset including three soil profiles with and without miss-
ing values. Average subset including only the upper soil profile with and 
without missing values. Data S1: Global SRC willow dataset R code. 
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