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Andrej Pilipović is a Senior Research Fellow at the University of Novi Sad, Institute of Lowland

Forestry and Environment, Novi Sad, Serbia. He specializes in the use of poplar, willow, and other

forest tree species for growth in altered and unfavorable environments for various uses such as

phytoremediation, biomass production, and carbon sequestration.

ix





Preface to ”Growth and Development of Short
Rotation Woody Crops for Rural and Urban
Applications”

Woody biomass from short rotation woody crops (SRWCs) plays a substantial role in feedstock

production for alternative energy sources throughout the world, thus helping to mitigate climate

change driven by excessive use of fossil fuels. Establishment of these biomass production systems

presents the basis for more efficient development of renewable energy sources while avoiding

impacts to essential ecosystem services (e.g., additional emissions of carbon dioxide (CO2) into

the atmosphere). In addition to these bioenergy-related uses, the increase of degraded land

such as industrial brownfields and municipal landfills has prompted the integration of biomass

production with phytotechnologies to produce income, sequester carbon, and clean the environment.

Recognizing the need for information linking the silviculture of intensive forestry with the provision

of ecosystem services, this special issue focuses on the growth and development of SRWCs grown

for all types of applications along the rural to urban continuum (i.e., forest buffers, forest health

screening, phytoremediation, short rotation coppice, volume production, wastewater reuse).

Ronald S. Zalesny, Jr. and Andrej Pilipović

Editors
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Editorial

Growth and Development of Short-Rotation Woody Crops for
Rural and Urban Applications
Ronald S. Zalesny, Jr. 1,* and Andrej Pilipović 2

1 USDA Forest Service, Northern Research Station, Institute for Applied Ecosystem Studies,
Rhinelander, WI 54501, USA

2 Institute of Lowland Forestry and Environment, University of Novi Sad, 21000 Novi Sad, Serbia;
andrejp@uns.ac.rs

* Correspondence: ronald.zalesny@usda.gov

1. Introduction

Woody biomass from short-rotation woody crops (SRWCs) plays a substantial role in
feedstock production for alternative energy sources throughout the world, thus helping to
mitigate climate change driven by excessive use of fossil fuels. The establishment of these
biomass production systems presents the basis for more efficient development of renewable
energy sources while avoiding impacts (e.g., additional emissions of carbon dioxide (CO2)
into the atmosphere) on essential ecosystem services such as clean water and healthy soils.
In addition to these bioenergy-related uses, the increase of degraded land such as industrial
brownfields and municipal landfills has prompted the integration of biomass production
with phytotechnologies to produce income, sequester carbon, and clean the environment.
Recognizing the need for information linking the silviculture of intensive forestry with the
provision of ecosystem services, this Special Issue focused on the growth and development
of SRWCs grown for numerous applications in rural and urban areas.

There are a total of 20 papers in the Special Issue representing 13 countries and four
genera (Phalaris L., Populus L., Robinia L., Salix L.) (Figure 1; Table 1). In addition to the
development and management of a Salix cultivar database [1], rural and urban applications
represented in the Special Issue include: (a) forest buffers [2], (b) forest health screening [3,4],
(c) phytoremediation [5–7], (d) short rotation coppice [8–15], (e) volume production [16–18],
and (f) wastewater reuse [19,20] (Table 1). There were >130 genotypes from 27 genomic
groups tested across all studies (Table 2), representing the importance of phyto-recurrent
selection and other methods to choose clones for local and regional biomass production
systems whose methodologies and approaches are relevant worldwide. Our objective in
this editorial was to summarize each of the studies included in the Special Issue, which is
included in the following section.
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Figure 1. Countries with manuscript contributions in the Special Issue on the Growth and Develop-
ment of Short-Rotation Woody Crops for Rural and Urban Applications (https://www.mdpi.com/
journal/forests/special_issues/growth_development_woody_crops; accessed on 25 May 2022).
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Table 1. Applications of short-rotation woody crops tested worldwide and described in the contri-
butions of the Special Issue on the Growth and Development of Short-Rotation Woody Crops for
Rural and Urban Applications (https://www.mdpi.com/journal/forests/special_issues/growth_
development_woody_crops; accessed on 25 May 2022).

Application Genus Location Contribution DOI

Cultivar Database 1 Salix Global McGovern et al. [1] https://doi.org/10.3390/f12050631
Forest Buffers Populus Canada Fortier et al. [2] https://doi.org/10.3390/f12020122

Forest Health Screening Populus Serbia Zlatković et al. [3] https://doi.org/10.3390/f11101080
Populus Serbia Galović et al. [4] https://doi.org/10.3390/f12050636

Phytoremediation Populus United States Zalesny et al. [5] https://doi.org/10.3390/f12040430
Populus United States Pilipović et al. [6] https://doi.org/10.3390/f12040474
Populus Canada Hu et al. [7] https://doi.org/10.3390/f12050572

Short Rotation Coppice Salix Japan Han et al. [8] https://doi.org/10.3390/f11050505
Salix Japan Harayama et al. [9] https://doi.org/10.3390/f11080809

Populus Canada Thiffault et al. [10] https://doi.org/10.3390/f11070785
Populus Spain González et al. [11] https://doi.org/10.3390/f11111133
Robinia Spain González et al. [11] https://doi.org/10.3390/f11111133
Populus Spain Oliveira et al. [12] https://doi.org/10.3390/f11121352
Populus Germany Landgraf et al. [13] https://doi.org/10.3390/f11101048
Populus Kazakhstan Thevs et al. [14] https://doi.org/10.3390/f12030373
Populus Kyrgyzstan Thevs et al. [14] https://doi.org/10.3390/f12030373
Populus Tajikistan Thevs et al. [14] https://doi.org/10.3390/f12030373
Populus Hungary Schiberna et al. [15] https://doi.org/10.3390/f12050623

Volume Production Robinia Poland Kraszkiewicz [16] https://doi.org/10.3390/f12040470
Populus United States Ghezehei et al. [17] https://doi.org/10.3390/f12070869
Phalaris Sweden Mola-Yudego et al. [18] https://doi.org/10.3390/f12070897

Wastewater Reuse Salix Hungary Kolozsvári et al. [19] https://doi.org/10.3390/f12040457
Salix Slovenia Istenič and Božič [20] https://doi.org/10.3390/f12050554

1 McGovern et al. [1] did not describe the growth and development of short-rotation woody crops for rural and
urban applications but rather a database of Salix cultivars that can be used globally for genotype management
and selection.
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2. Applications from Around the Globe

McGovern et al. [1] described a proof-of-concept of an SQL database to store existing
information on Salix cultivars and to allow users to compare and submit new Salix cultivar
entries. The development and management of this cultivar database have the potential
to enhance an existing checklist for Salix cultivars that includes 968 epithet records in a
Microsoft Excel spreadsheet format. This existing checklist has been maintained since 2015
by the International Commission on Poplars and Other Fast-Growing Trees Sustaining
People and the Environment of the Food and Agriculture Organization of the United
Nations (UN FAO) (https://www.fao.org/ipc/en/; accessed on 25 May 2022), highlighting
the global reach of their work.

Fortier et al. [2] conducted a study in Canada on the use of hybrid poplars in forest buffers
to reduce firewood harvest pressure in woodlots while improving ecosystem services related
to soils, water, and carbon. They evaluated the natural drying and chemical characteristics of
hybrid poplar firewood produced from bioenergy buffers and then compared those results to
Populus tremuloides Michx., Acer rubrum L., and Fraxinus americana L. from adjacent woodlots.
They determined that hybrid poplar buffers could be used as firewood feedstock in the fall
and spring when heat demand is less intense than in the colder winter months.

Zlatković et al. [3] used a forest health screening approach to identify a bacterial
pathogen (Lonsdalea populi) causing cankering of two-year-old hybrid poplar in the Vojvod-
ina province in Serbia. This was the first report of L. populi causing bacterial canker disease
in the country as well as throughout southeastern Europe. The cankering was observed
on stems and branches and consisted of a soft, watery, colorless fluid that smelled rotten
and flowed from bark fissures. Two weeks after being observed, the cankers caused crown
dieback. These results are important for the region and Serbia, given the implications for
the potential need to screen for L. populi in poplar breeding and testing programs.

Galović et al. [4] used a forest health screening approach to test the variability among
three hybrid poplar genotypes in their ability to tolerate salts in halomorphic soils such as
those in the Vojvodina province in Serbia. The clones were hydroponically subjected to NaCl
concentrations ranging from 150 to 450 mM, and biochemical responses were quantified in
the leaves via estimation of radical scavenging capacities and accumulation of total phenolic
content and flavonoids. Using molecular genetic approaches, they reported that two of
the three clones were highly salt-tolerant and exhibited potential for phytoremediation of
halomorphic soils and other saline environments.

Zalesny et al. [5] evaluated the genotype × environment interactions of hybrid poplars
growing at sixteen phytoremediation buffer systems (i.e., phyto buffers) in the Great Lakes
Basin in the United States (Figure 2). They tested health, growth, and volume during
establishment (i.e., ages one to four years) and identified generalist clones exhibiting
superior performance across a broad range of phyto buffers as well as specialist genotypes
that were adapted to local soil and climate conditions. They concluded that a combination of
these response groups would enhance the potential for phytoremediation best management
practices that are regionally developed and yet globally relevant.

Pilipović et al. [6] studied hybrid poplars at the phytoremediation buffer systems
(i.e., phyto buffers) described by Zalesny et al. [5]. They compared the establishment poten-
tial of promising hybrid poplar clones developed at the University of Minnesota Duluth’s
Natural Resources Research Institute (NRRI) with experimental genotypes with a rich his-
tory of testing and common genotypes used for commercial and/or research purposes
in the midwestern United States. Overall, certain NRRI clones had exceptional survival
and growth relative to experimental or common clones across at least ten phyto buffers,
indicating their potential for use in geographically robust phytotechnologies.
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Hu et al. [7] described field testing of salt-tolerant balsam poplar (Populus balsamifera L.)
clones used for reclamation around end-pit lakes associated with bitumen extraction in north-
ern Alberta, Canada. They used phytoremediation approaches to select genetically suitable
native balsam poplar clones screened in the greenhouse and at field sites with a tolerance to
salty process-affected water resulting from the hot-water bitumen extraction process at oil
sands mine sites. Overall, their work elucidated an integrated system for choosing balsam
poplar for oil sand reclamation, providing information showing the advantage of deploying
selected native material versus unselected genotypes.

Han et al. [8] tested the influence of mulching and cutback (i.e., coppicing) on the
suppression of weed competition and their interactive effects on biomass productivity
of short-rotation coppice (SRC) willow in northern boreal Hokkaido, Japan. Trees were
harvested after three years of growth following cutback, and those grown with mulch
exhibited 1130% greater biomass production than those exposed to weed competition. In
these non-mulched plots, weed biomass was 800% greater than willows. Overall, their
results showed that SRC willow is a biomass feedstock alternative in the region if used
with mulching to sustain complete weed control.

Harayama et al. [9] estimated the yield loss of short-rotation coppice (SRC) willow
from deer browse in northern boreal Hokkaido, Japan. They allowed deer browsing to
occur after the first summer of the second coppice cycle and subsequently recorded the
number of sprouting stems and the number of deer-browsed stems. Then, after three years,
they quantified yield losses and reported 80% reductions in yield after browsing of only a
single stem per parent root system. At the stand scale, these yield losses were as high as
6 tons ha−1 year−1 (dry biomass), suggesting the need for silvicultural prescriptions that
include control of deer browsing.

Thiffault et al. [10] tested two intensive mechanical site preparation treatments versus
a control with no site preparation to assess the survival, growth, and nutritional status of
short-rotation coppice (SRC) poplars in Québec, Canada. They also assessed differences
among treatments for inorganic soil N. After four growing seasons, survival was nearly
twice as high for both treatments (mounding = 99%; V-blade = 91%) relative to the control
(48%), and trees exhibited 155% (mounding) and 91% (V-blade) greater diameter than
control trees. Overall, they reported mounding as being the best treatment given higher
survival and growth along with the lowest erosion potential.

González et al. [11] quantified mid-rotation nutrient contributions from leaf litter of
short-rotation coppice (SRC) of white poplar, black locust, and an even mix of both species
on the Iberian Peninsula of Spain. They reported white poplar exhibited 32% and 20%
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greater leaf biomass than black locust and the species mix, respectively. White poplar had
15% more leaf carbon than the other two treatments, which did not differ from one another.
Contributions of individual macronutrients were highly variable across species and the
mix, leading to their results recommending deploying mixtures of species to achieve a
potential reduction in the amount of mineral fertilization required at the stand level.

Oliveira et al. [12] reviewed the potential of short-rotation coppice (SRC) poplars
in Mediterranean conditions and in Spain as sustainable biomass feedstock production
systems for a circular bioeconomy that is robust to global change. They reviewed these SRCs
for their abilities to provide quality biomass with predictable yield and periodicity across
the landscape. In their analysis, they considered: genetic plant material, planting designs,
site maintenance activities, yield prediction, biomass characterization, and ecosystem
services. Despite recent advances, they concluded more work on these components is
necessary to develop a circular bioeconomy at regional and national levels.

Landgraf et al. [13] tested the survival, growth, and biomass production of 37 poplar
genotypes grown as short-rotation coppice (SRC) in northeastern Germany. In addition to
first-year survival, they reported results after the first and second coppice cycles, with three
years for each cycle. Overall, their varieties exhibited broad variation in all traits, with the
top seven clones having at least 11 Mg ha−1 year−1 of aboveground dry biomass after the
second coppice cycle being recommended for commercial use. Six varieties had less than
4 Mg ha−1 year−1. In general, biomass yield increased from the first to the second harvest,
although some varieties produced less biomass in subsequent years.

Thevs et al. [14] estimated the growth rates and biomass production of 30 poplar geno-
types grown as short-rotation coppice (SRC) across nine sites in Kyrgyzstan, Kazakhstan,
and Tajikistan in central Asia. There was a difference in genomic group performance based on
elevation, with P. deltoides × P. nigra and P. nigra × P. maximowiczii clones exhibiting the greatest
stem volumes and biomass yields at lower elevations, and P. maximowiczii × P. trichocarpa and
pure P. trichocarpa genotypes performing the best at higher elevations. They concluded that
many of the cultivars tested could be incorporated into SRC and agroforestry applications.

Schiberna et al. [15] reviewed the biomass production potential of short-rotation
coppice (SRC) poplars in Hungary. Based on the literature-derived values for site char-
acteristics, yield, and costs, they developed an economic model to predict the financial
performance of these biomass feedstock production systems. They reported break-even
yields ranging between 6 and 8 Mg ha−1 year−1 of aboveground dry biomass on shorter
rotations with an evenly distributed cash flow. In addition to SRC applications, they also
discussed the potential of extending industrial rotations to range from 20 to 25 years to
produce high-quality veneer logs, which are currently limited to rotations of up to 15 years.

Kraszkiewicz [16] quantified the growth and volume production of 14 black locust
stands varying in soil and climate conditions in Małopolska Kraina, southeastern Poland.
The biomass volume of the stands was similar to that of natural forests. In addition, four
of these stands were 4 to 8 years old and exhibited a stand height (2 to 8 m) and diameter
(4.5 to 12.0 cm) consistent with short-rotation poplar and willow systems in the region.
Based on his results, he concluded that black locusts can be complementary to poplars and
willows as bioenergy feedstocks to produce medium-sized timber on marginal lands not
suitable for most tree species.

Ghezehei et al. [17] estimated the volume production and profitability of poplars
grown with different planting densities and fertilization treatments across three sandy
coastal sites in North Carolina in the United States. Overall, survival ranged from 62 to
93%, and the mean annual increment of green stem biomass of six-year-old trees ranged
from 9 to 25 Mg ha−1 year−1 across densities. Fertilization increased volume production
on fertile soils but not at marginal sites. Given economic barriers of establishment costs
and weed control with higher planting densities, their calculated break-even price was
27 USD Mg−1 (delivered). Weed control was more important than fertilizer for determining
this threshold.
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Mola-Yudego et al. [18] compared the volume production, land-use patterns, and climatic
profiles of reed canary grass versus traditional energy crops (i.e., poplars and willows) in
Sweden. Reed canary grass is grown in colder climates in areas that have lower agricultural
productivity than poplars and willows, yet they found its mean yields of 6 Mg ha−1 year−1

(experimental) and 3.5 Mg ha−1 year−1 (commercial) to be similar. Nevertheless, they con-
cluded that broad-scale application of reed canary grass may be hindered as its land area for
production is more sensitive to policy incentives than short rotation woody crops (i.e., due to
insufficient markets and lack of compensation for ecosystem services).

Kolozsvári et al. [19] conducted a wastewater reuse project utilizing fish farm effluent
as irrigation and fertilization for the production of short-rotation energy willow in Hungary.
Comparing two fertigation sources (i.e., effluent water and freshwater), they reported that
effluent water increased willow yield. The phytoextraction of nutrients was tissue-specific,
with nitrogen and sodium being taken up into leaves and phosphorus accumulating in
the stems. There was an inverse relationship between phosphorus uptake and irrigation
volume. Trees irrigated with effluent water were healthier than those with freshwater,
indicating the potential for wastewater reuse to increase willow production.

Istenič and Božič [20] tested the potential for wastewater reuse in an evaporative wil-
low system (EWS) accepting primary treated municipal wastewater in a sub-Mediterranean
climate in Slovenia. Willows receiving wastewater exhibited greater growth and biomass
than untreated controls. The nutrient recovery potential of the EWS was high, with the
uptake of nitrogen (48%) and phosphorus (45%) being greater in willows than in other
plants used for wastewater treatment. Trees from one genotype had the least biomass
and the greatest nutrient uptake, leading to the need for clonal selection to maximize the
biomass production of EWS while mitigating discharge to surface and groundwater.

3. Concluding Remarks

As highlighted above, there is great potential for SRWCs to be included in biomass
feedstock portfolios and environmental applications in rural and urban areas. Coupled
with engineering approaches, the green solutions presented in this Special Issue offer an
opportunity to sustainably produce biomass for bioenergy, biofuels, and bioproducts while
reducing impacts from anthropogenic activities on local- and landscape-level ecosystem ser-
vices. In addition, integrating biomass production with phytotechnologies offers potential
pollution solutions for increasing community health and livelihoods.

Author Contributions: Conceptualization, A.P. and R.S.Z.J.; writing—original draft preparation,
R.S.Z.J.; writing—review and editing, A.P. and R.S.Z.J.; visualization, R.S.Z.J.; funding acquisition,
R.S.Z.J. All authors have read and agreed to the published version of the manuscript.

Funding: This work was funded by the Great Lakes Restoration Initiative (GLRI; Template #738
Landfill Runoff Reduction).

Acknowledgments: The findings and conclusions in this publication are those of the authors and
should not be construed to represent any official USDA or United States Government determination
or policy. We are grateful to all of the authors and reviewers of the individual manuscripts; without
you this Special Issue would not be possible. We thank E.R. Rogers and R.A. Vinhal for reviewing
earlier versions of this manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. McGovern, P.; Kuzovkina, Y.; Soolanayakanahally, R. Short communication: IPC Salix cultivar database proof-of-concept. Forests

2021, 12, 631. [CrossRef]
2. Fortier, J.; Truax, B.; Gagnon, D.; Lambert, F. Natural drying and chemical characteristics of hybrid poplar firewood produced

from agricultural bioenergy buffers in southern Québec, Canada. Forests 2021, 12, 122. [CrossRef]
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Abstract: A variety of Salix L. (Willow) tree and shrub cultivars provide resources for significant
commercial markets such as bioenergy, environmental applications, basket manufacturing, and orna-
mental selections. The International Poplar Commission of the Food and Agriculture Organization
(IPC FAO) has maintained the Checklist for Cultivars of Salix L. (Willow) since 2015 and now lists
968 epithet records in a Microsoft Excel spreadsheet format. This Proof-of-Concept (POC) investigates
using an SQL database to store existing IPC Salix cultivar information and provide users with a
format to compare and submit new Salix cultivar entries. The original IPC data were divided into
three separate tables: Epithet, Species, and Family. Then, the data were viewed from three different
model perspectives: the original Salix IPC spreadsheet data, the Canadian (PWCC), and the Open4st
database. Requirements for this process need to balance database integrity rules with the ease of
adding new Salix cultivar entries. An integrated approach from all three models proposed three
tables: Epithet, Family, and Pedigree. The Epithet and Family tables also included Species data with a
reference to a website link for accepted species names and details. The integrated process provides a
more robust method to store and report data, but would require dedicated IT personnel to implement
and maintain long-term. A potential use case scenario could involve users submitting their Checklist
entries to the Salix administrator for review; the entries are then entered into a test environment by
IT resources for final review and promotion to a production online environment. Perhaps the most
beneficial outcome of this study is the investigation of various strategies and standards for Epithet
and Family recording processes, which may benefit the entire Populus and Salix communities.

Keywords: proof-of-concept: use case; spreadsheet; CSV file; SQL; database; data integrity; GitHub;
Linux

1. Introduction

Tree breeding projects are expensive, span multiple years, and may require data from
historical tree generations. These are worthy justifications to use a robust cultivar process
to track epithets, families, and related details. Accurate cultivar details could provide
supportive data for plant patent applications. Pedigree data from multi-generational
breeding may avoid inbreeding mistakes and save time in future years. Epithet and family
relationships can also be associated with nursery, field trials, and statistical views.

An online Google search for the terms “tree cultivar database” returned over one
million results spanning a variety of horticultural species and topics such as urban trees,
an avocado variety database, and arboretum collections. Another online Google search for
“botanical database schema” returned over 500,000 results also spanning diverse subjects
that addressed specific organizational needs and unrelated topics. These wide-ranging
results may help explain why botanical organizations design and create their own plant
databases for their specific user and technical requirements.
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The venerable spreadsheet computer application is often the tool of choice for quickly
storing and analyzing a variety of data. College courses have long included spreadsheet
training, allowing for the widespread acceptance of spreadsheets for home, business, and
scientific data. There are a variety of spreadsheet applications with proprietary file formats.
However, the comma-separated (CSV) file format can be exported from most spreadsheets
using a comma or other character as a field separator. These CSV text files provide a
somewhat universal format to exchange data files without proprietary dependencies.
Nevertheless, the ubiquitous nature of spreadsheets presents risks in terms of data integrity
by not enforcing data accuracy, and in terms of the challenge of managing many different
files with related data over time.

1.1. Characteristics of the Original IPC Salix Spreadsheet Data

In 2013, the International Poplar Commission of the Food and Agriculture Organiza-
tion (IPC FAO) was appointed as the International Cultivar Registration Authority (ICRA)
for willows. The first edition of the Checklist for Cultivars of Salix L. (Willow) [1,2] was
compiled in 2015 in Microsoft Word format to promote a standardized registration process
for new cultivar epithets. Eight hundred and fifty-four cultivar epithets with accompanying
information were included in the first edition of the Checklist. Since then, more epithets
have been added to the Checklist, which had grown to 968 records by 2020 when it was
converted to a spreadsheet in Microsoft Excel format. Some duplications of epithets were
revealed, making it difficult to discern unique epithet, species, and family names. There
are 27 epithet names that are duplicated multiple times, including ‘Pendula’ (11 times)
and ‘Pyramidalis’ (3 times). The original Salix spreadsheet contains 39 columns providing
a flat one-line view of each epithet that does not enforce relationships between parents
and other related epithets. Epithet records are encapsulated with opening and closing
single quote characters [3] (e.g., ‘Abbey’s Harrison’). There are seven trademark names
in the epithet column suffixed with the trademark sign (™) and one with the registered
trademark symbol (®).

The original species field data is a mix of Salix species and hybrid names having
91 unique name combinations. There were 21 hybrid names that included the Punycode
“×” multiplication character denoting a hybrid name. A number of the species name
records were suffixed with spaces and single quote characters. There were 25 epithets
with null (empty) species values and 236 with “S.” representing an unknown Salix species
name. The original Salix spreadsheet lists 122 records with family associations by listing the
parents in the “mother” or “father” columns. The parents were a combination of species,
hybrid names, and cultivars marked with single quote characters.

It should be noted that the compilation of the Checklist for Cultivars of Salix L.
(Willow) was the first attempt to assemble scattered records from existing references, and
not through direct communication with the cultivar developer and breeders. Therefore,
the Checklist records lack the standard details present in the other databases investigated
in this study. For example, there were limited data on pedigree and parents of most hybrid
cultivars that were not identified at the clonal level. Also, there were no seedlot records or
experimental trials.

1.2. Characteristics of the Canadian Database Model

The Canadian Populus and Salix Clone Directory [4] was produced by the Poplar and
Willow Council of Canada (PWCC). The PWCC is a non-profit organization established in
1977 for wise use, conservation, and sustainable production of poplar and willow genetics
resources. It stores Canadian germplasm data for clones, pollen, seedlot, and progeny. The
original database was in a hard copy state since 1986, then transferred to electronic format
with approximately 1000 new entries contributed by forest companies, governments, and
private industry, for a total of over 6600 entries. Between 2015 and 2018, the database was
converted to an online Microsoft Access database format and now contains over 26,419
records searchable by 25 column headings.
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The established nature, size, and evolution of the Canadian database could provide
a basis for standards for similar databases. Some Canadian database columns with a
summary of their descriptions [5] and noteworthy database observations are:

• ID: A unique number for each entry. This column may allow duplicate “Name”
column entries without conflict.

• Name: The family population name or a clone number or name.
• Family: Population entries display seedlot number. Clone entries display family

numbers if known. This column data may associate with other family columns such
as “Family comments”, Male and Female parent columns, Male and Female Clone,
and “Year Bred” columns.

• Sex: Four single-character designations: M (Male), F (Female), U (Unknown), or B
(Both).

• Genus/Material Type: Five two-character designations for the genus or material type.
• Source Type: Multi-character categories describing source types including sib types,

cuttings, wild, or NA (Not Available/Not Applicable).
• Category: Multi-character classifications of Populus or Salix germplasm including sib

types, cuttings, wild, native, or NA (Not Available/Not Applicable).
• Female and Male Parent Columns: The female or male species name with parenthe-

ses used to distinguish between parents in three-species clones.
• Female and Male Parent Clone Columns: The female or male clone name or number

used to produce the clone. Parentheses are used to distinguish between parents in
three-species clones.

• Year Bred: The four-digit year when the breeding or collection took place or NA (Not
Available/Not Applicable).

• Year Selected: The four-digit year when the material was selected or NA (Not Avail-
able/Not Applicable).

• Year Released: The four-digit year when the material was released for commercial
use or NA (Not Available/Not Applicable).

• Hybrid Designation: Hybrid names are preceded with the Punycode “×” multipli-
cation character to improve database searching. However, caution is urged since the
exact hybrid lineage has not been scientifically verified for some of the earlier data.
This column lists an applicable hybrid name that may associate with the listed parental
species name entries.

• Many column entries only allow specific character set entries using SQL check con-
straints to help maintain data entry integrity. Examples include the “Sex” (single
character), “Category” (variable characters), and “Year selected” (4 digits). Some fields
also allow “NA” values that designate “Not Available/Not Applicable” data.

• The Canadian database records have a flat single table appearance similar to a database
view making it possible to display them in a single spreadsheet worksheet. This single
table view process makes it easier for users to understand and view the data simply
using the various search fields to access the entire database. Searching the database is
case insensitive and does not require the exact case of the intended values. Below are
sample searches that help describe the data:

• Searching the Clone Directory Database [6] for the clone “Name”, “a69” can be entered
as, “A69” or “a69” both returning 65 results.

• The aforementioned search returns “AK50” as a “Name” column value without a
space, while other “AK” entries have spaces.

• Searching the “Name” fields for “ak” or “AK” both return 39 results including “AK50”.
• Searching the “Name” fields for “ak 30” and the “Female Parent Clone” column for

“a69” returns two “AK 30” “Name” records. This is possible because the “ID” fields are
different. Also, note that the “Current Status” and “Data Source” values are different
and may explain the discrepancy.

• Searching the “Female Parent Clone” column for “473-5070” returns ten records with
the “Female Parent Clone” value of: “473-5070; FR17; Fraser River South-BC, Canada”.
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However, searching the “Name” column for “473-5070” or “FR17” returns no records.
The database search tool may not be able to identify parents also included in the
“Name” clone column.

1.3. Characteristics of the Open4st Database Model

The Open4st database [7] was developed in March 2011 to provide online access to the
Open4st project clones, families, and related experimental data [8]. It uses the open-source
PostgreSQL relational database [9] and the online DBKiss database application [10] to
allow read-only access to the database tables and views. It contains an SQL editor that
allows custom SQL queries for more in-depth custom reports and can save previous queries
for later retrieval. This database process is designed to be used as a central repository
by importing data via CSV files, creating SQL queries for specific reports and views for
“big picture” cumulative annual summaries that can be exported back to CSV files for R
Programming and further user analysis.

An open-source development copy of the Open4st database [11] (aka “r4st”) is avail-
able via the pmcgover/24dev-demo GitHub public repository. It is a prototyping add-on
process for the OSGeo Live DVD [12] that allows users to review, modify, and execute the
open-source code using the MIT license [13]. To access this material, users can review the
GitHub 24dev-demo documentation, download the latest 24dev-demo release, and install
it on an OSGeoLive system [12].

The r4st database documentation provides a high-level description of the 24dev-demo
process. The r4st/csv folder contains the CSV files that are loaded into the database with
scripts from the r4st/bin folder to create the tables and views. This is essentially a build
process that drops and recreates all of the existing data each time the scripts are activated.
This allows for easy modifications but could be deactivated and used long term without
the build process. The final build step creates a single database dump file of the entire
database that can be copied to different server environments and optionally configured
from the default write access to read-only access. Key Open4st tables include the Plant
(epithet details), Family (parent details), Pedigree (parent/child lineage details), test_detail
(annual nursery details), taxa (clone or family species details), and field_trial (field trial
details) tables. Related data are associated between tables using foreign key relationships.

Figure 1 shows the current online Open4st DBKiss database application that contains
11 tables and 40 views. Below are key usage notes for the DBKiss database application [10]
used throughout this POC.

• Database Tables are displayed on the left side and views on the right. Clicking on a
table or a view displays its contents similar to a spreadsheet. Database tables in this
context are based on actual spreadsheet data that are loaded into the database.

• Database views can display data from different tables in a variety of reports and
summaries with different levels of aggregation.

• Clicking on the view “Count” header displays the count of each view.
• Below are navigation options for the tables or views (Figure 2: Open4st Plant Table

Listing):

# Selecting the “full content” box and clicking the “Search” button expands rows
to include all data.

# Export any given page by clicking one of the “Export to CSV:” options.
# Click on any column header to reverse the entire column sort order.
# The user can search any column by entering text in the search box below the

“All tables” link, then select the related column from the next drop-down list.
Searches are case insensitive.

• The Execute SQL pages allow the user to enter SQL Queries to further refine the search.
This is an advanced feature.
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The Open4st database was developed for a restricted set of users. It does not have time-
tested exposure or follow column naming standards similar to the IPC Salix or Canadian
databases. The species data is derived from a “Taxa” table, which does not follow consistent
binomial or species naming conventions.

1.4. Characteristics of the Integrated IPC Salix Cultivar Database Proof-of-Concept

Each database model has pros and cons for its respective processes. Given these
contrasting models, the intent of this POC is to demonstrate an SQL database to store
existing IPC Salix cultivar information and provide users with a format to compare and
submit new Salix cultivar entries. An integrated approach from all three models is proposed
using three tables: Epithet, Family, and Pedigree.

The database tables can be displayed online or generated from a desktop application
with desired views copied to an online spreadsheet. Users can view the flat inline Epithet
and Family records to understand relationships and allow them to submit their new Salix
cultivar epithet and family entries. A potential scenario could involve users submitting
their Checklist entries to the Salix administrator for review; the entries are then entered
into a test environment by IT resources for final review and promotion to a production
online environment.

1.5. Integrated IPC Salix Cultivar Database Use Case

The following use case scenario describes the interactions, events, and flow steps
between the actors (participants) and the various systems (Figure 3).
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1.5.1. Brief Description

This use case describes a local and online database system to store IPC Salix Cultivar
information populated by a user Checklist registration process.
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1.5.2. Actors

1. IPC Salix Administrator: (e.g., Yulia Kuzovkina).
2. IPC Salix User: A user submitting an IPC Salix Checklist request that should be

approved by Kuzovkina before it is uploaded to the database.
3. Database Administrator (DBA): (e.g., Patrick McGovern).
4. Local Database System: Located on the DBA’s local desktop computer with produc-

tion (PRD) and pre-production (SIT or Staging) database environments.
5. Online Database System: Located on an online hosted database server with SIT and

PRD database environments.
6. Online Salix Checklist Views: The checklist views vw3_checklist_root_level_epithet [14]

and vw4_checklist_epithet_family [15], stored on the Online and Local Database System.
7. Online Salix Checklist Worksheets: The user-accessible Google worksheets with the

Online Salix Checklist View data that is documented and formatted to allow users to
copy and submit their own root-level epithet and epithet/family level records. See
Google worksheets: vw3_checklist_root_level_epithet [16] vw4_checklist_epithet_
family [17] and a CollaboratedChecklist [18] for all parties to collaborate on the
proposed Checklist entries.

1.5.3. Triggers

The system is triggered when the IPC Salix User submits their IPC Salix Cultivar files
to the IPC Salix Administrator for approval.

1.5.4. Pre-Conditions

1. The Local and Online Database Systems have pre-populated table and view data (e.g.,
Epithet, Family and Pedigree tables, and Checklist views).

2. The Online Salix Cultivar Worksheets (vw3_checklist_root_level_epithet [16] and
vw4_checklist_epithet_family [17]) have the latest version of the vw3_checklist_root_
level_epithet [14] and vw4_checklist_epithet_family [15] data from the Online Database
System and are available for IPC Salix user access.

1.5.5. Basic Flow of Events

1. The IPC Salix Users download the Google Online Salix Cultivar Worksheet with the
vw3_checklist_root_level_epithet and vw4_checklist_epithet_family view data and
submit their new root epithet and/or family epithet Salix record request to the IPC
Salix Administrator.

2. The IPC Salix Administrator reviews the IPC Salix user Cultivar submission and
communicates with the user to approve, reject, or adjust the request.

3. The approved Cultivar files are entered by the DBA into the SIT Local Database
System, which is then copied to the SIT read-only Online Database System viewable
by all users.

4. The IPC Salix Administrator and user approve, reject, or adjust the SIT changes.
5. The approved changes are then promoted by the DBA and copied to the PRD Local

and Online read-only Database systems.

1.5.6. Special Requirements

1. The complexity of the system may likely require dedicated IT personnel to implement
and maintain this process long term.

2. Any other system changes are also tested first in SIT, and then promoted to PRD.
Version control for database and/or Checklist file updates are considered.

3. The Local Database System can be tested locally via the 24dev-demo [11] add-on with
the OSGeo-Live DVD [12], USB flash drive [19], or the VirtualBox application.
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1.6. Technical Information

Additional methodologies, technical details, and screencast videos are also avail-
able [20].
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Abstract: Implementing bioenergy buffers on farmland using fast-growing tree species could reduce
firewood harvest pressure in woodlots and increase forest connectivity, while improving carbon
sequestration, phytoremediation, stream habitats, soil stabilization and hydrological regulation. The
objective of the study was to evaluate the natural drying and chemical characteristics of hybrid
poplar firewood produced from bioenergy buffers, and to compare these characteristics with those of
native species harvested in adjacent woodlots. In Trial A, 110 cm-long unsplit logs (a feedstock for
biomass furnaces) were produced to evaluate the effect of log diameter class on firewood quality. In
this trial, hybrid poplar firewood characteristics were also compared with Populus tremuloides, Acer
rubrum and Fraxinus americana. In Trial B, the effect of hybrid poplar genotype and cover treatment
was evaluated on the moisture content of short split logs (40 cm long). Firewood of satisfactory
quality was produced on a yearly cycle for short split logs, and on a biannual cycle for long unsplit
logs. Covering short split log cords with metal sheeting lowered the final moisture content (from
20.7% to 17.3%) and reduced its variability, while genotype did not significantly affect final moisture
content. In Trial A, larger-diameter logs from hybrid poplar had lower element concentrations,
but slightly higher moisture content after two years. A two-fold variation in N concentration was
observed between diameter classes, suggesting that burning larger poplar logs would minimize
atmospheric N pollution. Heating value, carbon and calcium concentrations increased following the
seasoning of hybrid poplar firewood. After the first seasoning year outdoors, hybrid poplar had the
highest moisture content (33.1%) compared to native species (24.1–29.5%). However, after the second
seasoning year in an unheated warehouse, the opposite was observed (14.3% for hybrid poplar
vs. 15.0–21.5% for native species). Heating value, carbon and nitrogen concentrations were similar
between tree species, while high phosphorus and base cation concentrations characterized hybrid
poplar, suggesting higher ash production. Poplar bioenergy buffers could provide a complementary
source of firewood for heating in the fall and in the spring, when the heat demand is lower than
during cold winter months.

Keywords: fuelwood; seasoning; log diameter; splitting; heating value; moisture content; agro-
forestry; red maple; white ash; trembling aspen

1. Introduction

Compared to wood chip or pellet production, firewood requires little processing and
equipment, and is typically seasoned outdoors [1]. It is therefore an attractive solid biofuel
for private landowners and farmers, as it can be produced at low cost. On private forestland
and farmland of Northeastern America, most bioenergy feedstock comes from firewood
that is harvested in woodlots, and very little land area is dedicated to bioenergy plantations
of fast-growing woody species [2–4]. Because several hardwood species (birches, maples,
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ashes, beech, oaks, etc.) are locally abundant, deciduous species with a low wood density
such as poplars (Populus sp.) are often disregarded as a source of firewood.

In regions where agriculture dominates the landscape, rural communities are more
than ever facing major environmental challenges related to water quality decline, stream
habitat protection, forest habitat loss and fragmentation, and climate change [5–7]. The
large-scale implementation of bioenergy buffers along agricultural riparian zones, and
field margins could be a solution to rapidly address these challenges, as it would reduce
firewood harvesting pressure in woodlots and increase forest patch connectivity, while
creating opportunities for carbon sequestration, agricultural pollutants removal, stream
habitat improvement and hydrological regulation [8–13]. In Northeastern America, hybrid
poplars (Populus × spp.) are especially promising for the design of bioenergy buffers, as
they create a forest canopy within a decade, and provide high woody biomass yields even
on more marginal land [9,14,15]. In this context, it is important to validate that firewood of
satisfactory quality can be produced in hybrid poplar buffers in order to stimulate their
adoption by the farming community.

Moisture content of seasoned firewood is negatively linked to the amount of heat
produced during combustion [16]. Consequently, when moisture content of firewood is low,
less feedstock is needed for heating, which reduces wood burning impacts on greenhouse
gases and on the thermal load to the atmosphere [17]. The combustion of inadequately
seasoned wood also increases creosote accumulation in chimneys and the release of air
pollutants (fine particles from smoke, carbon monoxide, benzene, formaldehyde and
polycyclic aromatic hydrocarbons), which creates safety and health issues [18,19]. In North
America, targeted moisture content for seasoned firewood is generally 20% or less on a
wet weight basis [19]. Short split logs (±30–40 cm in length), used in wood stoves or small
wood furnaces, usually dry within a year when seasoned adequately [18]. However, more
and more houses and farm buildings are now equipped with large biomass furnaces that
burn longer wood logs (i.e., 100–150 cm of length), the seasoning of which generally takes
two years under a cold temperate climate (A. Couture, Sequoia Industries, pers. comm.).
Very few studies have measured the moisture content of different log sizes from hybrid
poplars during seasoning. Studies carried out in Italy have shown little effect of log size
on moisture content loss of P. deltoides × P. nigra [1,20], which contrasted with conclusions
reached in Oregon, United States [21]. Generally, the drying rate of fuelwood decreases as
log diameter or length increase [18,22]. Covering the top of firewood piles during outdoor
seasoning has also been recommended to lower the moisture content of hardwood and
softwood species [18,23].

Energy content (i.e., heating value) is another important characteristic of firewood.
Minor variations in heating values are generally observed between tree species, but soft-
wood species tend to have slightly higher heating values than hardwoods due to their
higher concentration in extractives and lignin [16]. There is also evidence of both positive
and negative changes in the heating value of woody biomass during seasoning [16,24].
However, no studies have measured heating value variations of poplar firewood during
seasoning, nor the effect of log size on the properties of this fuelwood.

Elemental characterization of biomass can provide information about the potential
environmental and operational impact of feedstock. During combustion, biomass nitrogen
(N) can be transformed into nitric oxides, and nitrous oxide to a lesser extent [25]. Both
of these gases deplete the ozone layer, while nitric oxides and nitrous oxide respectively
contribute to acid rain depositions and global warming [26,27]. Sulphur oxide production,
which also increases acid rain, is generally limited during woody biomass combustion,
as most sulphur is embedded in the ashes [25]. However, alkali metals can react with
sulphate or chlorine, and lead to the formation of salts that cause fouling, slagging and
corrosion problems in combustion appliances [25]. Moreover, biomass with high nutrient
content leads to higher ash production, which increases the frequency of equipment
maintenance [25]. Generally, macronutrient concentrations in the stem of hybrid poplars
tend to be high compared to other tree species [28]. There is also a general decline in the
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concentration of most macronutrients as tree stem diameter increases [29], which suggests
that producing wood logs of larger diameters would improve the elemental properties
of firewood. Finally, significant nutrient leaching from woody biomass piles can occur
during outdoor seasoning, but changes in elemental composition of woody biomass during
seasoning have rarely been studied [16].

In this study, we measured the natural drying and chemical characteristics of hybrid
poplar firewood produced from bioenergy buffers located on farmland in southern Québec,
Eastern Canada (Köppen climate zone Dfb, i.e., warm-summer humid continental climate).
In a first trial, 110 cm-long unsplit wood logs were produced from hybrid poplar bioenergy
buffers (genotype DN ×M-915508), but also from native species harvested from adjacent
woodlots (trembling aspen, Populus temuloides Michx., red maple, Acer rubrum L., and white
ash, Fraxinus americana L.). These firewood logs were seasoned outdoors for a year, and
indoors in an unheated warehouse for another year. Their moisture content (wet weight
basis) was sampled at the end of each year. Hybrid poplar logs were separated into three
diameter classes, and chemical characteristics of hybrid poplar biomass were measured at
harvest and one year after outdoor seasoning. At the end of the first year of outdoor drying,
the chemical characteristics of native species were also compared to those of hybrid poplars.
In a second trial, we measured, after one year of outdoor seasoning, the effects of hybrid
poplar genotype and firewood cover treatment on the moisture content of 40 cm-long
split logs.

2. Materials and Methods
2.1. Site Description

This study took place in the municipality of St-Benoît-du-Lac, a 216-ha property
owned by a Benedictine monastic community and located in the Estrie region of southern
Québec, Eastern Canada (45◦10′N; 72◦16′ W). In 2011, 15 m-wide bioenergy buffers were
planted (1666 trees/ha) with three hybrid polar genotypes (DN ×M-915508, D × N-3570,
M × B-915311), downslope of 45 ha of hayfields. These multifunctional buffers were
established with the objective of reducing non-point source pollution from upslope fields,
increasing carbon sequestration and producing firewood for the biomass furnaces that
provide heat to the Abbey buildings. After eight years, the firewood volume production
capacity of the bioenergy buffers ranged from 20.5–29.3 m3/ha/yr, depending on genotype,
planting stock type and deer protection treatments [9].

2.2. Firewood Harvesting, Processing and Sampling
2.2.1. Trial A—110 cm Long Unsplit Wood Logs

From 7–14 November 2017, a total of 110 hybrid poplar trees were harvested from
7-year-old bioenergy buffers located along different cultivated fields. Trees from genotype
DN ×M-915508 were cut into log sections of 110 cm, which is the log dimension required
for burning in the Abbey biomass furnaces. Wood logs were separated into three different
diameter classes: (1) small end diameter ≥13 cm; (2) small end diameter between 8 cm
and 12.9 cm; and (3) small end diameter between 3 cm and 7.9 cm. On 15 November 2017,
poplar logs were stacked into metal racks that were designed to be directly inserted into
the furnaces (Figure 1). Log piles in metal racks were ±80 cm wide by ±135 cm in height.
For diameter classes 1 and 2, five metal racks were prepared, while only two racks were
prepared for diameter class 3.
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Figure 1. (a) 7-year-old bioenergy buffers located downslope of hayfields; (b) Hybrid poplar firewood log stacking in 
metal racks according to the different diameter classes. At the end of the study, firewood logs were used to heat the St-
Benoît-du-Lac Abbey buildings. 

During the same period, native deciduous species growing in woodlots adjacent to 
the hayfields were also felled and processed into 110 cm wood logs that were stacked in 
the same metal racks used for hybrid poplars. Three to four trees from trembling aspen 
(Populus tremuloides), red maple (Acer rubrum) and white ash (Fraxinus americana) were 
felled and processed, which produced one metal rack of stacked logs from each species. 
The mean age of the felled trees was determined by a ring count on a representative tree 
from each species: 36 years for trembling aspen; 34 years for red maple; and 47 years for 
white ash.  

On 16 November 2017, wood logs staked in metal racks were placed along a gravel 
road bordering an open field, with log ends being positioned parallel to the dominant 
winds. No cover was put on racks, and wood logs were left outdoors for almost year (until 
4 November 2018). Wood log racks were then placed in an unheated warehouse for an-
other year, prior to being used as feedstocks for the Abbey.  

On 14 November 2017, six hybrid poplar logs were sampled (wood disc ±2.5 cm thick 
taken with a chainsaw) from each diameter class to determine initial chemical character-
istics. Due to unfavorable weather conditions during tree felling, the initial moisture con-
tent of wood logs was not measured, but was estimated from data in Trial B for the case 
of hybrid poplar and from the literature for the native deciduous species. On 6 November 
2018, after approximately one year of seasoning outdoors, hybrid poplar and native de-
ciduous species logs were sampled for moisture content and wood chemistry. Wood discs 
were collected halfway between the middle and the endpoint of logs. For each log sam-
pled, two discs were collected, one that was immediately weighed (±0.1 g) and another 
one for chemical analyses. Six logs per diameter classes were sampled for hybrid poplar, 
and six logs were sampled for the native species (aspen, maple and ash). On 22 October 
2019, after approximately two years of seasoning, only moisture content was sampled us-
ing the procedure mentioned above. Ten logs per diameter class were sampled for hybrid 
poplar, and 10 logs were sampled for the native species. 

Sampled logs were taken from different positions in metal racks and covered a wide 
range of diameters. The midpoint diameter of all sampled logs was recorded using per-
pendicular caliper measurements. Log subsamples were put in paper bags and taken to 
the lab, where they were air-dried for two months. The subsamples that were fresh-
weighed during sampling were then oven-dried (95 °C) until a constant mass was reached 
(after 24 h), and immediately weighed once out of the oven. The moisture content of logs 
was calculated on a wet weight basis: Moisture content (%) = (Weight of water/Total 
weight) × 100.  

2.2.2. Trial B—40 cm Long Split Wood Log 
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Figure 1. (a) 7-year-old bioenergy buffers located downslope of hayfields; (b) Hybrid poplar firewood log stacking in
metal racks according to the different diameter classes. At the end of the study, firewood logs were used to heat the
St-Benoît-du-Lac Abbey buildings.

During the same period, native deciduous species growing in woodlots adjacent to
the hayfields were also felled and processed into 110 cm wood logs that were stacked in
the same metal racks used for hybrid poplars. Three to four trees from trembling aspen
(Populus tremuloides), red maple (Acer rubrum) and white ash (Fraxinus americana) were
felled and processed, which produced one metal rack of stacked logs from each species.
The mean age of the felled trees was determined by a ring count on a representative tree
from each species: 36 years for trembling aspen; 34 years for red maple; and 47 years for
white ash.

On 16 November 2017, wood logs staked in metal racks were placed along a gravel
road bordering an open field, with log ends being positioned parallel to the dominant
winds. No cover was put on racks, and wood logs were left outdoors for almost year (until
4 November 2018). Wood log racks were then placed in an unheated warehouse for another
year, prior to being used as feedstocks for the Abbey.

On 14 November 2017, six hybrid poplar logs were sampled (wood disc ±2.5 cm thick
taken with a chainsaw) from each diameter class to determine initial chemical characteris-
tics. Due to unfavorable weather conditions during tree felling, the initial moisture content
of wood logs was not measured, but was estimated from data in Trial B for the case of hy-
brid poplar and from the literature for the native deciduous species. On 6 November 2018,
after approximately one year of seasoning outdoors, hybrid poplar and native deciduous
species logs were sampled for moisture content and wood chemistry. Wood discs were
collected halfway between the middle and the endpoint of logs. For each log sampled,
two discs were collected, one that was immediately weighed (±0.1 g) and another one
for chemical analyses. Six logs per diameter classes were sampled for hybrid poplar, and
six logs were sampled for the native species (aspen, maple and ash). On 22 October 2019,
after approximately two years of seasoning, only moisture content was sampled using the
procedure mentioned above. Ten logs per diameter class were sampled for hybrid poplar,
and 10 logs were sampled for the native species.

Sampled logs were taken from different positions in metal racks and covered a wide range
of diameters. The midpoint diameter of all sampled logs was recorded using perpendicular
caliper measurements. Log subsamples were put in paper bags and taken to the lab, where
they were air-dried for two months. The subsamples that were fresh-weighed during sampling
were then oven-dried (95 ◦C) until a constant mass was reached (after 24 h), and immediately
weighed once out of the oven. The moisture content of logs was calculated on a wet weight
basis: Moisture content (%) = (Weight of water/Total weight) × 100.

2.2.2. Trial B—40 cm Long Split Wood Log

From 5–9 November 2018, a total of 39 hybrid poplar trees were harvested from 8-year-
old bioenergy buffers located along different cultivated fields. Twenty trees from genotype
D × N-3570 and 19 trees from genotype M × B-915311 were felled. Depending on tree
size, two to four subsamples (stem discs) per tree were taken along different stem sections
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(see Truax et al. [9] for additional details). Stem wood subsamples were immediately
fresh-weighed in the field. The subsamples were put in paper bags and taken to the lab,
where they were air-dried for two months. The subsamples were then oven-dried (95 ◦C)
until a constant mass was reached (after 24 h) and immediately weighed. This allows
measurements of moisture content of freshly harvested hybrid poplars.

The 39 felled hybrid poplars were cut into 80 cm-long sections. Logs were stacked
on wood poles and left at the buffer’s margins until spring. On 22 May 2019, hybrid
poplar logs were collected and cut into smaller logs (40 cm in length), which are typically
used in wood stoves or small biomass furnaces. Logs were then manually split with an
axe, except for the small diameter logs. On 23 May 2019, logs were stacked bark side
up to form four wood cords (±240 cm long × 120 cm of height × 40 cm wide): two
cords per genotype, with one cord per genotype being covered with a roofing metal
sheet. Cords were stacked on wood posts in a well-aerated gravel parking lot with full
sunlight exposure. On 22 October 2019, 16 split logs of various sizes were collected from
each genotype × cover treatment at different positions in the cords and brought to the lab.
Only logs split into two pieces were selected for subsampling. On 24 October 2019, a
subsample (i.e., a wood slice ±2.5 cm thick) from each log was taken in the middle of the
log and immediately weighed fresh. The subsamples were then oven-dried (95 ◦C) until a
constant mass was reached (after 24 h), and immediately weighed once out of the oven.
Moisture content of logs was calculated on a wet weight basis. A summary of key dates
related to firewood processing and sampling is presented in Table 1 for both trials.

Table 1. A summary of key dates related to firewood processing and sampling for Trials A and B.

Trial A—Unsplit 110 cm Long Logs
(Hybrid Poplar, Trembling Aspen, Red Maple, White Ash) Dates

Tree felling and log processing 7–14 November 2017
Log stacking in metal racks 14 November 2017

Outdoor seasoning 14 November 2017–4 November 2018
Warehouse seasoning (unheated) 4 November 2018–22 October 2019

Chemistry sampling (fresh, hybrid poplar only) 7–14 November 2017
Chemistry and moisture sampling (after 1 year, 4 species) 6 November 2018

Moisture sampling (after 2 years, 4 species) 22 October 2019

Trial B—Split 40 cm Long Logs
(2 Hybrid Poplar Genotypes × 2 Cover Treatments) Dates

Tree felling and moisture sampling 5–9 November 2018
Log processing and splitting 22 May 2019

Log stacking 23 May 2019
Outdoor seasoning 5–9 November 2018–22 October 2019

Moisture sampling (after 1 year) 22 October 2019

2.3. Meteorological Data during the Trials

A continental moderate-subhumid climate characterizes the study site [30], and more
generally, the southern Québec region belongs to the Köppen climate zone Dfb (warm-
summer humid continental climate). For the duration of the study, average monthly
temperatures and total precipitations are presented in Figure 2, along with 30 years climatic
normals (1981–2010). Meteorological data were obtained from the nearest meteorological
station of Magog [31,32].
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Figure 2. (a) Average monthly temperatures; and (b) total monthly precipitations during the firewood seasoning trials in
comparison to 30 years climatic normals. Data were taken from the nearest meteorological station (Magog, QC, Canada).
Precipitation data for October 2019 are not shown because an extreme rain event occurred on 31 October (79 mm) after the
last moisture content sampling in Trial B (22 October 2019).

2.4. Chemical Analyses of Firewood

Firewood subsamples used for chemical analyses were oven-dried at 65 ◦C and ground
in a mill (Pulverisette 15, Fritsch, Idar-Oberstein, Germany) to a particle size of <0.5 mm.
C, N and S concentrations were determined by the analytic lab of the Institut des Sciences
de la Forêt Tempérée (ISFORT) in Ripon (QC, Canada), with a TruMac CNS analyzer
(LECO corporation, MI, USA). P, K, Ca and Mg concentrations and lower heating value
(LHV) of woody biomass samples were analyzed by the Centre Technologique des Résidus
Industriels (CTRI) in Rouyn-Noranda (QC, Canada). A microwave plasma atomic emission
spectrometer (4200 MP-AES, Agilent Technologies, Santa Clara, CA, USA) was used for
P, K, Ca and Mg concentration determination, and a bomb calorimeter (6400 Calorimeter,
Parr Instrument Company, Moline, IL, USA) was used to determine the LHV of firewood
samples on a dry weight basis.

2.5. Statistical Analyses
2.5.1. Trial A

The dataset related to hybrid poplar firewood was first analyzed using a one-way
analysis of variance (ANOVA) to test the effect of diameter class on firewood characteristics
(chemistry at harvest and after one year, and moisture content after one year and two
years). n = 6 per diameter class for all variables, except for moisture content after two years
(n = 10 per diameter class). A two-way ANOVA was used to test the effect of diameter
class and drying treatment (freshly harvested vs. one year of drying) and the interaction
effect on firewood chemistry (6 logs per diameter class × 3 diameter classes × 2 drying
treatments). Following all ANOVAs, the normality of residuals distribution was verified
using the Shapiro-Wilk W-test (p < 0.05), skewness (<|1|) and kurtosis (<|1|). A few
transformations were done to meet this assumption, and ANOVAs were rerun. For the
one-way ANOVA, a reciprocal transformation was done on firewood moisture content
data after two years, while for the two-way ANOVA, a logarithmic (ln) transformation was
done on firewood S and P concentrations [33].

For the dataset related to firewood characteristics of hybrid poplar and the three
native species, a one-way ANOVA was used to test the effect of tree species on firewood
characteristics after one and two years of drying. Observations from the 3.0–7.9 cm diameter
class for hybrid poplar were removed from the data set, as wood logs of such a diameter
were almost absent for the other species. In the final dataset analyzed, there was no
significant species effect on wood log diameter sampled after one year (p = 0.96), and
after two years of drying (p = 0.83). To meet the assumption of normality in residuals
distribution, a reciprocal transformation was done on firewood moisture content data
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after two years of drying, and a logarithmic (ln) transformation was done on firewood
P concentration after one year of drying. Because sample size was unequal between the
four tree species (n = 12 and 20 for hybrid poplar and n = 6 and 10 for the other species
for firewood characteristics measured after one year and two years of drying respectively),
Tukey’s HSD test (α = 0.05) was used as a means separation procedure [34].

A correlation analysis, using linear least square regressions, was also done to explore
potential relationships between firewood log diameter and moisture content or chemical
characteristics. After graphical exploration of the data, non-linear trends were observed for
the relationships between wood log diameter and elemental concentrations. Choice of the
final relationships presented was made on the basis of highest fit (i.e., R2) and normality in
residuals distribution (Shapiro-Wilk W-test).

2.5.2. Trial B

A one-way ANOVA was used to test the effect of hybrid poplar genotype on initial
moisture content of harvested trees (n = 20 for genotype D×N-3570 and n = 19 for genotype
M × B-915311). A two-way ANOVA was used to test the effect of hybrid poplar genotype
and firewood cover treatment (uncovered vs. covered), and the interaction effect between
those factors on the final moisture content of split logs (n = 64, 16 logs per genotype per
treatment × 2 genotypes × 2 treatments). Given that the Shapiro-Wilk W-test is often
inappropriate for testing residuals normality for larger sample sizes (n > 50) [35], we used
normal quantile-quantile plots (Q-Q plots) as a diagnostic tool for verifying normality of
residuals distribution [36]. Two outliers (extreme values) were detected in the uncovered
treatment for genotype D × N-3570. Outliers were removed from the data set, and the
ANOVA was rerun. Given that the significance of tested effects was the same between the
ANOVAs with and without the outliers, results from the dataset containing the outliers
are presented. All statistical analyses were done using JMP (version 11) from SAS Institute
(Cary, NC, USA).

3. Results
3.1. Trial A

For hybrid poplar unsplit firewood logs (110 cm long), a significant diameter class
effect was observed on moisture content after one year (p < 0.001) and two years (p = 0.004)
of drying, with a decreasing moisture content being observed for the smaller diameter
logs (Figure 3a). Moisture content differences between logs from different diameter classes
were also much larger after one year of drying outdoors (ranging 38.5% to 26.0% between
diameter classes) than after the second year, where seasoning took place in an unheated
warehouse (ranging 15.4% to 12.7% between diameter classes). Those trends were reflected
in the slope of the linear relationships between wood log diameter and moisture content
after one and two years of drying (Figure 4a).

Across the four species, hybrid poplar firewood logs had the highest moisture content
after one year of drying, followed by trembling aspen, red maple and white ash (Figure 3b).
A very different pattern was observed after two years of drying, since hybrid poplar
was the species with the lowest moisture content (14.3%), and white ash had the highest
moisture content (21.5%). However, the moisture contents of trembling aspen and red
maple were not statistically different from the moisture content of hybrid poplar after two
years of drying. For trembling aspen and red maple, there were also strong positive linear
relationships between wood log diameter and moisture content after one year and two
years of drying (Figure 4b,c), while no significant relationship was observed for white ash.
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Figure 3. (a) Diameter class effect on the moisture content of unsplit hybrid poplar firewood logs (110 cm in length) after one
year and two years of drying (genotype DN ×M-915508); (b) Tree species effect on the moisture content of unsplit firewood
logs (110 cm in length) after one and two years of drying. In panel (b), means with different letters are significantly different
(α = 0.05; Tukey’s HSD test). Vertical bars represent the standard error of the mean. During the first year, wood logs were
stored outdoors in an open field with no protection from precipitation. During the second year, wood logs were stored in an
unheated warehouse. Moisture content at harvest is in the order of 59% for P. maximowiczii hybrids (see Figure 6 legend),
62% for trembling aspen, 41% for red maple and 31% for white ash [16]. To allow proper comparison of hybrid poplar with
native species (panel b), the 3.0–7.9 cm diameter class was removed from the hybrid poplar data set (see Section 2.5.1).

Forests 2021, 12, x FOR PEER REVIEW 8 of 16 
 

Figure 3. (a) Diameter class effect on the moisture content of unsplit hybrid poplar firewood logs (110 cm in length) after 296 
one year and two years of drying (genotype DN × M-915508); (b) Tree species effect on the moisture content of unsplit 297 
firewood logs (110 cm in length) after one and two years of drying. In panel (b), means with different letters are signifi- 298 
cantly different (α = 0.05; Tukey’s HSD test). Vertical bars represent the standard error of the mean. During the first year, 299 
wood logs were stored outdoors in an open field with no protection from precipitation. During the second year, wood 300 
logs were stored in an unheated warehouse. Moisture content at harvest is in the order of 59% for P. maximowiczii hybrids 301 
(see Figure 6 legend), 62% for trembling aspen, 41% for red maple and 31% for white ash [16]. To allow proper comparison 302 
of hybrid poplar with native species (panel b), the 3.0–7.9 cm diameter class was removed from the hybrid poplar data set 303 
(see Section 2.5.1). 304 

 305 
Figure 4. Linear relationships between the diameter of unsplit firewood logs (110 cm of length) and their moisture content 306 
after one year and two years of drying for: (a) hybrid poplar (genotype DN × M-915508); (b) trembling aspen; and (c) red 307 
maple. No significant relationship was found for white ash. For the one- and two-year relationships, respectively, n = 18 308 
and n = 30 for poplar, and n = 6 and n = 10 for aspen and maple. 309 

Across the four species, hybrid poplar firewood logs had the highest moisture con- 310 
tent after one year of drying, followed by trembling aspen, red maple and white ash (Fig- 311 
ure 3b). A very different pattern was observed after two years of drying, since hybrid 312 
poplar was the species with the lowest moisture content (14.3%), and white ash had the 313 
highest moisture content (21.5%). However, the moisture contents of trembling aspen and 314 
red maple were not statistically different from the moisture content of hybrid poplar after 315 
two years of drying. For trembling aspen and red maple, there were also strong positive 316 
linear relationships between wood log diameter and moisture content after one year and 317 
two years of drying (Figure 4b,c), while no significant relationship was observed for white 318 
ash.  319 

Chemical characteristics of freshly harvested and seasoned hybrid poplar firewood 320 
was also significantly affected by the diameter class (Table 2). A significant decline in N, 321 
S, P and Mg concentrations was observed, with increasing diameter classes for freshly 322 
harvested logs and for the logs seasoned outdoors for one year (Table 2). Furthermore, the 323 
regression analyses showed significant non-linear trends (i.e., negative logarithmic rela- 324 
tionships) between the above-mentioned variables (Figure 5). LHV showed a slight linear 325 
decline with increasing log diameter, but only for freshly harvested logs, as no significant 326 
effect of diameter was observed on LHV after one year of seasoning (Table 2, Figure 5a). 327 
Ca concentration increased with the diameter of freshly harvested logs, but not for sea- 328 
soned logs (Table 2, Figure 5d). There was also a significant drying treatment effect for 329 
LHV (p < 0.001), with seasoned logs having slightly higher heating value than freshly har- 330 
vested logs (18.61 MJ/kg vs. 19.13 MJ/kg). Such a trend was also observed for the C and 331 
Ca concentrations (Table 2). 332 

Figure 4. Linear relationships between the diameter of unsplit firewood logs (110 cm of length) and their moisture content
after one year and two years of drying for: (a) hybrid poplar (genotype DN ×M-915508); (b) trembling aspen; and (c) red
maple. No significant relationship was found for white ash. For the one- and two-year relationships, respectively, n = 18
and n = 30 for poplar, and n = 6 and n = 10 for aspen and maple.

Chemical characteristics of freshly harvested and seasoned hybrid poplar firewood
was also significantly affected by the diameter class (Table 2). A significant decline in N,
S, P and Mg concentrations was observed, with increasing diameter classes for freshly
harvested logs and for the logs seasoned outdoors for one year (Table 2). Furthermore,
the regression analyses showed significant non-linear trends (i.e., negative logarithmic
relationships) between the above-mentioned variables (Figure 5). LHV showed a slight
linear decline with increasing log diameter, but only for freshly harvested logs, as no
significant effect of diameter was observed on LHV after one year of seasoning (Table 2,
Figure 5a). Ca concentration increased with the diameter of freshly harvested logs, but not
for seasoned logs (Table 2, Figure 5d). There was also a significant drying treatment effect
for LHV (p < 0.001), with seasoned logs having slightly higher heating value than freshly
harvested logs (18.61 MJ/kg vs. 19.13 MJ/kg). Such a trend was also observed for the C
and Ca concentrations (Table 2).
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Table 2. Diameter class and drying treatment effects on chemical properties of unsplit hybrid poplar firewood logs (110 cm
in length). S.E. = standard error of the mean. p-values in bold denote a significant effect.

LHVdry
(MJ/kg) C (g/kg) N (g/kg) S (g/kg) P (g/kg) K (g/kg) Ca (g/kg) Mg (g/kg)

Diameter
Class Fresh 1 year Fresh 1 year Fresh 1 year Fresh 1 year Fresh 1 year Fresh 1 year Fresh 1 year Fresh 1 year

3.0–7.9 cm 18.75 19.19 507.1 519.3 3.50 3.25 0.274 0.258 0.544 0.544 1.80 1.85 2.48 3.20 0.547 0.610
8.0–12.9 cm 18.62 19.19 512.5 521.3 2.46 2.15 0.187 0.173 0.398 0.358 1.85 1.75 2.67 3.13 0.481 0.486
≥13 cm 18.47 19.00 514.8 515.0 1.85 1.62 0.166 0.132 0.316 0.263 2.05 1.96 3.14 3.40 0.444 0.466

S.E. Class 0.05 0.15 3.2 1.6 0.13 0.25 0.009 0.017 0.015 0.049 0.10 0.16 0.12 0.17 0.023 0.025
p-value Class 0.002 0.60 0.24 0.04 <0.001 0.001 <0.001 <0.001 <0.001 0.003 0.21 0.69 0.005 0.54 0.02 0.002

Mean 18.61 19.13 511.5 518.5 2.60 2.34 0.209 0.188 0.419 0.388 1.90 1.85 2.76 3.24 0.490 0.521
S.E. Drying 0.06 1.4 0.12 0.008 0.021 0.08 0.09 0.014

p-value Drying <0.001 0.002 0.12 0.02 0.07 0.68 <0.001 0.13

p-value
Class × Drying 0.82 0.06 0.98 0.46 0.61 0.82 0.32 0.47Forests 2021, 12, x FOR PEER REVIEW 9 of 16 
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Results in Table 3 showed that LHV, C and N concentrations were similar for hybrid
poplar, trembling aspen, red maple and white ash firewood, after one year of outdoor
seasoning. White ash was the species with the highest S concentration, while P, K, Ca and
Mg were more concentrated in hybrid poplar wood. P, K and Mg concentrations of hybrid
poplar firewood were almost two times higher than what was observed for trembling
aspen (Table 3).

Table 3. Diameter and chemical properties (±S.E. of the mean) of unsplit firewood logs (110 cm in length). Means not
connected with the same letter are significantly different (α = 0.05, Tukey’s HSD test). n = 12 for hybrid poplar and n = 6 for
the other species. p-values in bold denote a significant effect.

Tree Species Diameter (cm) LHVdry (MJ/kg) C (g/kg) N (g/kg) S (g/kg) P (g/kg) K (g/kg) Ca (g/kg) Mg (g/kg)

H. poplar 12.3 ± 1.1 19.09 ± 0.08 518.1 ± 1.2 1.89 ± 0.12 0.153 ± 0.008 b 0.310 ± 0.020 a 1.85 ± 0.08 a 3.27 ± 0.14 a 0.476 ± 0.016 a
T. aspen 13.3 ± 1.6 18.92 ± 0.12 517.5 ± 1.6 1.65 ± 0.18 0.133 ± 0.012 b 0.167 ± 0.029 b 0.94 ± 0.12 b 3.14 ± 0.19 a 0.278 ± 0.023 b
R. maple 12.4 ± 1.6 18.75 ± 0.12 520.3 ± 1.6 1.84 ± 0.18 0.139 ± 0.012 b 0.247 ± 0.029 ab 1.08 ± 0.12 b 1.82 ± 0.19 b 0.193 ± 0.023 b

W. ash 12.9 ± 1.6 18.88 ± 0.12 520.7 ± 1.6 1.94 ± 0.18 0.199 ± 0.012 a 0.180 ± 0.029 b 1.73 ± 0.12 a 2.63 ± 0.19 a 0.252 ± 0.023 b
p-value 0.96 0.12 0.40 0.64 0.002 <0.001 <0.001 <0.001 <0.001
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3.2. Trial B

The dry weight of selected logs for moisture content subsampling did not differ
significantly between the cover treatments (p = 0.74), between the genotypes (p = 0.37)
and between the genotype/cover treatment combinations (p = 0.89). For the short logs
(40 cm of length) that were split on 22 May 2019, there was a significant cover treatment
effect (p < 0.001) on moisture content measured five months later on 22 October 2019
(Figure 6a). Overall, covered logs had lower moisture content (17.3%) than uncovered logs
(20.7%). There was a trend towards slightly higher moisture content (p = 0.11) for genotype
D × N-3570 than for genotype M × B-915311 across the cover treatments. This trend was
related to the presence of two extreme values for genotype D × N-3570 in the uncovered
treatment (Figure 6b). When those outliers were excluded from the ANOVA, the genotype
and the interaction effects were far from significance (p = 0.51 and p = 0.58, respectively),
while the cover treatment effect remained highly significant (p < 0.001).
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Figure 6. (a) Genotype and cover treatment effects on the final moisture content of split hybrid poplar firewood logs (40 cm
in length). Vertical bars represent the standard error of the mean; (b) Scatter plot of observations for moisture content of
firewood logs for the different genotype/treatment combinations, with two outliers being represented by grey circles. For
each genotype/treatment combination, 16 logs were sampled on 22 October 2019. Logs were split on 22 May 2019. Initial
moisture content of harvested trees was statistically different between the genotypes (p < 0.001): 57.3 ± 0.3% for genotype
D × N-3570 (n = 20) and 58.9 ± 0.3% for genotype M × B-915311 (n = 19).

4. Discussion

This study, conducted in a warm-summer humid continental climate, showed that
hybrid poplar firewood harvested in the middle of the fall can reach satisfactory moisture
content (±20%) for the next heating season, when it is split and processed in small logs
(40 cm-long) in the spring. Covering the top of firewood cords with metal sheeting from
the moment they were split (late May) significantly decreased the overall moisture content,
from 20.7% down to 17.3% (Figure 4). Covering split logs was also important to reach a more
homogeneous moisture content for genotype D × N-3570 (Figure 6b). In the uncovered
treatment, we observed moisture content of 36.5% and 37.5% for two logs of genotype
D × N-3570 that had a thick and furrowed bark. Such bark traits likely contributed to
rewetting when logs are stacked bark side up, as we did. Conversely, the maximal moisture
content observed for uncovered logs of genotype M × B-915311, which has a smooth bark,
was 21.3%. Thus, if covering or roofing hybrid poplar logs just after splitting is not possible,
it would be recommended to use smooth-barked genotypes to allow better percolation
of rain water through the wood cords. Stacking logs bark side down is also an option
that needs to be investigated with uncovered firewood from furrowed-barked genotypes.
However, uncovered split logs piled bark side down generally regain more moisture during
rainfall events compared to logs stacked bark side up [37]. In all cases, once logs are dry
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enough, split firewood should be stacked under a well-aerated shelter no later than October
to prevent rewetting [18], which is a major issue for split poplar logs [38].

For the long unsplit logs (110 cm in length), a two-year cycle was necessary to produce
firewood with satisfactory moisture content before the heating season (Figure 3). In our
study, the second seasoning year took place in a well-aerated unheated warehouse (Table 1),
which prevented wood rewetting for a whole year. One year of outdoor drying was clearly
not enough to reach acceptable moisture content, even for the smaller diameter logs,
although moisture content decreased substantially with log diameter (Figures 3 and 4).
Such a trend was related to the fact that larger diameter logs dry more slowly [22], and
tend to have a higher moisture content at harvest [39]. We also observed that moisture
variation across the diameter classes was much larger after the first seasoning year than
after the second year, as depicted by the slopes of regressions in Figure 4a. This reflects the
convergence of wood drying curves with time, as wood log moisture content approaches
the equilibrium point with ambient air [1,20].

In this case study, the abundant precipitation received during the summer of 2018
(Figure 2b) may have slowed log drying, with cumulative precipitations being negatively
related to moisture content loss in unsplit hybrid poplar logs [21]. As an indication of
the high moisture content of hybrid poplar logs during the first summer of seasoning, we
observed abundant sprouts, which remained alive until August on the larger diameter
logs (Figure 7). Conversely, two weeks after splitting and stacking the short hybrid poplar
logs, no sprouting was observed, despite the fact that emerging sprouts were seen when
the wood was split. This suggests high moisture content loss during the first weeks
following splitting, as was also observed in other studies [20]. Moreover, important fungal
colonization (mycelium and fruiting bodies) was observed on hybrid poplar logs from
all diameter classes after outdoor seasoning (Figure 8), with moisture content of 30–50%
optimizing the growth of wood-decay fungi [16]. By causing mass loss of up to 6% per year
on long unsplit poplar logs, fungal growth can substantially reduce the volumetric energy
content of unsheltered poplar fuelwood [38]. Therefore, if long unsplit poplar logs cannot
be sheltered after the first seasoning year, this firewood production avenue would not be
recommended. Additional studies are also needed to evaluate to which extent splitting
and covering or sheltering long logs from hybrid poplar would improve firewood quality
and allow feedstock production on an annual cycle, thereby reducing by half the storage
space needed. An investment of approximately $ 3000 CAD would be needed to acquire a
tractor-powered log splitter, which would be capable of processing logs of up to 120 cm in
length [40].
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Among the four species tested, unsplit logs from hybrid poplar had the lowest mois-
ture content after two years, despite the opposite trend being observed after one year
(Figure 3b). Furthermore, although moisture content was not significantly different be-
tween hybrid poplar, trembling aspen and red maple, all these species had significantly
lower moisture content than white ash after two years. Besides, at the end of the trial, log
diameter was found to be a strong predictor of moisture content for all species, except for
white ash (Figure 4). Thus, if splitting is not feasible with long logs, the use of smaller
diameter pieces from species with a lower wood density (i.e., soft maples and poplars)
would lead to greater net energy value on a mass basis, if we assume that LHV does not
vary with log size following seasoning. Our results also showed that after two years,
moisture content variations across the diameter range sampled were narrower for hybrid
poplar than for trembling aspen, the larger logs of which had a moisture content of up
to 28% (Figure 4b). This would be consistent with the fact that heartwood dries much
more slowly than the sapwood in poplars [41], and that the proportion of heartwood
in 7-year-old hybrid poplars is smaller than in slower growing forest-grown aspens of
similar diameter.

After one year of seasoning, N concentration of hybrid poplar firewood showed a
large decrease, with increasing log diameter (Table 2, Figure 5). Therefore, producing larger
diameter logs in more widely spaced plantations could be a solution to minimize N oxides
emissions by wood burning. On the other hand, the production of smaller diameter logs
would provide feedstock with lower moisture content (Figure 3a) and higher net heating
value. It would also allow more N and P to be exported from agricultural buffers (Table 2),
which is of great importance to maintain the nutrient retention effectiveness of buffer strips
in the long term [42]. Sulphur concentration in poplar firewood also largely declined with
log diameter (Table 2, Figure 5). However, S concentrations reported in this study are well
below the threshold values above which biomass S causes concerns for air quality (>2 g/kg)
or appliance corrosion (>1 g/kg) [25]. Additionally, after one year of seasoning, LHV and N
concentration of hybrid poplar firewood was in the range of values observed for trembling
aspen, red maple and white ash (Table 3). Conversely, P, K, Ca and Mg concentrations were
the highest for hybrid poplar firewood, suggesting that its combustion may produce more
ashes than the native species studied. Still, these conclusions are based on comparisons
with a single hybrid poplar genotype, and do not reflect the wide genotypic variability in
stem nutrient concentrations of hybrid poplars [9,28].

The LHV of freshly harvested hybrid poplar wood observed for genotype
DN ×M-915508 across the three diameter classes (18.61 MJ/kg) was similar to values
reported on a whole-stem basis for 8-year-old trees of genotype D × N-3570 (18.65 MJ/kg)
and genotype M × B-915311 (18.69 MJ/kg) grown at the same site [9]. This contrasts with
the range of higher heating values observed between several genotypes in a short rotation
coppice in Chile (17.7–20.8 MJ/kg) [43]. Interestingly, we observed a slight decline in the
LHV of freshly harvested hybrid poplar logs with increasing diameter, a trend no longer
significant after seasoning (Table 2, Figure 5a). At harvest, hybrid poplar branches also had
slightly higher LHV compared to stem wood with bark [9]. More elevated heating values
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in smaller diameter woody tissues may be related to their higher content in energy-rich
extractives, as observed in Liriodendron tulipifera L. [44]. Overall, the heating value of hy-
brid poplar logs also increased by 2.8% following the one-year seasoning period outdoors.
However, we did not measure if this increasing trend in LHV occurred after the second
seasoning year. Following seasoning, both increases and decreases in energy values have
been reported for different woody biomass fuels [16,45]. The volatilization and oxidation
of wood extractives reduce the heating value, while the opposite trend occurs following the
preferential biological degradation of carbohydrate polymers, as this process increases the
lignin concentration of woody biomass [16]. As in other studies [24,46], we observed a sig-
nificant increase (of 1.4%) in the C concentration of poplar fuelwood following seasoning,
which is consistent with the increase in the LHV observed (Table 2).

At harvest, Ca concentration slightly increased with poplar log diameter, which con-
trasted with the trend observed for other macronutrients (Figure 5). In another study, Ca
concentration in young hybrid aspens (P. tremula × P. tremuloides) was found to be fairly
constant along the stem [47]. Surprisingly, the diameter effect on Ca concentration was no
longer significant following the seasoning period, and seasoned hybrid poplar firewood
had a higher Ca concentration (Table 2). Mass loss during seasoning could have led to such
an increase in Ca concentration, although the opposite trend was observed for S concentra-
tion. Different and interacting factors likely contribute to the changes observed in element
concentration following seasoning, including mass loss, nutrient loss from sprouting,
nutrient leaching induced by precipitation, fungal growth and endophyte activity.

Finally, we may have slightly underestimated the moisture content of firewood as
moisture content was measured after oven-drying samples at 95 ◦C, and not at 105 ◦C,
which is preferable [48]. Moreover, we sampled very few individuals for each native
woodlot species, as the focus of this study was hybrid poplar. Thus, conclusions regarding
hybrid poplar comparisons with other species are limited by this low sampling effort.
Some operational aspects could also be improved. In both trials, we harvested wood in
early November. However, because little drying occurs during the fall and winter months,
harvesting firewood in late winter or early spring is recommended [18]. Softwood species
like Norway spruce (Picea abies K.) can even be harvested in early June and be ready for the
heating season, when small split logs are properly sheltered. Harvesting poplars in late
spring with their foliage may also accelerate stem moisture loss through transpirational
drying [16], while maximizing nutrient exportation from agricultural buffers [49]. On the
other hand, if heavy machinery is used, a frozen-ground harvest would be preferable to
maintain the integrity of buffer soils and reduce sediment inputs to streams [50].

5. Conclusions

This study, done in a warm-summer humid continental climate, showed that hybrid
poplar firewood of satisfactory quality can be produced on a yearly cycle for short split
logs and on a biannual cycle for long unsplit logs. Covering split logs was important to
lower moisture content and reduce its variability. For the long unsplit poplar logs, moisture
content and element concentrations showed opposite trends in relation to log diameter,
with larger logs containing fewer mineral elements, but higher moisture content and thus
lower net heating value. Based on wood elemental composition, we found little evidence
that the use of hybrid poplar firewood would be more problematic than the use of firewood
produced with native tree species, except that it may generate more ashes given its high
P and base cation content. Given the rapid combustion of the low-density poplar wood,
this feedstock would be especially suited for heating in the fall and in the spring, when the
heat demand is lower than during cold winter months. The large-scale implementation of
high-yielding bioenergy buffers could improve ecosystem services provision on farmland
(C sequestration, non-point source pollution control, hydrological regulation, increase
forest habitat connectivity), while reducing the firewood harvesting pressure in natural
forest habitats. This could create opportunities for forest habitat conservation in agriculture-
dominated landscapes.
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Abstract: Populus × euramericana (Dode) Guinier clone (cl.) “I-214” is a fast-growing interspecific
hybrid between Eastern cottonwood (P. deltoides Bartr. ex Marsh) and European black poplar (Populus
nigra L.). Populus × euramericana was introduced into Serbia in the 1950s and has become one of
the most widely grown poplar species. In September 2019, cankers were observed on stems and
branches of P. × euramericana cl. “I-214” trees in a two-year-old poplar plantation in the province
of Vojvodina, Serbia. The canker tissue was soft and watery, and a colorless fluid that smelled
rotten flowed from the cracks in the bark, suggesting possible bacterial disease. After two weeks,
diseased trees experienced crown die-back and oozing of foamy, odorous exudates and this study
aimed to identify the causal agent of the disease. Canker margins and exudates were collected
from 20 symptomatic trees. The associated bacterium was isolated and identified using biochemical
characteristics, phylogenetic analyses based on 16S rRNA gene sequences, and multilocus sequence
analyses (MLSA) based on partial sequencing of three housekeeping genes (gyrB, infB, and atpD).
The pathogen was identified as Lonsdalea populi. Pathogenicity tests were conducted on rooted
cuttings of P. × euramericana cl. “I-214” in an environmental test chamber and demonstrated that
the isolated bacterial strain was able to reproduce symptoms of softened, water-soaked cankers and
exudation. To the best of our knowledge, this is the first report of L. populi causing bacterial canker
disease on P. × euramericana cl. “I-214” in Serbia and in southeastern Europe (SEE). It is also the first
report of a bacterial disease on hybrid poplars, including P. × euramericana in this country and in SEE.
If the disease spreads into new areas, selection for L. populi resistance may need to be integrated into
future poplar breeding programs.

Keywords: Populus × euramericana; Lonsdalea populi; canker diseases; poplar diseases; bacterial canker
of poplars; die-back of poplars; MLSA

1. Introduction

Canadian poplar (Populus × euramericana (Dode) Guinier, syn. Populus × canadensis Moench) is
a fast-growing interspecific hybrid between North American Eastern cottonwood (Populus deltoides
Bartr. ex Marsh ♀) and European black poplar (Populus nigra L. ♂). It is an important tree species
in many European countries. Populus × euramericana is characterized by rapid growth rates, ease of
clonal propagation, coppice regeneration, high biomass production and carbon sequestration, potential
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for phytoremediation, and suitability for multiple industrial uses, e.g., sawn timber, veneers, and
fuelwood [1–3].

In Serbia, P. × euramericana is the most widely grown poplar species [4]. It is cultivated on
floodplains and along the riverbanks of the major Serbian lowland rivers, i.e., the Danube, Sava, Tisa,
Tamiš, and Morava on hydromorphic soil types, including fluvisol, humofluvisol and humogley [5].
Although several clones and cultivars of P. × euramericana are used in Serbia, P. × euramericana clone
(cl.) “I-214” is the most common, most productive, and the most economically important poplar clone
in the country [4,6].

Several fungal diseases are known to affect P. × euramericana cl. “I-214” in Europe. These
include Dothichiza canker caused by Dothichiza populea, Sacc. et Briard, Marssonina leaf spot caused by
Drepanopeziza brunnea (Ellis & Everh.) Rossman & W.C. Allen, Cytospora canker caused by Cytospora
chrysosperma (Pers.) Fr., Botryosphaeria canker caused by Botryosphaeria dothidea (Moug. ex Fr.) Ces. et
De Not., and Melampsora leaf rust caused by Melampsora spp. Moreover, Xanthomonas populi (ex-Ridé
1958) Ridé and Ridé 1992 and Lonsdalea populi (Tóth et al. 2013) Li et al. 2017 have been reported as
causal agents of bacterial canker disease on P. × euramericana in poplar plantations [7–9].

Populus × euramericana cl. “I-214” was introduced into Serbia in the 1950s. At the time of
introduction this clone was shown to be highly productive and resistant to various diseases, including
spring defoliation caused by Venturia populina (Vuill.) Fabric., Dothichiza canker, leaf curl caused by
Taphrina populina Fr. (Fr.), Melampsora leaf rust and mosaic virus disease caused by poplar mosaic virus
(PMV) [4,9]. However, during the past 70 years, P. × euramericana cl. “I-214” has gradually become
susceptible to multiple leaf and stem diseases, i.e., Marssonina leaf spot, Venturia spring defoliation,
Melampsora leaf rust, and Dothichiza and Cytospora stem canker [9].

In September 2019, symptoms of a bacterial canker disease were observed in a two-year-old P. ×
euramericana cl. “I-214” plantation in Vojvodina, Serbia. Affected trees initially exhibited longitudinal
cracks in the bark of the stems and branches accompanied by oozing of a small amount of colorless or
whitish sap. As the disease progressed, the cracks in the bark enlarged, the vascular tissues under the
bark became necrotic, soft, and water-soaked and copious amounts of sticky and often foamy sap with
a rotten smell flowed from the cracks. Once exposed to the air the sap gradually darkened, becoming
reddish or brownish and causing staining of the tree bark (Figure 1a–d). In some cases, the infected
bark peeled away from the sunken canker area exposing a creamy mass of whitish exudates with a
fermentation odor and these cankers usually appeared on the bark surface of the lower trunk. In severe
cases of the disease, cankers caused crown die-back and the diseased trees died within a few weeks
(Figure 1d). These symptoms resembled those of a recently described bacterial canker disease of hybrid
poplars in Hungary, Portugal, Spain, and China caused by L. populi [8,10–12]. The aim of this study
was to identify the bacterium associated with the disease symptoms observed on P. × euramericana cl.
“I-214” trees in Serbia. This was done using biochemical characteristics, phylogenetic analyses based
on 16S ribosomal RNA (rRNA), multilocus sequence analyses (MLSA) of three housekeeping genes,
i.e., part of the DNA gyrase subunit B (gyrB), translation initiation factor IF2 (infB) and ATP synthase
subunit beta (atpD), and a pathogenicity test.
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Figure 1. Bacterial canker disease on Populus × euramericana clone “I-214” caused by Lonsdalea populi in
Serbia. (a) Necrotic bark with foamy sap flowing from the infection site. (b) Canker with cracked bark
and exudates emerging from the infected stem. (c) Softening and darkening of the vascular part of
the trunk in the cankered area. (d) Dead tree with exudates staining the bark. (e) Colonies of L. populi
after 24 h of incubation at 30 ◦C on tryptone soya agar. (f) Water-soaked sunken canker formed on P. ×
euramericana rooted cutting one month after inoculation with L. populi. (g) Dark, soft, and watery wood
beneath the bark of a canker formed on P. × euramericana rooted cutting one month after inoculation
with L. populi. (h) Negative control showing absence of canker development.

2. Materials and Methods

2.1. Sample Collection, Isolation, and Biochemical Characterization

For pathogen isolation, stem and branch tissues showing symptoms of a bacterial canker and
whitish creamy exudates were collected using sterile equipment from twenty symptomatic P. ×
euramericana cl. “I-214” trees grown in a poplar plantation near Glogonj, in Vojvodina, Serbia (N
44◦59′; E 20◦32′). Samples of cankers and exudates were placed in polyethylene bags and sterile 2 mL
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Eppendorf tubes, respectively, and kept at 4 ◦C until isolation was undertaken. Small pieces (3–5 mm
diameter) of woody tissue were cut from the canker margins, surface sterilized using 70% (v/v) ethanol
for 1 min. followed by a solution of 10% (v/v) sodium hypochlorite for 1 min., and then rinsed in
sterile distilled water. The tissue was macerated in 1 mL of sterile distilled water using a sterile mortar
and pestle; the resulting suspension was transferred to 2 mL Eppendorf tubes, and shaken for 2 min.
using ZX3 advanced vortex mixer (VELP Scientifica, Milan, Italy). The suspension was serially diluted
(10-fold dilutions to 10−9) and 50 µL of each dilution was spread onto tryptone soya agar (TSA, Titan
Biotech Ltd., New Delhi, India). Moreover, samples of exudates were diluted in the same manner and
spread onto TSA. Petri dishes were incubated at 30 ◦C for 48 h (Heidolph incubator 1000, Heidolph co.,
Kelheim, Germany). In total, seven bacterial colony types were isolated. The prevalent colonies were
similar in appearance to L. populi, i.e., white-ivory colored, slightly bluish on the underside, round, and
slightly convex [8]. These colonies were purified by subculturing and subjected to Gram test which was
performed using a non-staining method with a 3% KOH solution [13]. Gram negative bacterial strains
were further examined with an Olympus BX53F light microscope (Olympus Co., Tokyo, Japan) at
×400 and ×1000 magnification using an Olympus SC50 digital camera and accompanying software. A
Gram-negative strain with cell morphology like L. populi (cells 0.5–1 × 1–2 µm in size, short-rod-shaped,
motile, occurring single, or aggregated in clumps, Figure S1) [8] was selected and named ILFE-LP1.
The strain was stored in tryptone soya broth (TSB, Titan Biotech Ltd., New Delhi, India) containing
40% glycerol (v/v) at −80 ◦C, deposited in the culture collections of the Institute of Lowland Forestry
and Environment (ILFE) and NARIC Fruitculture Research Institute and further used in this study to
identify the bacterium and confirm its pathogenicity.

The analyses of biochemical characteristics of the bacterium were conducted using API 20E kit
(Bio-Mérieux, Marcy L’Etoile, France) following the manufacturer’s instructions and the test strip was
incubated for 24 h. A type strain of L. populi (NY060, provided by the NARIC Forest Research Institute,
Mátrafüred, Hungary) was used as a positive control and isolates were assessed twice.

2.2. DNA Extraction, PCR Amplification, and Sequencing

Total bacterial genomic DNA was isolated from cells harvested from culture grown for 24 h at 30 ◦C
in TSB using a mericon DNA bacteria kit (Qiagen, Hilden, Germany) following the manufacturer’s
protocols. The DNA was quantified with a nanodrop (BioSpec-nano, Shimadzu Biotech, Kyoto, Japan),
stored at −20 ◦C and diluted to the concentration of 20 ng/µL prior to use in PCR reactions. Partial 16S
rRNA gene was amplified by PCR using the primers and conditions as published by [14] (Table 1).
Three housekeeping genes, including gyrB, infB, and atpD were amplified using primers designed
by [15] (Table 1). The conditions for PCR amplification of the housekeeping genes were as previously
determined by [16]. The PCR products were separated by electrophoresis on 1.5% (w/v) agarose gels in
1 x TBE buffer, stained with Roti-GelStain (Carl Roth, Karlsruhe, Germany) and visualized under UV
illumination. The size of the products was estimated using O’gene ruler 100bp DNA ladder (Thermo
Fisher Scientific Inc., Bremen, Germany). The PCR products were purified using a PCR purification kit
(QIAquick, Qiagen, Hilden, Germany). Sanger sequencing was performed by Mycrosynth (Balgach,
Switzerland) using primers designed by [14,15] (Table 1).

2.3. Phylogenetic Analyses

Raw sequence data were examined and combined into a consensus sequence using BioEdit
version 7.2.5 [17] and MEGA X [18]. Sequences were compared to those of the other Lonsdalea strains
available in the GenBank database using BLAST and related sequences were downloaded and included
in the analyses (Table S1). Multiple sequence alignments were obtained with MAFFT version 7
(on-line version) [19], checked manually for alignment errors in MEGA X [18] and corrected where
necessary. The phylogenetic analyses were performed using Maximum Parsimony (MP) and Maximum
Likelihood (ML) analyses. ML analyses were conducted for both 16S rRNA and the combined data
set of three housekeeping genes, whereas MP analyses were run only for the combined data set. The
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MP analyses and the partition homogeneity test (PHT) were conducted as described by [20] and
they were performed in PAUP version 4.0b10 [21]. ML analyses were run using an online version
of PhyML 3.0 [22] by applying smart model selection [23]. Bootstrap analysis was carried out using
1000 replicates [24]. Phylogenetic trees were visualized using MEGA X [19]. The DNA sequences of
isolate ILFE-LP1 obtained in this study were deposited in GenBank (MT505705-16S, MT537174- atpD,
MT559754-gyrB, and MT559753-infB, Table S1).

Table 1. Primers used in this study to amplify and sequence 16S rRNA gene and housekeeping genes
(gyrB, atpD and infB) from ILFE-LP1 bacterial strain isolated from a Populus × euramericana cl. “I-214”
tree with symptoms of a bacterial canker in Serbia.

PCR Primers Sequence Reference

16SP1 5′-GAAGAGTTTGATCATGGCTC-3′ [15]

16SP2 5′-AAGGAGGTGATCCAGCCGCA-3′ [15]

gyrB 01-F 5′-TAARTTYGAYGAYAACTCYTAYAAAGT-3′ [16]

gyrB 02-R 5′-CMCCYTCCACCARGTAMAGTT-3′ [16]

atpD 01-F 5′-RTAATYGGMGCSGTRGTNGAYGT-3′ [16]

atpD 02-R 5′-TCATCCGCMGGWACRTAWAYNGCCTG-3′ [16]

infB 01-F 5′-ATYATGGGHCAYGTHGAYCA-3′ [16]

infB 02-R 5′-ACKGAGTARTAACGCAGATCCA-3′ [16]

Sequencing Primers

SP1 5′-ACCGCGGCTGCTGGCACG-3′ [15]

SP2 5′-CTCGTTGCGGGACTTAAC-3′ [15]

16SP2 5′-AAGGAGGTGATCCAGCCGCA-3′ [15]

gyrB 07-F 5′-GTVCGTTTCTGGCCVAG-3′ [16]

gyrB 08-R 5′-CTTTACGRCGKGTCATWTCAC-3′ [16]

atpD 03-F 5′-TGCTGGAAGTKCAGCARCAG-3′ [16]

atpD 04-R 5′-CCMAGYARTGCGGATACTTC-3′ [16]

infB 03-F 5′-ACGGBATGATYACSTTCCTGG-3′ [16]

infB 04-R 5′-AGYTTAGATTTCTGCTGACG-3′ [16]

2.4. Pathogenicity Test

In January 2020, shoots were collected from stooled beds of P. × euramericana cl. “I-214” established
at an experimental forest nursery “Kaćka forest” of ILFE in Kać, Novi Sad (N 45◦17′; E 19◦53′). Dormant
cuttings (diameter: 14 ± 0.3 mm; length: 30 ± 0.2 cm) were prepared from the lower parts of the
collected shoots and stored in polyethylene bags in a cold chamber at 4 ◦C for two months. In March
2020, the cuttings were first soaked in water for two days in the dark at room temperature (18 ± 2 ◦C).
They were then surface sterilized using 70% ethanol (v/v) and their top ends were sealed using grafting
wax (Savacoop, Novi Sad, Serbia) to prevent desiccation and contamination. The cuttings were placed
in 3 L plastic pots containing loamy fluvisol soil [5] obtained from the “Kaćka forest” nursery. They
were kept in a greenhouse at ILFE (23 ± 2 ◦C day temperature, 19 ± 2 ◦C night temperature, 60–70%
humidity, 16/8h day/night cycle) for one month and watered every other day to field capacity.

Thirty cuttings that developed roots were transferred to an environmental test chamber (Sanyo,
MLR-351H) for the pathogenicity test. They were arranged in a completely randomized design with
ten replicates (poplar plants) per treatment. Plants were inoculated with Serbian strain ILFE-LP1 and a
Hungarian type strain of L. populi NY060 to serve as a positive control. Negative controls were mock
inoculated using sterile distilled water. Prior to inoculation, bacterial strains were cultured for 24 h
at 30 ◦C on TSA. Inoculum was prepared in 20 mL TSB. Single bacterial colonies were transferred to
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Erlenmeyer flasks and incubated at 30 ◦C and 180rpm for 24 h in a shaker incubator (Unimax 1010,
Heidolph co., Kelheim, Germany). The number of colony forming units (CFU)/ml was determined
by spread-plate technique [25] on TSA incubated at 30 ◦C for 24 h. Bacterial suspension in TSB
was transferred to 2 mL Eppendorf tubes, centrifuged at 13,200 rpm for 10 min. and the inoculum
concentration was adjusted with sterile distilled water to 108 CFU/ml. Plants were first surface sterilized
using 70% ethanol (v/v) and then a cork borer was used to create a 6 mm diameter wound in the
middle of each plant. The bacterial suspension was injected into the wound (40 µL) using a pipette and
the wound was sealed with Parafilm (Pechiney, Chicago, IL, USA) to retain moisture and protect the
wound from contamination. The inoculated plants were maintained at 28 ◦C, with a relative humidity
of 90% under a 16/8 day/night cycle [26] and watered as described above. The experiment was carried
out for one month and plants were monitored every day for the appearance of symptoms. At the end
of the experiment, the presence of external and internal symptoms was recorded, and the length of
internal canker lesions was measured. The pathogenicity test was repeated once.

2.5. Statistical Analyses

Statistical analyses of pathogenicity experiment data were performed using Statistica 12.0 (StatSoft
Inc., Tulsa, OK, USA). The data were checked for normality using Kolmogorov−Smirnov test and
homogeneity of variances was tested with Levene’s test. The analyses were further conducted using
non-parametric Mann−Whitney U test (α = 0,05). Because there were no significant differences in
lesion lengths produced by the same strain in the two subsequent pathogenicity trials, the data from a
single strain were combined for further analyses.

3. Results

3.1. Biochemical Characterization

Isolate ILFE-LP1 was positive for acetoin and citrate utilization, and negative for β-galactosidase,
arginine dihydrolase, lysine decarboxylase, ornithine decarboxylase, H2S, urease, tryptophan
deaminase, indole, and gelatinase production. Acid was produced from D-glucose, D-mannitol,
D-sucrose, and amygdalin. Nitrates were not reduced to nitrites. Biochemical characteristics of
ILFE-LP1 resembled those of the type strain NY060 of L. populi.

3.2. Phylogenetic Analyses

The 16S data set contained 12 sequences and 1351 characters (1282 parsimony informative, 46
parsimony uninformative, CI = 0.9, RI = 0.8, TL = 76) and the model HKY85+I was chosen for the ML
analyses (I = 0.897). The topology of the ML and MP phylogenetic trees was similar, and the ML tree is
presented (Table S1, Figure S2).

The combined dataset of three housekeeping genes contained 36 sequences with Brenneria
nigrifluens as an outgroup (Table S1). The sequence dataset contained 1833 characters (195 parsimony
informative, 1638 parsimony uninformative, CI = 0.8, RI = 0.9, TL = 320). The result of the PHT test
was not significant and showed that three loci can be combined (P = 0.03). The model GTR+G+I was
chosen for the ML analyses (G = 0.507, I = 0.451). The MP and ML analyses produced phylogenetic
trees with the similar topology and therefore, only the ML tree is shown (Figure 2). Serbian strain
ILFE-LP1 formed a monophyletic clade with L. populi strains from Hungary, Portugal, and China
within Lonsdalea species in the phylogenetic analyses. The separation of L. populi from other Lonsdalea
species was moderately supported in the phylogenetic analyses of 16S rRNA sequences (bootstrap
support = 85% ML, MP) and strongly supported in the phylogenetic analyses of a combined atpD,
gyrB and infB dataset (bootstrap support = 81% ML, 100% MP). Although the branch lengths indicate
differences in the concatenated sequences, the scale bar represents 0.001 nucleotide changes per site.
Based on phylogenetic analyses, strain ILFE-LP1 isolated in this study was identified as L. populi
(Figure 1, Figure S2).
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Figure 2. Maximum-likelihood (ML) tree resulting from ML analyses of the concatenated atpD, gyrB
and infB gene sequences and showing the phylogenetic position of Lonsdalea populi in relation to its
closely related species. The bootstrap support values (ML/MP ≥ 80% (maximum parsimony: MP)) are
indicated at the nodes, and the scale bar represents the expected number of changes per site. The tree
was rooted to Brenneria nigrifluens. Strain ILFE-LP1 identified in this study is shown in bold and a clade
corresponding to L. populi is highlighted.

3.3. Pathogenicity Test

Four days after inoculation, the oozing of a colorless fluid and a small sunken area around the
inoculation site were evident on most stems inoculated with a bacterial suspension of ILFE-LP1 and on
stems of a positive control inoculated with L. populi NY060. The lesion gradually expanded further in
the following days and oozing continued. One month after inoculation, sunken, water-soaked external
cankers were visible on each stem inoculated with isolates ILFE-LP1 and L. populi NY060 and after the
bark was removed, water-soaked, necrotic lesions were observed around the inoculation points and
measured from 1.4 to 3.6 mm (average length = 1.8 mm) and 1.4 to 3.8 mm (average length = 1.9 mm),
respectively (Figure 1). There were no significant differences in lesion lengths between the two strains
(p = 0.47). No cankers formed on the stems of the control plants. Lonsdalea populi was successfully
(100%) re-isolated from canker margins on TSB and its identity was confirmed using morphology,
Gram test, PCR, and sequencing of the atpD gene following the procedure described above (Figure S3).
Lonsdalea populi was never isolated from negative controls.

4. Discussion

This study provides the first record of L. populi on P. × euramericana cl. “I-214” in Serbia, and
southeastern Europe (SEE). The geographic range of this Gram-negative bacterium has extended and
its host association with P. × euramericana was confirmed. Lonsdalea populi was identified using a
polyphasic approach, i.e., biochemical characteristics, phylogenetic analyses of the 16S rRNA, and
MLSA of three housekeeping genes (gyrB, infB and atpD). The pathogenicity test confirmed that L.
populi is the causal agent of the bacterial canker disease of P. × euramericana cl. “I-214” in Serbia.
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The present study is also the first report of a bacterial disease on hybrid poplars, including P.
× euramericana in Serbia, and SEE. Despite the importance of hybrid poplars, no previous research
has been conducted on bacterial diseases of these trees in Serbia and SEE. Moreover, little research
has been conducted on bacterial diseases of Populus spp. in SEE and only ‘Candidatus Phytoplasma
asteris’-related phytoplasmas (yellow disease phytoplasmas) were reported from Lombardy poplar
(Populus nigra L. ‘Italica’) trees planted as ornamentals in Belgrade, Serbia and in Zagreb, Croatia [27,28].

The isolation of L. populi from P. × euramericana in Serbia is not surprising, given that it is a
well-known pathogen that causes bacterial canker disease of hybrid poplars [12]. Lonsdalea populi has
been isolated from P.× euramericana in previous studies in Hungary, Spain, Portugal, and China [8,10–12].
It has also been found associated with P. × interamericana in Spain and recently reported as a pathogen
of Chinese willow (Salix matsudana Koidz.) causing cankers with large amounts of white sour exudates
in China [11,29].

The disease symptoms (oozing cankers with water-soaked, soft wood) caused by L. populi observed
in this study are consistent with previous reports of Lonsdalea canker of poplars [8,10–12]. In the current
study, however, L. populi was isolated from two-year old P. × euramericana trees, whereas in other
countries it was found on more than three-year-old trees [8,10–12]. Symptoms of a bacterial canker
disease on P. × euramericana have previously also been reported associated with Xanthomonas populi
(Ridé) Ridé and Ridé. This bacterium was a major concern in poplar-growing regions of Europe in
the 1950s [30]. However, symptoms observed in this study were not typical of those caused by X.
populi and swollen cankers with deep cracks in the bark have not been observed in the field. Moreover,
Neocosmospora solani sensu lato has been found associated with cankers of hardwood trees, including
Populus spp. [31]. Likewise, apart from L. populi, Li et al. [12] isolated N. solani (Mart.) L. Lombard &
Crous from diseased tissues of P. × euramericana trees experiencing stem cankers in China. The authors,
however, reported that N. solani is not an aggressive pathogen of this tree species and concluded that
L. populi is the causal agent of a canker disease of P. × euramericana in China. Nevertheless, because
disease symptoms indicated a possible bacterial infection, fungal isolations were not performed in
this study, but additional research is currently being conducted to see if L. populi alone is causing the
canker symptoms observed in the field.

To prevent the spread of the disease into new areas and plantations, in this study, a pathogenicity
test was conducted using P. × euramericana rooted cuttings in an environmental test chamber under
controlled conditions as described in Hou et al. [26]. Due to the high humidity to which poplars
were exposed during the test (90%) to promote bacterial activity, and the fast-growing nature of P.
× euramericana the experiment lasted for one month and symptoms of water-soaked cankers with
exudation were successfully reproduced. Moreover, cankers of a similar size were formed when P.
× euramericana was inoculated with the strain type of L. populi that was used as a positive control.
However, oozing was not as abundant, foamy, and creamy as seen on trees in the field in an advanced
stage of the disease development. This may be due to the age of the plants used for inoculation, and
the duration of the test. Similarly, in a study of Li et al. [12] L. populi induced canker symptoms when
inoculated into water-cultured excised stems in an environmental test chamber, but abundant, white,
sour exudates were observed only when the test was carried out under field conditions using 3–5-year
old trees. Difficulties in reproducing disease symptoms in pathogenicity trials have also been reported
for other plant pathogenic bacteria, including Lonsdalea quercina (Hauben et al. 1999) Brady et al. 2012,
Brenneria nigrifluens (Wilson et al. 1957) Hauben et al. 1999, and Brenneria rubrifaciens (Wilson et al.
1957) Hauben et al. 1999 [32–34].

The occurrence and pathogenicity of L. populi on P. × euramericana cl. “I-214” is of a major concern
in Serbia because cl. “I-214” is the most widely grown and economically important poplar clone in the
country. Intensively cultured plantations (even-aged, clonal stands) and monoclonality have already
increased the vulnerability of this clone to various leaf and canker diseases [4,9]. Because the use
of antibiotics for plant disease control in Serbia is prohibited [35], management options for bacterial
disease problems in Serbian poplar plantations are limited. Therefore, genetic improvement programs
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that continuously screen new clones for disease resistance while assuring highest possible volume
production could be the most promising strategy to combat Lonsdalea canker of poplars. Moreover, an
integrated approach of disease prevention and control, focusing not only on selection and breeding
for resistance, but also on biological control is needed to assure long-term sustainability of poplar
plantations in Serbia.

5. Conclusions

To the best of our knowledge, this is the first report of L. populi causing bacterial canker disease on
P. × euramericana cl. “I-214” in Serbia and in SEE. It is also the first record of a bacterial disease on P. ×
euramericana in SEE.

Lonsdalea populi is currently the most serious pathogen affecting P. × euramericana plantations in
Europe. It is also a serious threat to Serbian poplar production. Therefore, there is a need for disease
management strategies that are not only economically practical, efficient, and sustainable, but also
likely to be accepted by poplar growers. If the disease spreads into new areas, selection and breeding
for Lonsdalea canker disease resistance might be such a strategy.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4907/11/10/1080/s1.
Figure S1: Primers used in this study. Figure S2: Maximum-likelihood (ML) tree resulting from ML analyses of
the partial 16S rRNA gene sequences (1351 bp). The bootstrap support values (ML/MP ≥ 80%) are indicated at the
nodes, and the scale bar represents the number of changes. The tree was rooted to Brenneria nigrifluens. Figure
S3: Lonsdalea-like colonies (marked blue) re-isolated from symptomatic tissue of Populus × euramericana clone
“I-214” on tryptone soya agar. Petri dishes were incubated at 30 ◦C for 48 h. Table S1: Bacterial strains used for
phylogenetic analyses.
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6. Andrašev, S.; Bobinac, M.; Pekeč, S.; Sarić, R. Characteristics of thinning in a plantation of poplar clone I-214
with a moderate spacing 13 years after establishment. Topola/Poplar 2017, 199/200, 77–93. [In Serbian with
English summary]

43



Forests 2020, 11, 1080

7. Phillips, D.H.; Burdekin, D.A. Diseases of poplar (Populus spp.). In Diseases of Forest and Ornamental Trees;
Palgrave Macmillan: London, UK, 1992; pp. 329–357. [CrossRef]

8. Tóth, T.; Lakatos, T.; Koltay, A. Lonsdalea quercina subsp. populi subsp. nov., isolated from bark canker of
poplar trees. Int. J. Syst. Evol. Microbiol. 2013, 63, 2309–2313. [CrossRef]
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Abstract: Halomorphic soils cover a significant area in the Vojvodina region and represent ecological
and economic challenges for agricultural and forestry sectors. In this study, four economically
important Serbian poplar clones were compared according to their biochemical and transcriptomic
responses towards mild and severe salt stress to select the most tolerant clones for afforestation
of halomorphic soils. Three prospective clones of Populus deltoides (Bora-B229, Antonije-182/81
and PE19/66) and one of hybrid genetic background P. nigra x P. deltoides, e.g., P. x euramericana
(Pannonia-M1) were hydroponically subjected to NaCl as a salt stress agent in a concentration
range from 150 mM to 450 mM. Plant responses were measured at different time periods in the
leaves. Biochemical response of poplar clones to salt stress was estimated by tracking several
parameters such as different radical scavenging capacities (estimated by DPPH, FRAP and ABTS
assays), accumulation of total phenolic content and flavonoids. Furthermore, accumulation of two
osmolytes, glycine betaine and proline, were quantified. The genetic difference of those clones has
been already shown by single nucleotide polymorphisms (SNPs) but this paper emphasized their
differences regarding biochemical and transcriptomic salt stress responses. Five candidate genes,
two putative poplar homologues of GRAS family TFs (PtGRAS17 and PtGRAS16), PtDREB2 of
DREB family TFs and two abiotic stress-inducible genes (PtP5SC1, PtSOS1), were examined for their
expression profiles. Results show that most salt stress-responsive genes were induced in clones M1
and PE19/66, thus showing they can tolerate salt environments with high concentrations and could
be efficient in phytoremediation of salt environments. Clone M1 and PE19/66 has ABA-dependent
mechanisms expressing the PtP5CS1 gene while clone 182/81 could regulate the expression of
the same gene by ABA-independent pathway. To improve salt tolerance in poplar, two putative
GRAS/SCL TFs and PtDREB2 gene seem to be promising candidates for genetic engineering of
salt-tolerant poplar clones.

Keywords: poplar; salt stress; gene expression analyses; radical scavenger capacity; osmolytes

1. Introduction

Mitigation of climate change became a pivotal mission in the 21st century which
employs vast scientific resources since climate change threatens some of the most important
forest tree species with extinction. Rising global temperatures are expected to accelerate
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salinization of soil. Until now, 20% of the world’s cultivated land and nearly half of
irrigated land is believed to contain elevated concentrations of salt that reduce plant yield
significantly below their genetic potential. Every minute, soil salinity claims about three
hectares of arable land from conventional crop farming [1] and as the climate warms up,
the soil continues to get saltier [2]. This implicates not only crop yield losses but also other
environmental problems [3–5], in the forestry sector which is also under serious pressure [6].
This increasing tendency is occurring in Serbia at a greater frequency, especially in the
agricultural region of Vojvodina. Halomorphic soil area of 106,000 hectares (5.5%) estimated
by Ivanišević et al. [7] is increasing due to industrial pollution, mining and neglected
irrigation [8].

One of the major consequences of various environmental stresses, including salt stress,
is oxidative stress [9,10]. Oxidative stress presents an imbalance between antioxidant
defense and production of reactive oxygen species (ROS), including hydrogen peroxide
and oxygen-centered free radicals like superoxide, hydroxyl and hydroperoxyl radicals [11].
Plants produce many antioxidants responsible for the neutralization and detoxification
of ROS. One of the largest and most diverse groups of antioxidants present in plants
are polyphenols. Phenolic compounds act as antioxidants preventing the escalation of
oxidative stress and protecting plants against the oxidative damage of increased ROS
levels [12]. Moreover, beside antioxidant activity, polyphenols exhibit multiple roles in
plant–environment interactions, including signaling and plant defense [13–15]. Many stud-
ies have confirmed that salt and drought stress provoke polyphenol accumulation in most
vascular plant species [12–15] but there are still only a small number of research studies on
woody plant species. Post-harvest treatment of Ginkgo biloba leaves with 200 mmol/L NaCl
significantly increased the accumulation of flavonoids [16,17]. The effects of salt stress on
polyphenol and antioxidant status of poplar are still unexplored and poorly understood.

High levels of sodium ions (Na+) are toxic to plants because of their adverse effects
on cellular metabolism and ion homeostasis [18–20]. Therefore, maintaining high and low
levels of Na+ in the cell, specifically in the cytoplasm, is essential for plants [19,21]. Various
plant genetic strategies have been proposed to solve the salinity issue in the climate change
context. One strategy is to find a mechanism based on biosynthesis of secondary metabolites
that would counteract and balance ionic and hyperosmotic stresses and alleviate overall
stress to survive these conditions [20,21]. The other strategy proposed by Shabala et al. [1]
is based on targeting the mechanisms conferring Na+ sequestration in external storage
organs in halophytes. Also, there are strategies based on manipulation with regulatory
genes as a more effective approach for developing stress-tolerant plants [22]. According to
Hasegawa et al. [23], functional genomics studies of plant stress responses, particularly
the identification of a core set of stress-related transcripts, are crucial for both tolerant
germplasm exploitation and tolerant crop development through genetic manipulation.

Numerous scientists characterized physiological, biochemical and molecular responses
of different model plants to investigate salt stress mechanisms that each of them has devel-
oped as a unique salt-adaptive feature. Hence, plants that exhibit high genetic variation for
salt tolerance and biological response to salt stress are highly species, genotype and organ
specific. Due to the entirely sequenced genome of poplar (Populus trichocarpa) [24], this
species became a model plant system for molecular research in woody plant species, which
significantly facilitated molecular biology research in forestry. Another poplar species that
draws a lot of scientific attention is Populus euphratica Oliv. that is known for its tolerance
to salinity, which was of great importance for large-scale afforestation on saline desert sites
in China due to its ability to tolerate up to 450 mM NaCl [25].

When plants are subjected to salt stress, they can increase their stress tolerance by
regulating the production of certain metabolites that can reduce damage. Examples include
synthesizing osmotic adjustment substances, such as proline, glycine betaine, polyols,
polyamines and some soluble proteins, as well as protective enzymes [25–27]. Extensive
literature about different salt and drought effects on accumulation of free proline in various
vascular but also woody plant species is available [28–33]. An overall conclusion could be
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that proline accumulation has a significant impact on plant tolerance to salt since most of
the studies reported considerably higher amounts of this amino acid in plants subjected to
salt stress [34–36]. For that reason, proline has been introduced as a universal salinity- and
drought-inducible biochemical marker. Due to its osmoprotective and antioxidant prop-
erties, an increase in proline content was linked to improved salt tolerance in plants. The
same can be said about proline in the context of other abiotic stress factors such as drought,
extreme temperatures, UV radiation and heavy metals induced stress that consequently
causes secondary stresses such as osmotic and/or oxidative stress [37,38]. Beside men-
tioned modes of action against environmental stresses, other functions were later identified
for proline, such as its chaperone function and its important role in signaling and in modu-
lation of the translation of proline-rich proteins, as well as redox potential buffering and
regulation of different enzymes’ activities and stabilization of ROS-scavenging enzymes,
as reviewed by Cushman et al. [37]. It was found in G. biloba seedlings that the proline
content decreased significantly under low NaCl concentrations (50 and 100 mmol/L) and
increased significantly under higher concentrations compared to non-treated controls [16].
Intriguingly, proline accumulation was strongly suppressed in tobacco leaves when the
plants were exposed to a combination of different stresses [29].

Another important salt stress biochemical marker is quaternary ammonium com-
pound (QAC), known as glycine betaine (GB), that is a fully N-methylated derivative of
glycine. GB has a strong osmoprotective action caused by dehydration injuries at the
cellular level as well as during salt stress [39]. Plants that are characterized with higher
amounts of GB at the organ or cell level normally represent genotypes that are more tol-
erant to salt than sensitive genotypes. Significantly higher levels of GB during salt stress
were found in different crop plants including sugar beet (Beta vulgaris), spinach (Spinacia
oleracea), barley (Hordeum vulgare), wheat (Triticum aestivum) and sorghum (Sorghum bicolor)
under various abiotic factors [39,40]. Large embodiments of the literature are focused on
the mechanisms of increased stress tolerance of plants after exogenous proline and glycine
betaine application, especially concerning drought, salt, cold or high-temperature stresses
of genetically engineered plants that overproduce GB and/or proline [30,40,41].

Encoding different structural and regulatory proteins, numerous genes are upreg-
ulated under stress conditions in vegetative tissue [20,30]. The candidate genes for this
study belong to different metabolic pathways and have various modes of action but all
play a role in the salt stress defense mechanism. Delta-1-pyrroline-5-carboxylate synthetase
enzymes (P5CS), which catalyze the rate-limiting step of proline biosynthesis, are encoded
by two closely related P5CS genes (P5CS1 and P5CS2) in Arabidopsis. Transcription of the
P5CS genes is differentially regulated by drought, salinity and abscisic acid, suggesting
that these genes play specific roles in the control of proline biosynthesis [42]. According to
the same authors, p5cs1-1 mutants accumulate less proline in response to salt stress than
wild-type seedlings. Their roots are more hypersensitive to salt stress and have increased
evidence of oxidative stress and lipid peroxidation under salt stress than the wild-type
plants. Proline accumulation is thought to function as a compatible osmolyte that stabilizes
membranes and subcellular components [31,32]. The SOS1 gene is one of the Na+ trans-
porters that modulate salt tolerance in plants [43]. It belongs to an overly salt-sensitive
pathway and acts as a proton exchanger. Maintaining low levels of sodium ions in the
cell cytosol is critical for plant growth and development. Biochemical studies suggest that
Na+/H+ exchangers in the plasma membrane of plant cells contribute to cellular sodium
homeostasis by transporting sodium ions out of the cell [44]. Genetic analysis has linked
components of the overly salt-sensitive pathway (SOS1–3) to salt tolerance in Arabidopsis
thaliana [45,46]. The predicted SOS1 protein sequence and comparisons of sodium ion
accumulation in wild-type and SOS1 plants suggest that SOS1 is involved directly in
the transport of sodium ions across the plasma membrane. SOS1 contributes to plasma
membrane Na+/H+ exchange and SOS2 and SOS3 regulates SOS1 transport activity [43].
Steady-state SOS1 transcript levels increase significantly in roots and to a much lesser
extent in shoots when seedlings are exposed to high levels of NaCl. This regulation by
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salt is mediated, at least in part, by the other identified components of the SOS pathway,
SOS3 (a calcineurin B-like calcium-binding protein) and SOS2 (a serine/threonine protein
kinase) [44].

Transcription factors (TFs) play important regulatory roles in targeting specific stress-
related genes via binding to cis-acting elements in the DNA adjacent to the specific
gene [47,48]. The DREB transcription factors play important roles in regulating abiotic
stress-related genes and thereby imparting tolerance to stresses such as cold, drought and
high-salt environment to the plant [49,50]. To date, many DREB genes have been identified
from various plant species, and the products of these genes have been classified into six
groups, termed A-1 to A-6 [49]. DREB members of different groups play diverse roles in
plants. The CBF/DREB1s of the A-1 group play a critical role in cold-responsive gene ex-
pression, whereas DREB2s in group A-2 show expression under dehydration and high-salt
stresses [51,52]. Meanwhile, crosstalk between CBF/DREB1 and DREB2 pathways may
exist, because some DREB1 genes are also induced by osmotic stress or high-salt stress [53].

Salt and drought-inducible poplar GRAS protein SCL7 showed that this gene is
potentially useful for engineering drought and salt tolerance in trees, thus focusing our
attention to a GRAS/SCL transcription factor (TF) as a candidate gene for this study [48].
GRAS gene homologs have been found in A. thaliana and in other higher plants like
black cottonwood (P. trichocarpa) where two putative homologous nucleotide sequences
have been obtained, PtGRAS17 and PtGRAS16. Moreover, poplar GRAS16, according to
phylogenetic analyses, does not exist in the Arabidopsis genome. Characterization of
these two salt stress-associated genes, by screening for nucleotide diversity (SNPs) in the
coding region, proved that these four clones differ from each other [54], which leads to
the assumption that those clones might also have a different response to salt stress. In
our earlier research, the genetic difference of the clones was proven by SNPs but their
biochemical and transcriptomic background regarding their response to salt stress will be
revealed in this paper for the first time.

Investigating the polyphenol and antioxidant status as well as revealing the molecular
response of different poplar clones will be helpful in developing selection strategies for
improving poplar salt tolerance. Moreover, information on salt-responsive proteins/genes
will be crucial for improving salt tolerance through genetic engineering techniques [22].
Although numerous genetic studies in the field of adaptability of forest species have been
published, little is known about the molecular basis of this process [54]. This research
contributes to revealing the molecular basis of adaptation (e.g., tolerance to abiotic stress)
involving biochemical and gene expression analyses on domestic poplar clones.

The aim of this research was to employ biochemical and gene expression analyses to
characterize the genetic impact on the clones in response to salt stress and evaluate reliable
candidate marker genes as tools for clone selection for afforestation of the halomorphic
environment.

2. Materials and Methods
2.1. Plant Material and Growth Conditions

One-year-old Populus cuttings were collected from the Gene bank of the Institute
of Lowland Forestry and Environment (ILFE), Novi Sad, Serbia. The three-way random
experiment was established in hydroponic culture where 4 different poplar clones were
analyzed. The clones were chosen for their favorable selection characteristics like vigorous
growth, straight stem, excellent rooting potential and tolerance against prevalent pests and
diseases. Three clones represent Populus deltoides (B229, collection number B229; 182/81,
collection number 182/81 and PE19/66) and one was of hybrid origin, M1, collection
number M1 (Populus x euramericana) (Table 1). All biochemical and expression assays were
done in triplicates on the leaf level. In total, 144 cuttings (36 cuttings per clone) were used
for the experiment. The cuttings were randomized in 4 trays, dipped in aerated Hoagland
solution and exposed to a 16 -hour photoperiod until full root and leaf development. After
a month of growth and once fully developed, they were gradually subjected to salt stress
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with variation in NaCl concentrations (150 mM, 300 mM, 450 mM). For expression studies
the time point sampling (control and treated) were 3, 8 and 24 h after NaCl treatment, while
for biochemical assays were 3, 8, 12 and 24 h upon stress induction. Samples were frozen
in liquid nitrogen and kept at −80 ◦C for further procedures.

Table 1. Poplar clones used in this study.

Clone Name Clone Collection No. Species

Bora B229 P. deltoides

In the process PE19/66 P. deltoides

Pannonia M1 P. x euramericana

Antonije 182/81 P. deltoides

2.2. Biochemical Analyses
2.2.1. Extract Preparation for Biochemical Assays

20 mg of leaf tissue were homogenized in 2 mL of 96% ethanol. The homogenate was
centrifuged at 15,000 g for 10 min at 4 ◦C and the supernatant was used for biochemical
assays. All assays were measured on a spectrophotometric plate reader (MultiScan GO,
Thermo Fisher Scientific, Waltham, MA, USA).

2.2.2. Flavonoid Determination

The aluminum chloride colorimetric method [55] with slight modifications was used
for flavonoid determination. Briefly, 30 µL of the extract was added to 90 µL of methanol,
then 6 µL 1.0 M NaCH3COO plus 6 µL 0.75 M AlCl3 were added to the mixture and the
volume was brought to 300 µL with water. The absorbance of the reaction mixture was
measured at 415 nm. The number of total flavonoids was calculated from a calibration
curve constructed in 8 points in the interval of 10–250 µg using quercetin as a standard.
Results were expressed as quercetin equivalents (QE) in milligrams per gram FW of the
initial sample extracted in ethanol using 10 as a dilution factor.

2.2.3. Total Phenol Content (TPC) Assay

Amounts of total phenols were determined by using the method given by Chang et al. [55].
Extracts of 25 µL, 125 µL of 0.1 M Folin–Ciocalteu reagent and 100 µL of sodium carbonate
(7.5% Na2CO3) were mixed. The absorbance was read at 760 nm on a spectrophotometric
plate reader (MultiScan GO, Thermo Fisher Scientific, Waltham, MA USA). The results were
expressed as gallic acid equivalents (GAE) in milligrams per g of fresh weight.

2.2.4. DPPH Assay

Extracts were tested for their scavenging effect on the 2.2-diphenyl-1-picrylhydrazyl
(DPPH) radical according to the method of Kim et al. [56]. 10 µL of plant extract were
added to 270 µl of a 0.004% (w/v) solution of DPPH in 95% ethanol. The reaction mixture
was shaken vigorously, and the absorbance of the remaining DPPH was measured at
520 nm after 5 min. Radical scavenger capacity (RSC) of poplar extracts against DPPH was
expressed in mmol of Trolox equivalents per g fresh weight (mmol TE/g FW). The DPPH
radical scavenging capacity (RSC%) was expressed as a percentage calculated by using the
Equation (1):

RSC [%] = (AControl − ASample)/AControl ∗ 100% (1)

where AControl stands for the absorbance of the DPPH reagent while ASample represents the
absorbance of DPPH reagent in the presence of the extract.

2.2.5. ABTS+ Assay

Antioxidant activity of ethanolic extracts was estimated in terms of the ABTS+ radical-
scavenging capacity following the procedure described by Arnao [57]. 10 µL of sample
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were added to 290 µL of diluted ABTS+ solution in microplate wells, and the absorbance
was measured at 734 nm. The free radical-scavenging activity was expressed as mmol of
Trolox Equivalent (TE) per gram FW sample (mmol TE g−1 FW).

2.2.6. FRAP Assay

The FRAP test measures the ability of antioxidants to reduce the ferric 2.4.6-tripyridyl-
s-triazine complex (Fe3+-(TPTZ)2)3− to the intensively blue-colored ferrous complex ((Fe2+-
(TPTZ)2)2− in acidic medium. To perform the assay, 20 µL of leaf extract was added to
225 µL of FRAP reagent and 25 µL of water and shaken for 20 s and the absorbance was
recorded at 593 nm. Ascorbic acid with concentrations from 0 to 500 µM was used as a
standard. Results were expressed as ascorbic equivalents (AE) in milligrams per gram FW
of the initial sample extracted in ethanol [58].

2.3. Biochemical Data Analysis

Tolerance index (TI) [59] was used to calculate clone response to the examined treat-
ments, in comparison to control, for every biochemical parameter by the Equation (2):

TI = Xt/XControl (2)

where Xt stands for the value of the examined treatment and the XControl stands for each
value obtained for the control.

The obtained data for biochemical parameters were analyzed by repeated measures
two-way analysis of variance, with clone and salt concentration as the main effects and
time of measurement as the effect of repeated measures. The results of repeated measures
ANOVA were used for Tukey’s HSD (honestly significant difference) test. In graphs
and tables presenting results of Tukey’s test, treatments that have the same letter belong
to the same homogenous group at the level of a = 0.05 (the same letter stands for the
treatments that are not statistically significant). These tests were performed in STATISTICA
13 software [60].

2.4. Gene Expression Analyses
2.4.1. RT-PCR and Dye-Based qPCR Analyses

Reverse transcription PCR (RT-PCR) and subsequently quantitative PCR (qPCR) were
performed to test the expression level of five stress-inducible candidate genes in the controls
and treated poplar leaf tissue.

Experimental part and all preparations for expression analyses, including RT-PCR,
were carried out in ILFE molecular laboratory while the qPCR analyses were conducted
at Biological Research Centre, Szeged, Hungary (BRC). Total RNA from each sample
(control and treated) was extracted from leaves using RNeasy Mini kit (Qiagen, Hilden,
Germany). The integrity of total RNA was assessed and determined together with its
quality and quantity by MultiNA chip electrophoresis system (SHIMADZU, Kyoto, Japan).
The RNA (1 µg) was reverse transcribed into cDNA using the AMV Reverse Transcrip-
tase enzyme (Merck Millipore, Burlington, MA, USA). The reaction mixture for reverse
transcription was prepared following the manufacturer’s instruction. Integrity of cDNA
was first check by BioSpec-nano Micro-volume UV-Vis Spectrophotometer (SHIMADZU,
Kyoto, Japan), followed by qPCR expression check of different cDNA dilutions with
the reference gene and the genes of interest. All the samples were set in triplets. The
diluted cDNA (1:20) was subsequently used as template for qPCR using the primers:
PtP5CS1-F (5′-ggcgttctcctgattgttttt-3′) and PtP5CS1-R (5′-gagtccattcccacttctgatt-3′); PtSOS1-
F (5′-ttgattggaaaaactcctgctc-3′) and PtSOS1-R (5′-tcctgatggaatgacagcctac-3′); PtDREB2-F
(5′-gattgttctcggggagttga-3′) and PtDREB2-R (5′-ccacgaaggattttctgattga-3′); PtGRAS17-F
(5′-cttaaaaatccctctctctctctcc-3′) and PtGRAS17-R (5′-tctccagccaaccttcttactt-3′); PtGRAS16-F
(5′-actatttctttagacccaacgacgac-3′) and PtGRAS16-R (5′-atcgcctccacaacagcc-3′); PtActin_F
(5′-ggatattcagccccttgtctg-3′) and PtActin_R (5′-ttctgccccattccaacc-3′) (Table 2).
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Table 2. List of stress-inducible candidate genes, accession numbers and corresponding primer sequences used for
expression analyses.

Stress-Induced Genes NCBI Accession
Number

Sequences
(5’→3’)

Tm (0C) Product
Size (bp)

P5CS1 EEF01373
PtP5CS1-F ggcgttctcctgattgttttt 60.48 84
PtP5CS1-R gagtccattcccacttctgatt 59.44

SOS1 EEF02008
PtSOS1-F ttgattggaaaaactcctgctc 60.59 146
PtSOS1-R tcctgatggaatgacagcctac 61.40

DREB2 XM_002315114
PtDREB2-F gattgttctcggggagttga 60.05 78
PtDREB2-R ccacgaaggattttctgattga 61.33

GRAS17
(Scaffold_7) XM_002310190

PtGRAS17-F cttaaaaatccctctctctctctcc 59.46 118
PtGRAS17-R tctccagccaaccttcttactt 59.41

GRAS16 XM_002327770 PtGRAS16-F actatttctttagacccaacgacgac 62.25 66
(Scaffold_5) PtGRAS16-R atcgcctccacaacagcc 62.10

β-Actin XM_024591321 PtActin_F ggatattcagccccttgtctg 60.90 141
PtActin_R ttctgccccattccaacc 61.00

All gene expression analyses were carried out using an Abi Prism 7900 qPCR machine
(Applied Biosystems, Waltham, MA, USA). Dye-based qPCR analyses were performed
using SYBR Green JumpStart™ Taq ReadyMix™ (Merck Millipore, Burlington, MA, USA).
All qPCRs were performed using 12.5 µL SYBR Green JumpStart™ Taq ReadyMix™ (Merck
Millipore, Burlington, MA, USA), a pair of primers for each candidate gene (0.2 µM each)
and 10 µL of 1:20 diluted cDNA in a final volume of 25 µL. The qPCR protocol was as
follows: 95 ◦C for 10 min and 40 cycles of 95 ◦C for 15 s, followed by 60 ◦C for 1 min.
The technical replicates for qPCR were in triplets per each sample. The β-Actin gene
(XM_024591321) was used as the most reliable internal control to quantify the relative
transcript level of each candidate gene in each sample. The relative expression level of
target genes was calculated with the 2−∆∆Ct method [61].

2.4.2. Stress-Related Candidate Genes

After bioinformatics data mining, five stress-related candidate genes were selected:
PtP5SC1 (PtP5CS2): delta-1-pyrroline-5-carboxylate synthetase (P. trichocarpa), PtSOS1:
sodium proton exchanger (P. trichocarpa), PtDREB2: dehydration, cold and high-salt stress
protein (P. trichocarpa), PtGRAS17: GRAS family transcription factor (P. trichocarpa), Pt-
GRAS16: GRAS family transcription factor (P. trichocarpa). List of stress-inducible candidate
genes, accession numbers and corresponding primer sequences were shown in Table 2.

2.4.3. Gene Expression Data Analyses

Using the Arabidopsis Information Resource (TAIR) and National Center for Biotech-
nological Information (NCBI) database, candidate genes were selected to test their relative
expression in stress-exposed poplar tissue. Candidate genes, PtP5CS1, PtSOS1, PtDREB2,
PtGRAS16, PtGRAS17, activated in response to various abiotic stresses, including salt stress,
were selected. A protein–protein BLAST search against the Populus trichocarpa genome
using the Arabidopsis thaliana sequences was performed and related primer sequences were
synthesized. After expression analysis by the qPCR method, samples were analyzed. Data
analyses determined the relative expression pattern, a certain time after treatment. The
relative expression level was calculated by normalizing the PCR threshold cycle number of
each gene with that of the β-Actin reference gene. Expression pattern graphs were done in
the Rggplot package (R, 2013) [62].

3. Results and Discussion
3.1. Biochemical Analyses

The results obtained from the biochemical investigation of the salt stress effect on
four black poplar clones (B229, 182/81, M1-M1 and PE19/66) are presented in Figures 1–6
and in Tables S1–S4 (Supplementary File). Figures represent the dynamic response of
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each clone 3, 8, 12 and 24 h after treatment with 150, 300 and 450 mM NaCl. Each
parameter was expressed as the specific tolerance index (TI) [9]. Data on total phenolic
content tolerance index—TPCTI—are presented in Figure 1. Figures 1–6 represents results
regarding polyphenol parameters (total phenolic content, total flavonoid content and
flavonoid/phenolic ratio), antioxidant capacity (DPPH radical-scavenging activity) and
indicators of osmotic stress (proline content and glycine betaine content).
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treatments that are not statistically significant). These tests were performed in STATISTICA 13 software [60].
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treatments that are not statistically significant). These tests were performed in STATISTICA 13 software [60].
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B229, Antonije-182/81, Pannonia-M1 and PE19/66) 3, 8, 12 and 24 h after treatment with 150, 300 and 450 mM NaCl.
Treatments that have the same letter belong to the same homogenous group at the level of α = 0.05 (the same letter stands
for the treatments that are not statistically significant). These tests were performed in STATISTICA 13 software [60].
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for the treatments that are not statistically significant). These tests were performed in STATISTICA 13 software [60].
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The maximum of the total phenolic content tolerance index (TPCTI) was observed 8 h
after the treatment was set (at all concentrations), especially in treatment with the highest
concentration of salt (450 mM) in clones PE19/66 and B229. This was also observed in
clones 182/81 at 300 and 450 mM and M1 at 150 and 300 mM. That parameter usually
increased with the concentration in all investigated poplar clones, except for M1 where
TPCTI 8 h after the treatment declined with increasing salt concentration. Twelve hours
after the experiment was set, significant decrease in TPCTI was usually observed. It was
followed by none significantly different or rarely higher values observed at 24 h after the
treatment, except in M1 in treatments with 450 mM NaCl. The lowest TPCTI was observed
three hours after the treatment with 450 mM in poplar clone 182/81, which was followed
by the highest observed TPCTI (1.884) after 8 h at 450 mM NaCl. By a general comparison
of all the results, it can be concluded that in all clones except M1, there was a spike of
TPCTI at 8 h after the treatment, which rises with the increase in salt concentration.

Many authors have found that excessive salinity increased plant phenolic levels [10–12].
The increase in total phenolics content can be related to the increased expression of the
gene for the enzyme L-phenylalanine ammonia-lyase responsible for the biosynthesis
of phenolic acids [13]. Investigation of the response of two poplar hybrid clones to the
high-salt stress showed that they differ in phenolic and antioxidant levels [14] which is in
accordance with our findings, especially in the case of clone M1.

The results obtained by total flavonoid content measurements are expressed as total
flavonoids content tolerance index (TFCTI) and flavonoids/phenolics ratio (FPRTI) are
presented in Figures 2 and 3, respectively.

The highest response of TFCTI on treatments with salt concentrations of 150 and
300 mM was observed eight hours after the treatment in all clones. Clone B229 had the
highest TFCTI at 150 mM and 300 mM NaCl. At the same time, clone PE19/66 had a
slightly weaker reaction with the TFCTI of cca 1.97 at 150 and 300 mM NaCl, followed by
clones 182/81 and M1. A significant decrease of total flavonoids was observed 12 h after
treatment with concentrations of 150 and 300 mM NaCl in all clones when compared to the
situation at 8 h after treatment, but at 450 mM NaCl, the response of the clones, compared
to response level at 8 h post treatment, differed. In B229, TFCTI declined, in clone 182/81 it
increased, while a significant decline was noticed at 8 h post treatment, and in clones M1
and PE19/66 the difference between TFCTI at 8 and 12 h was not significant.

The ratio between total flavonoids and total phenolics can be interpreted as a con-
tribution of flavonoid to the total phenol content, and the tolerance index based on this
parameter (FPRTI) can also be a valuable indicator of differences between genotypes in
their reaction to abiotic stresses [63]. All the results presented in Figure 3 were obtained
by comparing them to the control value normalized to 1 (100%). In clone B229, the FPRTI
value increased compared to the control value at 150 mM NaCl by 170% after 8 h and by
90% after 12 h. At 300 mM NaCl, the same index increased from 97% after 8 h to 124% after
12 h. In clone 182/81, the FPRTI value dramatically increased (242%) 3 h after treatment at
450 mM NaCl compared to the control. The initial increase was followed by a significant
decrease in FPRTI value (89%) compared to the control. Although the accumulation of
flavonoids under the influence of the stress occurred in all clones, in clones B229 and
182/81, the flavonoid/total phenol ratio tolerance index was higher than the other two
examined clones.

Polyphenols are secondary metabolites, which are not primarily connected to the
processes of growth and development but are of vital importance for their ecological
interactions and their role in defense mechanisms, modulating transcriptional regulation,
signal transduction and hormonal regulation [15]. According to Xu et al. [16], salt stress can
elicit intensive gene expression changes which affect physiological and molecular pathways,
including the synthesis of flavonoids. Flavonoids are a major class of polyphenols, which
play important roles in eliminating free radicals and preventing oxidation [15]. Our
observation that, in some poplar genotypes, the flavonoid/total phenol ratio can increase
is in accordance with published results that, despite the decrease in total phenol content in
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he investigated poplar genotypes, flavonoids content can be affected by stress [15]. These
observations could be explained by the essential role of flavonoids among other phenolics
in physiological regulation and response to stress. Vuksanović et al. [63] stressed that a high
flavonoids/phenolics ratio was associated with low-intensity stress and with genotypes
tolerant to acidification, while at high-intensity stress and in genotypes with low tolerance
to acidification, this ratio declined due to a higher content of total phenolics and lower
content of flavonoids. In that sense, the higher FPRTI observed in our study for clones
B229 and 182/81 indicates their higher tolerance to salt stress than in M1 and PE 19/66.

Total antioxidant capacity was measured by determination of DPPH radical-scavenging
activity. The results were presented by the analog tolerance index (DPPHTI) in Figure 4.

The highest DPPHTI was observed 8 h after the experiment set under all applied
concentrations in all clones, except for PE19/66 which had its peaks already in 3 h, espe-
cially at 450 mM NaCl. The highest DPPHTI was detected in clone B229, which achieved
255% (150 mM, 8 h), 80.5% (300 mM, 8 h) and 193% (450 mM, 8 h) higher DPPH radical-
scavenging activity than the analog control treatment. High initial induction (after 3 h)
of DPPH radical scavengers was observed also in clone PE19/66 (182% higher than con-
trol) after the treatment with the highest salt concentration (450 mM NaCl). Considering
obtained results, it can be concluded that the greatest initial antioxidant response to salt
stress, according to the DPPH method, was found in genotype B229.

Diverse environmental stress factors, including salt stress, can lead to an imbalance
between antioxidant defenses and the number of reactive oxygen species (ROS) causing
oxidative stress [28,34]. The scavenging of reactive oxygen species (ROS) is one of the possi-
ble mechanisms of plants action against oxidative stress provoked by salt stress. The DPPH
method is based on the scavenging action toward artificial 2,2-diphenyl-1-picrylhydrazyl
(DPPH) [64]. A positive correlation between total phenols and DPPH radical-scavenging
capacity has also been found both in the salt-stressed and control poplar plants [14] and
generally in plant tissue [64]. Generally, the increase in antioxidant activity is a well-
established mechanism for the stress response in plants [15,63]. However, Štajner et al. [64]
suggest that an intense increase of DPPH-scavenging capacity, as well as a strong increase
of total phenolic content, was not characteristic for tolerant genotypes. Instead, moderate
increase of these parameters, and moderate decrease of total flavonoids and, especially, the
ratio between total flavonoids and total phenolics is characteristics of tolerant genotypes.
In that sense, high DPPHTI at 450 mM NaCl 24 h after the treatment suggests that genotype
PE19/66 is less tolerable to high-salt stress than the other three examined clones. Results
concerning proline and glycine betaine accumulation were expressed by tolerance indices
based on proline content and glycine betaine content (Figures 5 and 6).

As presented in Figure 5, the highest proline content tolerance index (PCTI) was
observed mostly after 12 h in all four clones by specific salt concentrations. The most intense
peaks after 12 h were observed for clone B229 at 450 mM NaCl (230%), clone M1 at 300 mM
NaCl (469%) and at 450 mM NaCl (242%) and clone PE19/66 at 450 mM NaCl (206%), while
clone B229 showed a high peek at 450 mM NaCl 3 h after treatment. At 24 h, a decrease
in the proline content tolerance index was observed with few exceptions. Concerning the
overall results for proline, clones B229 and M1 seem to achieve the strongest response to
salt stress, while M1 and PE 19/66 showed the lowest PCTI 24 h after the treatment.
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The response of the other osmolyte, glycine betaine, depended on the salt concen-
tration as well as clone and duration of the treatment. It was not possible to determine
any general trend. It was observed that clone B229 showed the highest initial response by
the glycine betaine content tolerance index (GBCTI) after 3 h, especially under 450 mM
(187%), while in M1, the highest GBCTI were recorded after 12 h, especially at 450 mM
NaCl (86.5%). The maximal response of clone 182/81 was after 24 h, especially under
300 mM (146%), but at 450 mM NaCl the maximum was after 3 h, while in clone PE19/66,
GBCTI exceeded 1 only at 300 mM NaCl 8 h after treatment.

One of the most important strategies to enhance plant tolerance to osmotic stress,
including water and salt stress, is the accumulation of osmotically active substances. Many
studies have shown that the proline content in higher plants increases under different
environmental stresses including drought, high salinity, UV irradiation, heavy metals,
oxidative stress and in response to biotic stresses [37]. Proline has a complex effect on
stress responses, including cell membrane protection from oxidative stress, by enhancing
antioxidant activity, reducing H2O2 levels and facilitating growth [63]. It has been found
that hybrid black poplar subjected to osmotic stress, enhances the accumulation of glycine
betaine and proline as the most important strategy to resist the osmotic stress and overcome
water deficit [63]. The effect of salt stress on ion concentration, proline content, antioxidant
enzyme activities and gene expression has been studied in tomato cultivars as well [33]. It
was revealed that plant tissue dynamically responds to the salt stress and that the proline
concentration had peaks after certain time intervals (6 h and seven days) for the genotype
that was more tolerant to the salt stress. Investigation of the role of glycine betaine in
enhanced salinity tolerance in some plants pointed to its possible role in the maintenance
of K+ homeostasis, reduction of lipid peroxidation and an increase in SOD activity, a key
enzyme of the reactive oxygen species-scavenging system [65].

3.2. Comparative Genomic Studies

To facilitate the identification of stress-related candidate genes for expression stud-
ies and future poplar clone improvement, we queried the previously published protein
sequences that show homology with P. trichocarpa stress-related genes PtP5CS1 (PtP5CS2):
delta-1-pyrroline-5-carboxylate synthetase, PtSOS1: sodium proton exchanger, PtDREB2:
dehydration, cold and high-salt stress protein, PtGRAS17 and PtGRAS16: GRAS family
transcription factor. The phylogenetic tree differentiated four distinct clades where our
protein sequences showed high evolutionary relatedness with the proteins of Populus
euphratica, which is a model plant species for salt stress studies and is of great importance
for large-scale afforestation on saline desert sites (Figure 7).
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Figure 7. Phylogenetic analyses of protein sequences encoded by four stress-related genes of P.
trichocarpa. The evolutionary history was inferred using the Neighbour-Joining method [66,67]. The
optimal tree with the sum of branch length = 6.68 is shown. The tree is drawn to scale, with branch
lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree.
The evolutionary distances were computed using the Poisson correction method [68] and are in
the units of the number of amino acid substitutions per site. The analysis involved 46 amino acid
sequences. All ambiguous positions were removed for each sequence pair. There were a total of 1153
positions in the final dataset. Analyses were conducted in MEGA5 [69].

3.3. Differential Expression Pattern of Salt Stress-Related Candidate Genes
3.3.1. Salt Stress Responses of PtP5CS1

The expression pattern of the PtP5CS1 gene shows that the highest induction of this
gene occurred in clone PE19/66 where the most transcript abundance was noticed at
300 mM NaCl after 3 h of exposure. This clone responded in a gradual expression rate, in
comparison to control, in a low concentration of salt (150 mM) in early phases (3 and 8 h).
The same patterns were recorded at 450 mM NaCl after 3 and 8 h. Relative expression was
fivefold higher when this clone was exposed to 300 mM NaCl after 3 h of stress exposure
in comparison to the M1 clone. It is interesting that clone PE19/66 after 24 h of exposure to
all stressor concentrations holds the similar relative expression level.

Clone M1 and 182/81 shared similar expression values, however, clone 182/81 showed
a lower induction while M1 recorded a somewhat higher and steady induction throughout
the experiment. The weakest induction was noticed in the clone B229 where the PtP5CS1
transcript level was almost equal to β-Actin expression (Figure 8 and Table S5 in Supple-
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mentary File). According to Fabro et al. [32], drought and salt stress differentially activate
the expression of two P5CS-related genes in Arabidopsis thaliana, AtP5CS1 and AtP5CS2,
where AtP5CS1 is activated by an ABA-dependent signal transduction pathway. Our
results support the findings of those authors where the highest induction of the PtP5CS1
gene was found in clone PE19/66 that was already confirmed for the same clone for the
PtRD29B gene that was activated by an ABA-dependent pathway [70].

The expression pattern of PtP5CS1 is supported with the biochemical data where
the accumulation of proline in PE19/66 reveals a similar pattern. These findings suggest
that the PtP5CS1 gene is involved in proline accumulation during salt stress which was
a confirmation of what was expected during the experiment. From examination of all
gathered data, it could be concluded that the clone PE19/66 has different mechanisms
expressing the PtP5CS1 gene during salt stress through the ABA-dependent signaling
pathway compared to 182/81 and M1 clones.
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3.3.2. Salt Responses of PtSOS1

This transporter gene is associated with cellular sodium homeostasis by transporting
sodium ions out of the cell. Clone B229 showed the weakest expression. In the M1 clone,
the PtSOS1 gene showed a late increase (24 h) in expression at 150 mM and 300 mM and a
gradual decrease at 450 mM. Clones 182/81 and PE19/66 showed abundant transcript am-
plification at higher salt concentrations (450 mM and 300 mM) after 8 h and 3 h, respectively.
Clone PE19/66 showed a gradual increase in early expression (150 mM after 3 and 8 h) and
almost no transcript amplification in high salt concentration at all time points (450 mM in 3,
8 and 24 h). Steady state of the SOS1 transcript levels increase significantly in roots and to
a much lesser extent in shoots when seedlings are exposed to high levels of NaCl [44]. This
finding is supported by the same authors where they stated that this regulation by salt is
mediated, at least in part, by the other identified components of the SOS pathway, SOS3 (a
calcineurin B-like calcium-binding protein) and SOS2 (a serine/threonine protein kinase).
Even though the PtSOS1 gene expression pattern differed between all clones, clone M1
showed the highest expression with in more saturated stressor at 300 mM and 450 mM
after 3, 8 and 24 h, while clone PE19/66 reacted earlier and expressed this gene at a low salt
concentration. The latest studies revealed that AtSOS1 is maybe involved in long-distance
transport of Na+ from the roots to the shoots and mediates absorption and transport of
other ions (K+, Ca2+ and H+), maintaining pH homeostasis in plants [71,72]. Regarding
these findings we can assume that clone PE19/66 by higher induction of this gene in the
leaf tissue has the possibility to make faster uptake of the salt while clone M1 responded
slower and at heavier stress conditions. These give us a choice in recommendation of
these two clones for phytoremediation of devastated soils and afforestation of holomorphic
environment.

3.3.3. Salt Responses of PtDREB2

In three out of four clones, higher salt concentrations (300 mM and 450 mM) induced
this regulatory gene with low transcript abundance. In clones M1 and PE19/66 were
detected induction of the gene expression at 300 mM 24 h after exposure was detected,
however, it was threefold lower than that observed in the 182/81 clone at 450 mM 8 h
after exposure. Clone B229 reacted in the opposite manner in comparison to other clones,
showing the lowest activation of the PtDREB2 gene with a gradual increase in its transcript
level at the lower concentration of the stressor agent (150 mM at 3, 8 and 24 h).

The manner of ABA-independent regulation manner of DREB genes in general and
the results of higher salt stress induction of the DREB1 gene are supported by [53]. ABA-
independent signaling systems have been described as pathways that mediate adaptation
to stress by the activation of the CBF/DREB (cold-binding factor/dehydration-responsive
element binding) regulon [73]. The most recent study [74] supports crosstalk between ABA-
dependent and ABA-independent pathways in the regulation of gene expression under
salt stress. From that point of view, both clones, M1 and PE19/66, had the most prominent
induction level eventhough it was concluded earlier about their ABA-dependent way of
salt stress regulation. Since clone 182/81 showed ABA-independent regulation of the
PtDREB2 gene in this study and PtRD17 expression [70], it is not surprising that this clone
showed low expression patterns in comparison to the other clones under investigation.
In order to improve salt tolerance in poplar, due to TFs specific role as master regulators
of many stress-responsive genes, PtDREB2 transcription factor is a good candidate for
validation through generation of transgenic poplar lines.

3.3.4. Salt Responses of PtGRAS16 and PtGRAS17

By single nucleotide screening (SNPs) of these two homologues it was recently proved
the genetic differences between all four clones that were used also in this study were
recently proved [54]. In clone 182/81, the PtGRAS16 homolog showed two peaks after 8 h
at the high salt concentrations (300 mM and 450 mM, respectively) but early-expressed
transcripts after 8 h and at the low salt concentration (150 mM) in PE19/66 clone. This
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clone showed a higher expression level in comparison to the 182/81 clone. There was no
considerable activation of this gene in B229 clone. Differential expression analyses revealed
that the PtGRAS17 homolog of the PtGRAS gene was not expressed in the B229 clone. Its
highest activation values were noted in 182/81 at early stress stages (150 mM and 300 mM)
3 h after treatment and it was twofold higher in comparison to clone M1 where this clone
expressed this homolog at 150 mM and 300 mM 24 h of after stress induction. In PE19/66,
there was slight activation throughout the salt treatment.

By a comparison of the expression pattern between two homologues, clone 182/81
expressed PtGRAS17 earlier (3 h after treatment at 150 mM and 300 mM) while PtGRAS16
was expressed later (8 h after treatment at 300 mM and 450 mM). Clone M1 reacted by
higher induction of PtGRAS17 at 300 mM and 450 mM while the same clone exhibit
abundant amplification at 150 mM of salt stress. Additionally, it is interesting that clone
PE19/66 highly expressed the PtGRAS16 homologue almost 10 folds higher than PtGRAS16.
All the above mentioned findings undoubtedly confirmed that those homologues can be
used as a marker gene in the differentiation of clones in breeding programs. This finding is
supported by Fladung et al. [75].

It is interesting that clone B229 revealed a low induction of polyphenols and showed
low accumulation of flavonoid content as well as low transcription rate for all salt-
responsive genes in all concentrations, and even lower levels at higher concentrations
of the stress agent. These explanations can vary according to available literature. If there
is a mutation of any of the components of the salt overly sensitive pathway (SOS), that
could result in severely reduced salt tolerance [74], which is not possible since it will be
noticed in the clone phenotype. The other assumption is that this genotype is behaving like
halophyte species where, under salt stress, primary and secondary metabolites, including
proline and sugar alcohols, function as osmolytes in halophytes and glycophytes [76],
whereas in halophytes, prestress metabolite levels are significantly higher. This may ex-
plain its greater capacity for osmotic stress adjustment. This behavior can be compared
to halophyte P. euphratica where the evidence for a general activation of stress-relevant
genes was not detected. Because of its low transcriptional responsiveness to salinity, it was
hypothesized that this species exhibits an innate activation of the stress-protective genes
in comparison to sensitive poplars [77]. The evolutionary adaptation of P. euphratica to
salt environments is linked with higher energy requirements of cellular metabolism and
a loss of transcriptional regulation [77]. Therefore, we can assume that clone B229 was
prone to tolerate salt environments even at high concentrations like 450 mM and could be
efficient in phytoremediation of salt environments. Since the expression data for this clone
are unexpectedly low for all investigated genes, it would be necessary to take additional
measurements in the future work.

According to gene expression analyses, it can be assumed that clones PE19/66 and M1
clone regulate the expression of the PtP5CS1 gene through the ABA-dependent pathway,
while the clone 182/81 expressed PtDREB2 through the ABA-independent pathway. This
could be the evidence that clones have different regulation systems in gene expression and
respond to salt stress differently by expressing the salt-responsive genes in different manner,
which points out their genetic divergence. This knowledge could be used in breeding
programs in order to improve salt tolerance by using PtDREB2 and PtGRAS transcription
factor genes. They could be good candidates for screening the filial generations of stress-
tolerant poplars because of their role as master regulators of many stress-responsive genes.

The most important segment of this work represents accomplishing a successful strat-
egy for approaching the climate change problem by employing biochemical and functional
genomic tools using RT-qPCR technology. By testing several salt stress-related gene ex-
pressions, in this study, we broaden our knowledge about the genetic background and
obtained the first applicable insights into the salt stress tolerance of different economically
important poplar clones. Revealing their different biochemical and molecular response to
the salt stress will enhance the possibility of phytoremediation therefore, the afforestation
of halomorphic soils with these poplar clones in the Vojvodina region, Serbia.

63



Forests 2021, 12, 636

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/f12050636/s1; Supplementary Table S1: F-test for examined biochemical parameters in
black poplar clones with different concentrations of NaCl; Supplementary Table S2: Tukey HSD
test for biochemical parameters in black poplar clones with examined salt concentrations in the
first 24 h; Supplementary Table S3: F-test for tolerance indices based on examined biochemical
parameters in black poplar clones with different concentrations of NaCl; Supplementary Table S4:
Tukey HSD test for tolerance indices of biochemical parameters in black poplar clones with examined
salt concentrations in the first 24 h; Supplementary Table S5: Tukey HSD test analyses of expression
data performed using 2−∆∆Ct value distribution of PtP5CS1, PtSOS1, PtGRAS16, PtGRAS17, PtDREB2
genes induced by salt (NaCl) treatment at various concentrations (150 mM, 300 mM and 450 mM)
and differing treatment durations (3 h, 8 h, 24 h) in poplar clones (Bora-B229, Antonije-182/81,
Pannonia-M1 and PE19/66). Treatments that have the same letter belong to the same homogenous
group at the level of α = 0.05 (the same letter stands for the treatments that are not statistically
significant). The number 1000 stands for a missing value. These tests were performed in STATISTICA
13 software [60].
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Abstract: Poplar remediation systems are ideal for reducing runoff, cleaning groundwater, and
delivering ecosystem services to the North American Great Lakes and globally. We used phyto-
recurrent selection (PRS) to establish sixteen phytoremediation buffer systems (phyto buffers) (buffer
groups: 2017 × 6; 2018 × 5; 2019 × 5) throughout the Lake Superior and Lake Michigan water-
sheds comprised of twelve PRS-selected clones each year. We tested for differences in genotypes,
environments, and their interactions for health, height, diameter, and volume from ages one to
four years. All trees had optimal health. Mean first-, second-, and third-year volume ranged from
71 ± 26 to 132 ± 39 cm3; 1440 ± 575 to 5765 ± 1132 cm3; and 8826 ± 2646 to 10,530 ± 2110 cm3,
respectively. Fourth-year mean annual increment of 2017 buffer group trees ranged from 1.1 ± 0.7 to
7.8 ± 0.5 Mg ha−1 yr−1. We identified generalist varieties with superior establishment across a broad
range of buffers (‘DM114’, ‘NC14106’, ‘99038022’, ‘99059016’) and specialist clones uniquely adapted
to local soil and climate conditions (‘7300502’, ‘DN5’, ‘DN34’, ‘DN177’, ‘NM2’, ‘NM5’, ‘NM6’). Using
generalists and specialists enhances the potential for phytoremediation best management practices
that are geographically robust, being regionally designed yet globally relevant.

Keywords: ecosystem services; multi-environmental trials (MET); phenotypic plasticity; phyto
buffers; phyto-recurrent selection; phytotechnologies; poplars; Populus

1. Introduction

Ninety-five percent of the United States’ surface freshwater and 20% of the world’s
freshwater reserve are contained within the Great Lakes Basin [1,2]. The Basin provides
ecosystem services (including clean drinking water) to over 34 million people in the United
States and Canada [3–5], and contributes substantially to the United States’ economy, with
a gross regional product (GRP) estimated at nearly 4.1 trillion USD [6]. Anthropogenic
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activities in the region, combined with population growth and land use changes, induce a
vast number of stressors such as toxic pollution, increases in invasive species populations,
and climate change [7], all of which can disturb terrestrial water cycles [8] and impact water
quality of the Great Lakes and their watersheds [9,10]. Non-point sources of pollution such
as landfills and similar sites contribute to watershed contamination by runoff and leakage.
Although pollutant levels within landfills generally decrease over time through chemical
and biological alteration and degradation [11–13], treatment of leachate and wastewaters
can help mitigate soil and water contamination [14]. Sustainable, long-term restoration
practices are needed to preserve and enhance ecosystem services in the Great Lakes Basin.
In the early 2010s, over 1.5 billion USD were invested in restoration projects to halt or
mitigate pollution of the Great Lakes ecosystem [15]. Ecological restoration techniques
and technologies are more economically viable and sustainable long-term solutions than
off-site treatment methods for mitigating contamination.

Ecological restoration may help reverse land degradation, improve the resilience
of biodiversity, and deliver important ecosystem services [16,17]. Phytotechnologies are
an ideal solution for preventing water contamination, and they include biological recov-
ery activities that have been classified into four categories: remediation, reclamation,
restoration, and rehabilitation [18]. The most common phytotechnology, phytoremediation,
involves the use of plants for remediation and prevention of water contamination [19].
Often, phytoremediation is accomplished by installing vegetative covers, riparian buffers,
and/or hydraulic control systems. Depending upon their type and chemical properties,
contaminants are accumulated, immobilized, metabolized or volatilized [20–22].

Fast-growing trees such as Populus L. species and their hybrids (hereafter referred to
as poplars) have been studied and used in plantation-based silvicultural systems known
as short rotation woody crop (SRWC) systems for over 100 years [23,24]. The primary
focus for SRWCs has been on the production of wood and wood products. More recently,
poplar production systems have been implemented to provide a variety of ecosystem
services [25–27], including their application in phytotechnologies for ecological clean up
and restoration [28]. Phytoremediation research starting in the 1990s showed that poplars
were great candidates for remediation systems because of their vigorous growth, easy
vegetative propagation, well-developed root systems, and high productivity on marginal
and liability lands [27,29,30]. The results of such studies indicate the potential of poplars for
phytoremediation of various inorganic and organic contaminants [20,31–35]. Another factor
that adds to the value of poplars in phytoremediation is that they exhibit a broad range
of genetic diversity given their ability to undergo spontaneous and controlled intra- and
inter-species hybridization, which thereby creates a high number of simple and complex
hybrids [36].

Phytoremediation projects are often installed on sites and in soils that are not ideal
for plant growth. Variability in environmental conditions affects evolutionary processes
of populations or individuals within species, resulting in broadening or narrowing of
their ecological niches, defined as generalists and specialists, respectively [37,38]. Poplars
are ideal candidates for tree improvement by hybridization and breeding [39–41], with
further aims to fully exploit poplar genomic and genetic potential and maximize wood
biomass productivity from fast-growing trees worldwide. The ability of genotypes to
produce different phenotypes in distinct environmental conditions is defined as phenotypic
plasticity, and includes variation in the morphology, physiology, behavior, and life history
of organisms [42]. This can lead to unpredictability in performance that can complicate
selection of proper genotypes for phytoremediation projects. The genotype by environment
(G × E) interaction, in which a phenotype is a function of the genotype, the environment,
and the differential phenotypic response of genotypes to site-specific edaphic and climatic
conditions, is a determining factor of clonal site performance [43]. Such interaction exists
when comparative performances of genotypes vary according to local site conditions, with
superiority of a genotype in a certain environment converted to inferiority in another
environment [44]. Genotypic variability across a variety of environments can lead to unpre-
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dictability in performance that can complicate selection of proper genotypes for commercial
use. Therefore, in tree breeding, multi-environmental trials (MET) are implemented to
evaluate the degree and pattern of G × E interactions, as well as to test the robustness of
genotypes in different environments [45,46].

However, sometimes phenotypic plasticity can hinder expression of G × E interactions.
For example, testing of hybrid poplar clones for growth performance and robustness at
different sites in the Midwestern USA showed low G × E interaction and high plastic-
ity of tested genotypes, indicating their suitability for growing on a wider spectrum of
habitats [46,47]. In poplar research, G × E interactions and definitions of generalists vs
specialists have been studied for various traits ranging from biomass production [48–50]
and rooting ability [51], to physiological traits related to productivity [36] and drought
tolerance [52], to wood properties [53,54]. Often, G × E interactions are also determined by
the genomic groups of the hybrids, where components of different Populus species (e.g.,
P. deltoides Bartr. ex. Marsh, P. maximowiczii A. Henry, P. nigra L., P. trichocarpa Torr. et
Gray) significantly contribute to the expression of specific traits by a given genotype, and
are reflected in rooting ability and adaptability to certain climate, latitude or soil-water
conditions [48,49,55,56]. Therefore, clonal testing to maximize understanding of G × E
interactions is paramount in establishing successful poplar plantings for a broad range
of end uses and ecosystem services, including environmental objectives such as phytore-
mediation. For example, optimizing G × E interactions may be most appropriate for
small-scale applications with site-specific needs, while minimum G × E interactions are
needed to deploy superior and robust clones at a justifiable cost for large-scale commercial
systems [46].

The current study is a component of a regional phytoremediation testing network
originally funded by the Great Lakes Restoration Initiative (GLRI) [2] to select and test
the ability of new poplar genotypes to reduce surface runoff and prevent groundwater
contamination at landfills and similar sites in the Great Lakes Basin. We implemented
phyto-recurrent selection, a stepwise greenhouse- and field-based approach that combines
crop and tree improvement strategies to evaluate, identify and select superior-performing
clones based on multiple testing cycles [32,57]. Results of the initial screening of candidate
clones in greenhouse experiments, previously published by Rogers et al. [58], were used to
develop the MET testing network consisting of sixteen phytoremediation buffer systems
(i.e., phyto buffers) at ten sites located in the Lake Superior (i.e., Michigan’s Upper Penin-
sula) and Lake Michigan (i.e., eastern Wisconsin) watersheds. Our objective was to test for
differences in genotypes, environments, and their interactions for health, height, diameter,
and volume during early field establishment (i.e., from one to four years after planting).
Our results identify poplar clones with maximum phytoremediation potential that can
be established across a wide range of environmental conditions. These data are useful
for clonal selection to maximize phytoremediation potential in future phytotechnologies,
regardless of specific site conditions or genotypes deployed.

2. Materials and Methods
2.1. Site Description

A regional phytotechnologies network consisting of sixteen phytoremediation buffer
systems (i.e., phyto buffers) was established in 2017 (×6 phyto buffers), 2018 (×5), and
2019 (×5) in the Lake Superior watershed of the Upper Peninsula of Michigan, USA and
the Lake Michigan watershed of eastern Wisconsin, USA. Multiple phyto buffers were
installed at some locations, resulting in ten field testing sites throughout the network
(Figure 1). The sites ranged in latitude from 46.7840 to 42.8382 ◦N and in longitude
from −89.1291 to −86.5976 ◦W, which is consistent with poplar productivity supplysheds
in the region [47,59–61]. Site-related climate properties are shown in Table 1. Twenty-
year historical monthly averages for precipitation, temperature, and drought were deter-
mined across each growing season (April to October) for the time period 2000 to 2020
and summed (precipitation) and averaged (temperature, drought) to obtain final annual
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values. Based on the nearest weather station to each site, precipitation (P, mm) along
with maximum (Tmax, ◦C) and minimum (Tmin, ◦C) air temperatures were obtained from
the National Oceanic and Atmospheric Administration (NOAA) National Climate Data
Center (https://www.ncdc.noaa.gov/cdo-web/, accessed on 20 January 2021). Average
temperature (i.e., Tavg = ((Tmax + Tmin)/2), ◦C) and the difference between maximum and
minimum temperatures (i.e., Tdiff = Tmax − Tmin, ◦C) were calculated for each site. Daily
growing degree days (GDDday) were calculated as the average temperature minus a base
temperature of 10 ◦C (i.e., GDDday = Tavg − 10 ◦C) and summed across each growing
season. Average annual growing degree days for each site (GDDannual) were estimated
by averaging the seasonal GDD values from 2000 to 2020. The United States Drought
Monitor (https://droughtmonitor.unl.edu/, accessed on 20 January 2021) was accessed
to obtain drought index scores according to percent area within each county belonging to
four drought index categories: D0 (abnormally dry), D1 (moderate drought), D2 (severe
drought), D3 (extreme drought), and D4 (exceptional drought). Categories D3 and D4
were negligible and, therefore, not reported in Table 1. Buffer-specific soil properties were
acquired from the USDA Natural Resources Conservation Service (NRCS) Web Soil Survey
(https://websoilsurvey.sc.egov.usda.gov/, accessed on 20 January 2021) and are provided
in Table 2.
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Figure 1. Regional phytotechnologies network consisting of sixteen phytoremediation buffer systems
(i.e., phyto buffers) established in 2017 (×6 phyto buffers), 2018 (×5), and 2019 (×5) in the Lake
Superior watershed of the Upper Peninsula of Michigan, USA and the Lake Michigan watershed of
eastern Wisconsin, USA.
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Table 1. Precipitation, temperature, growing degree days, and drought indices of ten field testing sites in a regional phyto
technologies network consisting of sixteen phytoremediation buffer systems (i.e., phyto buffers) established from 2017 to
2019 in the Lake Superior watershed of the Upper Peninsula of Michigan, USA and the Lake Michigan watershed of eastern
Wisconsin, USA.

Site Bellevue, WI Caledonia, WI Escanaba, MI Manitowoc, WI Marquette, MI

County Brown Racine Delta Manitowoc Marquette
Buffer group (i.e., year of planting) 2017, 2018 2017, 2018 2019 2018 2018

Total number of phyto buffers 3 2 2 1 1
Annual precipitation (P) (mm) 613 ± 27 686 ± 36 556 ± 32 614 ± 27 530 ± 28

Average temperature (Tavg) (◦C) 15.3 ± 0.2 15.7 ± 0.2 13.6 ± 0.2 14.8 ± 0.2 13.1 ± 0.4
Maximum temperature (Tmax) (◦C) 21.1 ± 0.2 21.5 ± 0.2 20.0 ± 0.3 19.2 ± 0.3 17.3 ± 0.4
Minimum temperature (Tmin) (◦C) 9.5 ± 0.1 10.0 ± 0.1 7.2 ± 0.2 10.4 ± 0.2 8.9 ± 0.4
Maximum–minimum temperature

(Tdiff) (◦C) 11.6 ± 0.1 11.5 ± 0.1 12.8 ± 0.2 15.8 ± 0.4 8.5 ± 0.1

Annual growing degree days
(GDDannual)

1342 ± 27 1418 ± 31 1017 ± 24 1213 ± 37 997 ± 54

Drought index (abnormally dry)
(D0) (%) 24.0 ± 5.3 22.4 ± 5.7 31.4 ± 6.9 20.1 ± 5.0 36.5 ± 7.7

Drought index (moderate drought)
(D1) (%) 8.0 ± 3.1 9.5 ± 4.6 10.3 ± 3.8 7.9 ± 3.2 14.7 ± 4.8

Drought index (severe drought)
(D2) (%) 0.8 ± 0.8 4.9 ± 3.0 3.9 ± 2.0 1.2 ± 1.1 4.5 ± 2.4

Site Menomonee
Falls, WI Munising, MI Ontonagon, MI Slinger, WI Whitelaw, WI

County Waukesha Alger Ontonagon Washington Manitowoc
Buffer group (i.e., year of planting) 2017 2019 2019 2017 2017

Total number of phyto buffers 2 1 2 1 1
Annual precipitation (P) (mm) 649 ± 23 655 ± 25 551 ± 26 653 ± 36 640 ± 26

Average temperature (Tavg) (◦C) 15.3 ± 0.1 12.3 ± 0.2 13.4 ± 0.2 15.1 ± 0.2 14.9 ± 0.1
Maximum temperature (Tmax) (◦C) 21.2 ± 0.2 17.0 ± 0.2 19.7 ± 0.3 21.1 ± 0.2 21.0 ± 0.2
Minimum temperature (Tmin) (◦C) 9.4 ± 0.1 7.7 ± 0.2 7.1 ± 0.2 9.0 ± 0.2 8.9 ± 0.1
Maximum–minimum temperature

(Tdiff) (◦C) 11.8 ± 0.1 9.3 ± 0.1 12.7 ± 0.1 12.1 ± 0.1 12.1 ± 0.1

Annual growing degree days
(GDDannual)

1344 ± 26 877 ± 30 1044 ± 39 1286 ± 29 1295 ± 26

Drought index (abnormally dry)
(D0) (%) 20.9 ± 5.4 28.4 ± 6.4 37.9 ± 8.0 17.7 ± 5.1 20.1 ± 5.0

Drought index (moderate drought)
(D1) (%) 9.1 ± 4.4 9.0 ± 3.3 15.2 ± 6.3 9.2 ± 4.2 7.9 ± 3.2

Drought index (severe drought)
(D2) (%) 4.1 ± 2.5 3.6 ± 2.1 7.2 ± 3.8 2.7 ± 1.7 1.2 ± 1.1

Climate and drought data are means ± one standard error across each growing season (April to October) from 2000 to 2020. Climate source:
National Oceanic and Atmospheric Administration (NOAA) National Climate Data Center (https://www.ncdc.noaa.gov/cdo-web/,
accessed on 20 January 2021). Drought source: United States Drought Monitor (https://droughtmonitor.unl.edu/, accessed on 20 January
2021); percent of area within the county in each category (D0 to D2).

2.2. Clone Selection

Phyto-recurrent selection was conducted through a polycyclic evaluation process to
choose superior genotypes for out planting [32,58,62]. For each phyto buffer, soils were
collected in the field, brought to the USDA Forest Service, Institute for Applied Ecosystem
Studies in Rhinelander, Wisconsin, USA (Figure 1), and processed (i.e., dried and sifted to
remove large debris) for use as soil treatments during three greenhouse selection cycles [58].
The number of clones tested in each cycle decreased from 140 (cycle 1) to 60 (cycle 2) to
15 (cycle 3) based on multiplicative rank summation indices incorporating tree survival,
growth, physiology, and health [63]. Twelve clones were selected for cycle 4 field testing,
resulting in three buffer groups related to phyto buffer establishment in 2017, 2018, and
2019. Phyto buffers within buffer group years had the same twelve clones, but the twelve
clones differed among the three buffer groups based on cycle 3 phyto-recurrent selection
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results. In the current study, separate analyses were conducted for each buffer group. Each
set of buffer group clones consisted of genotypes that have: (1) been commonly used for
commercial and/or research purposes in the region (i.e., Common clones), (2) a rich history
of testing but are still at the experimental stage (i.e., Experimental), and (3) been bred,
tested, and selected at the University of Minnesota Duluth, Natural Resources Research
Institute (NRRI) and show promise for broad-ranging applications (i.e., NRRI) [46,56].
Specific clones and their genomic groups are listed in Table 3.

Table 2. Soil properties of sixteen phytoremediation buffer systems (i.e., phyto buffers) comprising a regional phytotech-
nologies network established from 2017 to 2019 in the Lake Superior watershed of the Upper Peninsula of Michigan, USA
and the Lake Michigan watershed of eastern Wisconsin, USA.

Phyto Buffer a BC BE BW CE CW EE, EW MA ME, MW MQ MU ON, OS SL WH

Soil series Manawa Kewaunee Bellevue Fox Matherton Croswell Hochheim Sebewa Schweitzer Kalkaska Oldman Casco Boyer
Drainage class b SPD WD SPD MWD SPD MWD WD PD WD SED MWD SED WD

Slope (%) 0 to 3 2 to 6 2 to 6 2 to 6 1 to 3 0 to 3 6 to 12 0 to 2 6 to 25 0 to 6 6 to 35 20 to 30 6 to 12
K factor (erodibility, 0.02 to 0.69

scale) 0.37 0.49 0.28 0.37 0.28 0.05 0.37 0.37 0.20 0.04 0.37 0.32 0.43

Texture c SiCL SiCL SiCL L L S L L SL S L SL SCL
Sand (%) 10.1 13.3 19.8 39.5 50.1 87.4 45.4 37.3 55.9 94.7 51.4 54.0 58.2
Silt (%) 45.9 47.7 50.0 39.7 28.1 10.4 34.4 42.1 41.1 4.4 41.4 28.6 18.8

Clay (%) 44.0 39.0 30.2 20.8 21.8 2.2 20.2 20.6 3.0 0.9 7.2 17.4 23.0
Organic matter (%) 1.3 1.1 3.7 1.1 1.5 6.8 1.3 1.5 2.2 3.5 6.4 0.6 0.4

Soil organic carbon (%) 0.7 0.6 2.2 0.6 0.9 4.0 0.7 0.8 1.3 2.0 3.7 0.4 0.2
pH 7.0 6.6 7.2 5.8 6.2 4.9 7.4 7.0 4.9 5.0 4.6 7.4 6.9

Bulk density (g cm−3) 1.43 1.45 1.48 1.53 1.52 1.45 1.51 1.47 1.47 1.51 1.36 1.53 1.61
Cation exchange capacity

(meq 100 g-1)
23.1 20.0 25.0 12.7 13.6 na d 10.8 17.1 7.4 1.1 na 13.8 8.1

Saturated hydraulic

conductivity (Ksat) (µm sec−1)
1.6 3.4 3.0 9.0 17.7 91.7 6.5 9.0 8.0 90.3 20.0 13.2 13.2

Frost free days (#) 160 160 135 173 150 130 145 152 115 130 110 169 140
Depth to water table (cm) >200 >200 0 178 30 60 >200 15 >200 >200 30 >200 >200
Available water capacity

(cm cm−1)
0.1 0.2 0.2 0.2 0.2 0.1 0.2 0.2 0.1 0.1 0.1 0.1 0.2

Available water storage (cm) 8.4 8.8 11.6 10.9 10.0 6.0 9.1 12.0 7.7 5.0 8.3 6.0 8.7
Water content (15 Bar) (%) 25.7 22.1 22.7 13.5 14.2 3.1 12.7 13.1 3.5 2.7 3.2 11.2 14.3
Water content (1/3 Bar) %) 33.9 31.4 34.3 26.8 24.2 11.7 23.4 26.3 10.7 9.2 9.3 21.0 21.5

Source: USDA Natural Resources Conservation Service (NRCS) Web Soil Survey (https://websoilsurvey.sc.egov.usda.gov/, accessed on 20
January 2021). a Phyto buffers: BC: Bellevue (Central); BE: Bellevue (East); BW: Bellevue (West); CE: Caledonia (East); CW: Caledonia (West);
EE: Escanaba (East); EW: Escanaba (West); MA: Manitowoc; ME: Menomonee Falls (East); MW: Menomonee Falls (West); MQ: Marquette;
MU: Munising; ON: Ontonagon (North); OS: Ontonagon (South); SL: Slinger; WH: Whitelaw. b Drainage classes: MWD: moderately well
drained; PD: poorly drained; SED: somewhat excessively drained; SPD: somewhat poorly drained; WD: well drained. c Textures: L: loam;
S: sand; SCL: sandy clay loam; SiCL: silty clay loam; SL: sandy loam. d na: not available.

Table 3. Genomic groups, clones, buffer groups (i.e., years of planting), and clone groups for Populus genotypes tested in a
regional phyto technologies network of sixteen phytoremediation buffer systems (i.e., phyto buffers) established from 2017
to 2019 in the Lake Superior watershed of the Upper Peninsula of Michigan, USA and the Lake Michigan watershed of
eastern Wisconsin, USA.

Genomic Group a Clone Buffer Group Clone Group b

P. deltoides ‘D’ 7300502 2017 2018 Experimental
P. deltoides × P. maximowiczii

‘DM’ DM114 2017 2018 2019 Experimental

NC14106 2017 Experimental
P. deltoides × P. nigra ‘DN’ 99038022 2017 2019 NRRI

99059016 2017 NRRI
9732-11 2018 2019 NRRI
9732-24 2018 2019 NRRI
9732-31 2018 2019 NRRI
9732-36 2017 2018 2019 NRRI

DN2 2018 2019 Experimental
DN5 2017 2018 Common

DN34 2017 2018 2019 Common
DN177 2017 2019 Experimental

P. nigra × P. maximowiczii ‘NM’ NM2 2017 2018 2019 Common
NM5 2017 2018 2019 Experimental
NM6 2017 2018 2019 Common

a Species authorities: P. deltoides Bartr. Ex Marsh; P. nigra L.; P. maximowiczii A. Henry NRRI = promising genotypes bred, tested, and selected
at the University of Minnesota Duluth, Natural Resources Research Institute (NRRI) for broad-ranging applications [46,56]; b Experimental
= genotypes with a rich history of testing but that are still at the experimental stage; Common = genotypes commonly used for commercial
and/or research purposes in the region.
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2.3. Phyto Buffer Establishment and Experimental Design

Dormant, unrooted hardwood cuttings (measuring 25.4 cm in length, and containing
at least one primary bud within 2.54 cm from the top of each cutting) were processed from
one-year-old whips collected during the dormant season (i.e., January through March)
from: the USDA Forest Service Hugo Sauer Nursery (Rhinelander, WI, USA); University
of Minnesota NRRI Clonal Orchard at the North Central Research and Outreach Center
Nursery (Grand Rapids, Minnesota, USA); Iowa State University Clonal Orchard at the
Iowa Department of Natural Resources State Nursery (Ames, IA, USA); and Michigan
State University Clonal Orchard at the Tree Research Center (Lansing, MI, USA).

Processed cuttings were stored in polyethylene bags at 5◦ C and, prior to planting,
soaked in water to a height of 16.93 cm for 48 h in a dark room at 21 ◦C during May and
June in 2017, 2018, and 2019 (Table S1). Prior to planting, rocks and other large obstructions
were removed and the soil was tilled to a depth of 30 cm. Thus, at planting, there was no
competition from weeds and/or grasses. To reduce potential competition effects over time,
subsequent site maintenance throughout the study period included: (1) tilling to a depth of
30 cm, (2) hand weeding to a minimum diameter of 0.61 m around each individual tree,
and (3) removing rocks and other obstructions. For each phyto buffer, a minimum of one
maintenance cycle per month throughout each growing season was conducted.

At each of the six (2017) or five (2018, 2019) phyto buffers, trees were planted in
a randomized complete block design (RCBD) with eight blocks and twelve clones at a
spacing of 2.44 m × 2.44 m (i.e., 1680 trees ha−1). Due to field space constraints, four
blocks were planted at Slinger, Wisconsin. Clones were arranged in randomized complete
blocks to minimize effects of potential environmental gradients, especially those related
to runoff and soil physico-chemical properties. Two border rows were established on
the perimeter of each phyto buffer to reduce potential border effects [64,65]. All phyto
buffers were fenced using 2.3 m tall Trident extra strength deer fencing (Trident Enterprises,
Waynesboro, PA, USA) to eliminate potential impacts from white-tailed deer (Odocoileus
virginianus Zimmerman) browse. At the end of the first growing season, tree survival
across all phyto buffers and clones was 97.1 %, with 95.5%, 96.2%, and 99.6 % survival for
the 2017, 2018, and 2019 buffer groups, respectively. All trees that died were replanted with
the same genotype to ensure full stocking of 1680 trees ha−1. However, the replanted trees
were not included in the analyses below.

2.4. Field Measurements

At the end of each growing season, tree height to the nearest 0.1 m was measured
from the ground to the apical bud. Diameter was measured at 10 cm above the soil surface
for one- and two-year-old trees and at breast height (i.e., DBH at 1.37 m) for three-year-old
trees. All diameter estimates were determined to the nearest 0.1 cm. Tree volume (V) was
calculated from height (H) and diameter (D; including one- and two-year diameter and
DBH) using the model: V = D2 × H [66]. Starting in 2020, trees of the 2017 buffer group
were too tall to continue height measurements at the requisite precision noted above. As
a result, 2020 DBH measurements collected from 2017 buffer group trees were used to
estimate mean annual increment (MAI; Mg ha−1 yr−1). In this particular case, individual-
tree biomass was estimated using the general model: Biomass = 10a0 × DBHa1 while
applying genomic-group specific coefficients from Headlee and Zalesny [67] (P. deltoides
‘D’: a0 = -0.65, a1 = 2.01; P. deltoides × P. nigra ‘DN’: a0 = −1.02, a1 = 2.36; P. deltoides ×
P. maximowiczii ‘DM’: a0 = −1.03, a1 = 2.33; P. nigra × P. maximowiczii ‘NM’: a0 = −0.50,
a1 = 1.94). Individual-tree biomass estimates were then scaled to MAI using standard
metric conversion factors and stocking of 1680 trees ha−1 at four years after planting.

2.5. Health Assessments

Based on a modified methodology of Rogers et al. [58], individual tree health pa-
rameters were scored using a five-category qualitative scale ranging from 1 to 5, where
1 = optimal health, 2 = good health, 3 = moderate health, 4 = poor health, and 5 = dead (i.e.,
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health score was inversely related to health). Two researchers scored each parameter to
promote consistency in ratings. There were six parameters: (1) vigor, (2) defoliation, (3) leaf
discoloration, (4) chlorosis, (5) leaf scorch, and (6) leaf spots. A multiplicative weighted
summation index was used to calculate final health index values, with vigor receiving a
coefficient of 0.25 and all other parameters having a health coefficient equal to 0.15. Health
assessments were not conducted in 2020.

2.6. Data Analysis

Health (of all buffer groups) and MAI (of the 2017 buffer group) data were subjected
to analyses of variance (ANOVA) and analyses of means (ANOM) using SAS® (PROC
GLM; PROC ANOM; SAS INSTITUTE, INC., Cary, NC, USA) assuming a two-way factorial
design including six (2017) or five (2018, 2019) buffers, twelve clones, and their interactions.
Fisher’s Least Significant Difference (LSD) was used to identify significant differences
among least-squares means for main effects and interactions at P < 0.05.

Height and volume (of all buffer groups) and diameter (excluding 2020 diameter of
2017 buffer group trees) data were subjected to analyses of variance (ANOVA) and analyses
of means (ANOM) using SAS® (PROC MIXED; PROC ANOM; SAS INSTITUTE, INC.,
Cary, NC, USA) assuming a three-way, repeated measures factorial design including six
(2017) or five (2018, 2019) buffers, twelve clones, three (2017, 2018) or two (2019) ages, and
their interactions. The ages (representing tree growth after each growing season) were
analyzed as the repeated measure. To account for pseudo-replication over time, six different
covariance structures (i.e., vc, cs, ar (1), toep, ante (1), un) were tested in PROC MIXED to
determine which one provided the best model fit based on the lowest BIC scores. Using
these covariance structures, ANOVA were conducted in PROC MIXED for all traits, and
multiple comparisons analyses were conducted to identify significant differences among
least-squares means for main effects and interactions as noted above.

3. Results
3.1. Health

There were significant differences in health of the 2017 buffer group trees (HEALTH2017)
among buffer and clone main effects for the first, second, and third year of growth
(P2017,2018,2019 < 0.0001), yet the buffer × clone interaction governed health for all three
years (P2017 < 0.0001; P2018 < 0.0001; P2019 = 0.0152) (Table S2). HEALTH2017 of trees
measured in 2017 (i.e., HEALTH2017(2017)) ranged from 1.0 ± 0.0 (‘NM2’ and ‘NM5’ at
Menomonee Falls (East); ‘NM2’ at Whitelaw; most healthy] to 1.6 ± 0.1 (‘DM114’ at Cale-
donia (East); least healthy), with an overall mean of 1.1 ± 0.1 (Figure 2). Thus, all trees
were of optimal health (i.e., health index ranging from 1 to 2). The healthiest trees were
grown at Whitelaw, which had 14.1% better HEALTH2017(2017) than at Caledonia (East),
the buffer with trees exhibiting the poorest health. The range in health scores was broader
for clones, with ‘NM5’ having 37.0% healthier trees than ‘DM114’. Common clones had
the healthiest and Experimental clones the least-healthiest trees, with NRRI genotypes
being intermediate for HEALTH2017(2017). Seven buffer × clone interactions resulted in
HEALTH2017(2017) values that were significantly greater than the overall mean [‘DM114’,
‘DN177’, and ‘NC14106’ at Caledonia (East); ‘DM114’ and ‘NC14106’ at Menomonee Falls
(East); ‘DM114’ at Menomonee Falls (West); ‘DM114’ at Slinger]. With the exception of
‘DM114’ and ‘DN177’, all clones were generalists for HEALTH2017(2017), with health index
scores not varying by more than 0.3 for any buffer × clone combinations. Trees grown
at Bellevue (West) and Whitelaw were 38.4% healthier than those at Menomonee Falls
(East) and Caledonia (East) for ‘DM114’. Similarly, for ‘DN177’, trees at Whitelaw were
32.2% healthier than at Caledonia (East) (Figure 2). Trends in second- (HEALTH2017(2018))
and third-year (HEALTH2017(2019)) health of the 2017 buffer group trees were similar to
HEALTH2017(2017) (Figures S1 and S2).
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Figure 2. Tree health (± one standard error) determined after the 2017 growing season of twelve poplar clones tested in
six phytoremediation buffer systems (i.e., phyto buffers) (A–F) established in 2017 (i.e., the 2017 buffer group) in the Lake
Michigan watershed of eastern Wisconsin, USA. The dashed line represents the overall mean, and asterisks indicate means
different than the overall mean at P < 0.05. Bars with different letters across all buffer × clone combinations are different at
P < 0.05. See Materials and Methods for complete tree health definitions (1 = optimal health, 2 = good health, 3 = moderate
health, 4 = poor health, and 5 = dead).

Differences among buffer and clone main effects were significant for first-
(HEALTH2018(2018)) and second-year (HEALTH2018(2019)] health of the 2018 buffer group
trees (P2018 = 0.0009 for Clone; P2018,2019 < 0.0001 for all other main effects), yet the buffer ×
clone interaction governed health for both years (P2018 = 0.0029; P2019 < 0.0001) (Table S2).
HEALTH2018(2018) ranged from 1.0 ± 0.0 (‘9732-11’, ‘9732-24’, ‘DM114’, ‘DN2’, ‘NM2’,
‘NM5’, ‘NM6’ at Bellevue (East); ‘9732-11’, ‘DN2’ at Bellevue (Central); most healthy) to
1.5 ± 0.1 (‘DM114’ at Manitowoc; least healthy), with an overall mean of 1.1 ± 0.1 (Figure 3).
Similar to HEALTH2017(2017) above, all trees were of optimal health. The healthiest trees
were grown at Marquette and Bellevue (East), which had 25.5 % better HEALTH2018(2018)
than at Manitowoc that exhibited the poorest health. The range in health scores was
narrower for clones, with ‘NM5’ having 12.9 % healthier trees than ‘DM114’ that had the
poorest health. Common and NRRI clones had the best overall health scores that were
similar to one another yet better than Experimental genotypes. Seven buffer × clone
interactions resulted in HEALTH2018(2018) values there were significantly greater (i.e., of
poorer health) than the overall mean, with all occurring at Manitowoc: ‘9732-11’, ‘9732-24’,
‘9732-31’, ‘9732-36’, ‘7300502’, ‘DM114’, ‘DN2’, and ‘DN5’. With the exception of ‘7300502’
and ‘DM114’, all clones were classified as generalists for HEALTH2018(2018). Trees grown at
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Bellevue (East) and Marquette were 52.5% healthier than those at Manitowoc for ‘7300502’,
while those at Bellevue (East), Bellevue (Central), and Marquette were 48.8% healthier
than at Manitowoc (Figure 3). Trends in second-year health of the 2018 buffer group trees
(HEALTH2018(2019)) were similar to HEALTH2018(2018) (Figure S3).
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Figure 3. Tree health (±one standard error) determined after the 2018 growing season of twelve poplar clones tested in
five phytoremediation buffer systems (i.e., phyto buffers) (A–E) established in 2018 (i.e., the 2018 buffer group) in the Lake
Superior watershed of the Upper Peninsula of Michigan, USA and the Lake Michigan watershed of eastern Wisconsin,
USA. The dashed line represents the overall mean, and asterisks indicate means different than the overall mean at P < 0.05.
Bars with different letters across all buffer × clone combinations are different at P < 0.05. See Materials and Methods for
complete tree health definitions (1 = optimal health, 2 = good health, 3 = moderate health, 4 = poor health, and 5 = dead).

Differences among buffer and clone main effects were significant for first-year health
of the 2019 buffer group trees (HEALTH2019(2019)) (PBuffer < 0.0001; PClone = 0.0159), yet the
buffer × clone interaction governed health (P = 0.0036) (Table S2). HEALTH2019(2019) ranged
from 1.0 ± 0.0 [‘9732-24’, ‘DM114’, ‘DN2’, ‘NM2’, ‘NM6’ at Munising; ‘9732-31’ at Onton-
agon (North); ‘99038022’, ‘9732-11’, ‘DM114’, ‘DN2’, ‘NM6’ at Ontonagon (South); most
healthy] to 1.3 ± 0.0 [‘DM114’, ‘DN2’ Escanaba (West); least healthy], with an overall mean
of 1.1 ± 0.0 (Figure 4). All trees were of optimal health. The healthiest trees were grown
at Ontonagon (South), which had 13.7% better HEALTH2019(2019) than at Escanaba (West)
where trees had the poorest health. The range in health scores was narrower for clones,
with 7.2% separating the healthiest trees of ‘NM2’ from the least healthy trees of ‘DN2’,
‘DN34’, and ‘DN177’. Similar to HEALTH2017(2017), Common clones had the healthiest and
Experimental clones the least-healthiest trees, with NRRI genotypes being intermediate
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for HEALTH2019(2019). Two buffer × clone interactions resulted in HEALTH2019(2019) values
there were significantly greater than the overall mean (‘DM114’and ‘DN2’ at Escanaba
(West)). No clones varied by more than 0.3 health index points for any buffer × clone com-
binations, thus indicating that all had generalist health performance. The largest variation
in clonal responses to specific buffers was where trees were 21.7% healthier at all buffers
relative to Escanaba (West) for ‘DM114’, and where trees were 26.3% healthier at Munising
and Ontonagon (South) than Escanaba (West) for ‘DN2’ (Figure 4).
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Figure 4. Tree health (±one standard error) determined after the 2019 growing season of twelve poplar clones tested in
five phytoremediation buffer systems (i.e., phyto buffers) (A–E) established in 2019 (i.e., the 2019 buffer group) in the Lake
Superior watershed of the Upper Peninsula of Michigan, USA. The dashed line represents the overall mean, and asterisks
indicate means different than the overall mean at P < 0.05. Bars with different letters across all buffer × clone combinations
are different at P < 0.05. See Materials and Methods for complete tree health definitions (1 = optimal health, 2 = good health,
3 = moderate health, 4 = poor health, and 5 = dead).

3.2. Biomass and Growth

Differences for buffer and clone main effects were significant for fourth-year mean
annual increment of the 2017 buffer group trees (MAI2017(2020)) (P < 0.0001), yet the buffer ×
clone interaction governed MAI2017(2020) (P < 0.0001) (Table S2). MAI2017(2020) ranged from
1.10 ± 0.73 (‘7300502’ at Whitelaw) to 7.67 ± 0.5 Mg ha−1 yr−1 (‘NM5’ at Menomonee Falls
(East)), with an overall mean of 3.20 ± 0.51 Mg ha−1 yr−1 (Figure 5). The largest trees were
grown at Menomonee Falls (West), which had 55.4% greater MAI2017(2020) than at Whitelaw,
the buffer with the smallest trees. The range in MAI2017(2020) was broader for clones, with
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‘NM5’ exhibiting 69.8% more biomass than ‘NC14106’ that had the smallest trees of any
genotype. While MAI2017(2020) varied across genotypes, trends across clone groups were
non-existent, with Common, Experimental, and NRRI clones performing similarly across
buffer × clone combinations. Many buffer × clone interactions resulted in MAI2017(2020)
values that were significantly greater than the overall mean, with the most notable being
‘NM5’ outperforming the mean at four of the six buffers: Caledonia (East), Menomonee
Falls (East), Menomonee Falls (West), and Slinger. In contrast, ‘NC14106’ had significantly
less MAI2017(2020) than the overall mean at three buffers: Bellevue (West), Menomonee Falls
(East), and Whitelaw.
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Figure 5. Mean annual increment (Mg ha−1 yr−1) (±one standard error) determined after the 2020 growing season of
twelve poplar clones tested in six phytoremediation buffer systems (i.e., phyto buffers) (A–F) established in 2017 (i.e., the
2017 buffer group) in the Lake Michigan watershed of eastern Wisconsin, USA. The dashed line represents the overall mean,
and asterisks indicate means different than the overall mean at P < 0.05. Bars with different letters across all buffer × clone
combinations are different at P < 0.05.

In addition to these changes in magnitude, there were distinct changes in MAI2017(2020)
ranks that defined the genotypes as generalists or specialists. In particular, clones exhibited
generalist MAI2017(2020), with four exceptions (Table 4). First, ‘99059016’ had stable perfor-
mance across five of the six buffers, with Whitelaw (i.e., the buffer with its lowest rank of
eleventh) having 60.9% less MAI2017(2020) than Bellevue (West), where ‘99059016’ ranked
fifth. Second, ‘7300502’ had broad variation in MAI2017(2020) across all six buffers, with a
75.3% reduction in MAI2017(2020) at Whitelaw (rank = 12) versus Bellevue (West) (rank = 3).
Third, ‘DN177’ was a specialist because of its high MAI2017(2020) at Slinger (where it ranked
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fourth), which was 36.7% greater than Menomonee Falls (East) (rank = 9). Fourth, despite
higher ranking (rank = 7) at Whitelaw relative to other buffers for ‘DN34’, MAI2017(2020) at
Whitelaw was 60.6% less than that of Caledonia (East) (rank = 11), resulting in its specialist
response (Table 4). However, this classification for ‘DN34’ should be interpreted with
caution, especially given that ‘DN34’ ranked tenth at four buffers and eleventh at one
buffer, indicating stable performance across buffers.

Table 4. Clonal rank for mean annual increment (MAI2017(2020)) measured after the fourth growing
season of twelve poplar clones tested in six phytoremediation buffer systems (i.e., phyto buffers) estab-
lished in 2017 (i.e., the 2017 buffer group) in the Lake Michigan watershed of eastern Wisconsin, USA.

Phyto Buffer a

Clone Response
Group b BW CE ME MW SL WH

99038022 Generalist 6 6 5 4 5 4
99059016 Specialist 5 7 6 6 7 11
9732-36 Generalist 9 9 7 9 8 9
7300502 Specialist 3 5 8 5 9 12
DM114 Generalist 11 11 11 11 10 8
DN177 Specialist 8 8 9 8 4 6

NC14106 Generalist 12 12 12 12 12 10
NM5 Generalist 1 2 1 3 2 1
DN5 Generalist 7 4 4 7 6 5

DN34 Specialist 10 10 10 10 11 7
NM2 Generalist 2 1 2 2 1 2
NM6 Generalist 4 3 3 1 3 3

a BW: Bellevue (West); CE: Caledonia (East); ME: Menomonee Falls (East); MW: Menomonee Falls (West); SL:
Slinger; WH: Whitelaw. b Generalist = clone exhibiting stable MAI2017(2020) across phyto buffers (i.e., minimal
rank changes); Specialist = clone exhibiting exceptional MAI2017(2020) at one or more phyto buffers relative to the
other buffers (i.e., broad rank changes).

The buffer × clone × year interaction was significant for height (P = 0.0483), di-
ameter (P = 0.0018), and volume (P = 0.0001) of the 2017 buffer group trees (Table S3).
VOLUME2017 of trees measured in 2017 (VOLUME2017(2017)) ranged from 3.1 ± 54.4
(‘7300502’ at Whitelaw) to 459.6 ± 22.6 cm3 (‘7300502’ at Slinger), with an overall mean
of 132.0 ± 38.7 cm3, while VOLUME2017(2018) (i.e., 2017 buffer group trees measured in
2018) ranged from 503.5 ± 1619.6 (‘7300502’ at Whitelaw) to 13,027.0 ± 1402.6 cm3 (‘NM2’
at Slinger), with an overall mean of 5765.2 ± 1132.3 cm3 (Table 5). VOLUME2017(2019)
ranged from 1668.7 ± 3018.1 (‘7300502’ at Whitelaw) to 26,652.0 ± 1848.0 cm3 (‘NM5’ at
Menomonee Falls (East)), with an overall mean of 10,530.6 ± 2109.5 cm3 (Table 5). Across
all buffer × clone × year combinations, volume increased 43.7-fold from the first year to
the second year after planting, and then 1.8-fold from the second year to the third year.
After the first and second growing seasons, the largest trees were grown at Slinger, which
had 1301 and 268% greater volume than the buffer with the smallest trees (Whitelaw),
respectively. For the third growing season, trees at Menomonee Falls (East) were largest,
with VOLUME2017(2019) being 338% greater than Whitelaw, which had the smallest trees.

The range in volume was narrower for clones, with ‘DN5’ having 204% greater volume
than the least productive clone (‘99059016’) for VOLUME2017(2017), ‘NM5’ being 86% greater
than ‘7300502’ for VOLUME2017(2018), and ‘NM5’ being 114% greater than ‘NC14106’ for
VOLUME2017(2019). With the exception of the first growing season where NRRI clones
exhibited the least overall volume followed by Experimental and Common (most volume)
genotypes, Common clones had the largest and Experimental clones the smallest trees, with
NRRI genotypes being intermediate for VOLUME2017(2018) and VOLUME2017(2019). Trends
in height and diameter of the 2017 buffer group trees were similar to volume (Tables S4
and S5). Furthermore, in addition to the broad variability in the magnitude of differences
among buffer × clone × year combinations, the frequency and magnitude of changes in
rank within and across years defined genotypes as generalists (i.e., minimal rank changes)
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or specialists (i.e., broad variation resulting in ≥5 rank changes for at least one buffer
× clone × year pair) (Table S6). In particular, the NRRI clones (‘99038022’, ‘99059016’,
‘9732-36’) were high-level generalists characterized by nearly universal stability in ranks
across buffers within measurement years, less than three substantial (i.e., >5 ranks) rank
changes across all three-way combinations, and moderate to high rank stability over time.
Clones ‘DM114’ and ‘NC14106’ were also generalists, exhibiting moderate rank stability
within years and consistent ranks over time. The remaining genotypes were specialists.
Clone ‘7300502’ had the most variability in early ranks of all clones, followed by high
rank stability in later years that were not consistent over time. For example, ‘7300502’
ranked first at Slinger in 2017 but then twelfth at this buffer in 2018 and 2019. Clones
‘NM2’, ‘NM5’, and ‘NM6’ were high-level specialists characterized by broad variability in
ranks across buffers within measurement years, frequent substantial rank changes across
all three-way combinations, and moderate stability over time. Similarly, ‘DN5’, ‘DN34’,
and ‘DN177’ were specialists, albeit with more moderate rank variation than the ‘NMx’
genotypes (Table S6).

Table 5. Volume (cm3) (±one standard error) of twelve poplar clones tested in six phytoremediation buffer systems (i.e.,
phyto buffers) established in 2017 (i.e., the 2017 buffer group) in the Lake Michigan watershed of eastern Wisconsin, USA.
Trees were measured following the 2017, 2018, and 2019 growing seasons. Volume values with different letters within a
clone column across measurement years are different at P < 0.05.

Clone

Buffer a 99038022 99059016 9732-36 7300502 DM114 DN177

2017 Measurement year
BW 51 ± 34 i 14 ± 38 v 26 ± 33 i 29 ± 54 w 32 ± 39 gh 29 ± 34 s
CE 74 ± 41 i 56 ± 42 v 101 ± 42 i 137 ± 38 w 100 ± 39 fgh 154 ± 36 t
ME 199 ± 36 h 78 ± 54 v 180 ± 34 i 128 ± 28 w 168 ± 38 f 188 ± 34 t
MW 247 ± 38 gh 48 ± 44 v 106 ± 23 i 203 ± 27 w 130 ± 44 fg 143 ± 41 t
SL 359 ± 64 g 109 ± 47 wv 250 ± 42 i 460 ± 23 w 279 ± 42 e 337 ± 47 u

WH 39 ± 33 i 13 ± 38 v 27 ± 33 i 3 ± 54 w 26 ± 35 h 17 ± 34 s
2018 Measurement year

BW 6412 ± 992 de 4859 ± 1145 yx 4221 ± 992 fgh 2323 ± 1620 w 3559 ± 1060 cd 4748 ± 992 wv
CE 5084 ± 1145 ef 6080 ± 1255 yx 5653 ± 1254 efg 4702 ± 1145 xw 5204 ± 1145 bcd 6303 ± 1060 xw
ME 8719 ± 992 bcd 8800 ± 1620 y 8305 ± 992 bcde 4599 ± 1060 xw 5663 ± 992 bc 7861 ± 992 x
MW 9423 ± 1060 bc 8780 ± 1145 y 6579 ± 992 defg 6418 ± 1060 yx 6105 ± 1254 abc 7842 ± 992 x
SL 8076 ± 1403 cde 7336 ± 1619 yx 7327 ± 1403 cdef 3520 ± 1620 xw 5383 ± 1403 bcd 9714 ± 1402 yx

WH 3286 ± 992 f 1454 ± 1145 wv 1852 ± 992 hi 504 ± 1620 w 2230 ± 992 d 2396 ± 992 v
2019 Measurement year

BW 7837 ± 1848 cde 8008 ± 2134 yx 7026 ± 1848 cdefg 6827 ± 3018 yx 6622 ± 1976 abc 9900 ± 1848 yx
CE 11,140 ± 2134 bc 10,301 ± 2338 zy 10,429 ± 2338 abcd 9992 ± 2134 zy 10,684 ± 2134 a 12,331 ± 1976 y
ME 17,228 ± 1848 a 14,235 ± 3018 z 15,618 ± 1848 a 9834 ± 1976 zy 9903 ± 1848 a 13,598 ± 1848 y
MW 17,490 ± 1976 a 14,740 ± 2134 z 11,408 ± 1849 abc 14,137 ± 1976 z 8800 ± 2338 ab 12,334 ± 1848 y
SL 14,022 ± 2614 ab 10,795 ± 3018 zy 12,544 ± 2614 ab 5379 ± 3018 yxw 8762 ± 2613 abc 20,272 ± 2614 z

WH 4834 ± 1848 ef 2393 ± 2134 xw 2770 ± 1848 ghi 1669 ± 3018 w 3909 ± 1848 bcd 4960 ± 1848 xw
Buffer NC14106 NM5 DN5 DN34 NM2 NM6

2017 Measurement year
BW 32 ± 33 d 70 ± 44 qp 34 ± 32 j 27 ± 34 s 45 ± 36 e 24 ± 33 v
CE 69 ± 38 d 68 ± 36 qp 184 ± 32 i 108 ± 36 ts 159 ± 36 e 114 ± 38 v
ME 115 ± 33 d 269 ± 41 r 182 ± 32 i 190 ± 34 ut 121 ± 33 e 202 ± 33 v
MW 93 ± 38 d 133 ± 44 q 118 ± 47 ij 140 ± 36 t 169 ± 34 e 151 ± 33 v
SL 245 ± 48 d 330 ± 57 r 409 ± 51 h 276 ± 51 u 415 ± 47 e 323 ± 47 v

WH 18 ± 36 d 20 ± 43 p 42 ± 34 j 24 ± 34 s 18 ± 34 e 22 ± 36 v
2018 Measurement year

BW 2675 ± 992 c 6631 ± 1060 ut 5872 ± 992 efg 6424 ± 992 xw 4820 ± 1060 d 3399 ± 992 w
CE 3951 ± 1145 Bc 4398 ± 669 ts 6646 ± 992 efg 5988 ± 1060 xw 6071 ± 1060 cd 5337 ± 1145 xw
ME 4340 ± 992 bc 10,815 ± 992 yv 8521 ± 992 cde 7185 ± 992 yxw 6296 ± 992 cd 6517 ± 992 x
MW 5300 ± 1145 abc 6875 ± 1060 vu 7869 ± 992 def 8656 ± 1060 yx 8644 ± 992 c 7505 ± 992 yx
SL 5102 ± 1403 abc 10,229 ± 1402 v 6930 ± 1403 efg 7040 ± 1402 xw 13,027 ± 1403 b 7628 ± 1403 yx

WH 1815 ± 1060 cd 2129 ± 1060 s 3422 ± 1060 g 2605 ± 992 v 1567 ± 992 e 1548 ± 1060 wv
2019 Measurement year

BW 4568 ± 1848 abc 11,230 ± 1976 yv 6959 ± 1848 defg 7644 ± 1848 yxw 8281 ± 1976 c 6106 ± 1848 x
CE 9496 ± 2134 a 10,632 ± 1203 v 12,763 ± 1848 ab 9440 ± 1976 zy 15,705 ± 1976 b 11,155 ± 2134 zy
ME 7928 ± 1848 ab 26,652 ± 1848 z 17,335 ± 1848 a 13,068 ± 1848 z 15,887 ± 1848 b 14,848 ± 1848 z
MW 8497 ± 2134 ab 13,425 ± 1976 y 12,108 ± 1848 bc 9817 ± 1976 zy 15,186 ± 1848 b 13,598 ± 1848 z
SL 7720 ± 2614 abc 23,814 ± 2614 z 11,875 ± 2613 bcd 10,255 ± 2614 zy 26,238 ± 2614 a 13,526 ± 2614 z

WH 3344 ± 1976 bc 3051 ± 1976 ts 3982 ± 1976 fg 4076 ± 1848 wv 2812 ± 1848 de 2448 ± 1976 wv

a BW: Bellevue (West); CE: Caledonia (East); ME: Menomonee Falls (East); MW: Menomonee Falls (West); SL: Slinger; WH: Whitelaw.
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The buffer × clone × year interaction was significant for height, diameter, and volume
(P < 0.0001) of the 2018 buffer group trees (Table S3). VOLUME2018(2018) ranged from
12.2 ± 38.4 (‘DN5’ at Marquette) to 185.7 ± 25.3 cm3 (‘NM2’ at Manitowoc), with an overall
mean of 71.2 ± 26.3 cm3, while VOLUME2018(2019) ranged from 287.8 ± 1518.7 (‘DN5’
at Marquette) to 11,085.0 ± 930.0 cm3 (‘NM2’ at Manitowoc), with an overall mean of
3418.4 ± 1035.2 cm3 (Table 6). VOLUME2018(2020) ranged from 261.0 ± 3882.2 (‘DN5’ at
Marquette) to 27,220.0 ± 2377.4 cm3 (‘NM5’ at Manitowoc), with an overall mean of
8826.0 ± 2646.2 cm3 (Table 6). Across all buffer × clone × year combinations, volume
increased 48-fold from the first year to the second year after planting, and then 2.6-fold
from the second year to the third year. After the first growing season, the largest trees were
grown at Caledonia (West), which had 529% greater volume than Marquette, the buffer with
the smallest trees. During the second and third growing seasons, the largest trees were from
Manitowoc, which had 1079 and 1744% greater volume than the buffer with the smallest
trees (Marquette), respectively. As with volume for the 2017 buffer group trees, there was
less variability among clones than buffers, with ‘9732-31’ having 156% greater volume than
the least productive clone (‘7300502’) for VOLUME2018(2018), ‘NM5’ being 163% greater
than ‘7300502’ for VOLUME2018(2018), and ‘NM5’ being 143% greater than ‘DM114’ for
VOLUME2018(2018). During the first growing season, NRRI clones had the greatest overall
volume, while Common clones exhibited the largest trees at two and three years after
planting. For all three years, Experimental clones had the least volume. Trends in height
and diameter of the 2018 buffer group trees were similar to volume (Tables S7 and S8).
Moreover, as with 2017 buffer group trees, changes in magnitude and rank of 2018 buffer
group clones across buffer × year combinations defined them as generalists or specialists
(defined as for Table S6 above) (Table S9). Similar to 2017, the NRRI clones (‘9732-11’,
‘9732-24’, ‘9732-31’, ‘9732-36’) were high-level generalists with universal stability in ranks,
few rank changes greater than five ranks, and high rank stability over time. Clone ‘DM114’
was also a generalist, having only two substantial rank changes and nearly identical ranks
from 2017 to 2019. All other genotypes were specialists. As in 2017, clone ‘7300502’ had
a high level of early rank variability and low to moderate rank consistency over time;
clones ‘NM2’, ‘NM5’, and ‘NM6’ were high-level specialists with broad rank variability,
numerous substantial rank changes, and moderate stability as trees aged; ‘DN2’, ‘DN5’, and
‘DN34’ were consistent specialists with moderate levels of rank changes and age-dependent
stability (Table S9).

The buffer × clone × year interaction was significant for height (P = 0.0079), di-
ameter (P < 0.0001), and volume (P < 0.0001) of the 2019 buffer group trees (Table S3).
VOLUME2019(2019) ranged from 8.6 ± 26.9 (‘DN177’ at Ontonagon (North)) to 396. ± 26.7 cm3

(‘99038022’ at Escanaba (West)), with an overall mean of 88.7 ± 26.7 cm3, while
VOLUME2019(2020) ranged from 92.6 ± 612.7 (‘NM5’ at Ontonagon (North)) to 8909.6
± 573.1 cm3 (‘NM2’ at Escanaba (West)), with an overall mean of 1440.4 ± 575.1 cm3

(Table 7). Across all buffer × clone × year combinations, volume increased 16.2-fold from
the first year to the second year after planting. After the first and second growing sea-
sons, the largest trees were grown at Escanaba (West), which had 1008 and 1066% greater
volume than the buffer with the smallest trees (Ontonagon (North)), respectively. For
VOLUME2019(2019), ‘99038022’ had 101% greater volume than the least productive clone
(‘DN177’), while ‘NM2’ was 164% greater than ‘9732-11’ for VOLUME2019(2020). NRRI
clones exhibited the greatest first-year volume, followed by Common and Experimental
genotypes. For VOLUME2019(2020), ranks of NRRI, Experimental, and Common clones
changed, with Common genotypes having the most VOLUME2019(2020) followed by Experi-
mental and NRRI (least volume) clones. Trends in height and diameter of the 2019 buffer
group trees were similar to volume (Tables S10 and S11). Furthermore, 2019 clones were
classified as generalists or specialists (defined as for Table S6 above) (Table S12).
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Table 6. Volume (cm3) (±one standard error) of twelve poplar clones tested in five phytoremediation buffer systems (i.e.,
phyto buffers) established in 2018 (i.e., the 2018 buffer group) in the Lake Superior watershed of the Upper Peninsula of
Michigan, USA and the Lake Michigan watershed of eastern Wisconsin, USA. Trees were measured following the 2018,
2019, and 2020 growing seasons. Volume values with different letters within a clone column across measurement years are
different at P < 0.05.

Clone

Buffer a 9732-11 9732-24 9732-31 9732-36 7300502 DM114

2018 Measurement year
BC 57 ± 28 f 40 ± 30 u 69 ± 0 f 26 ± 33 t 28 ± 21 d 25 ± 00 w
BE 70 ± 28 f 49 ± 36 u 59 ± 29 f 43 ± 28 t 42 ± 45 d 14 ± 23 w
CW 157 ± 24 f 139 ± 24 u 182 ± 24 ef 147 ± 24 ut 71 ± 30 d 104 ± 24 xw
MA 133 ± 20 f 95 ± 20 u 143 ± 23 ef 118 ± 25 t 33 ± 33 d 68 ± 22 w
MQ 16 ± 23 f 31 ± 30 u 40 ± 25 f 31 ± 16 t 18 ± 66 d 17 ± 28 w

2019 Measurement year
BC 2344 ± 930 de 2422 ± 930 xwv 2496 ± 930 cd 1522 ± 930 vut 867 ± 930 cd 1622 ± 930 xw
BE 2239 ± 930 e 2117 ± 930 wv 2068 ± 994 de 1966 ± 930 wvu 1046 ± 1074 bcd 1587 ± 930 xw
CW 5469 ± 930 cd 3901 ± 930 yxw 7876 ± 930 b 3893 ± 930 xwv 3455 ± 1176 bc 3072 ± 930 x
MA 7857 ± 930 bc 5378 ± 930 yx 7162 ± 930 b 5251 ± 994 yx 3084 ± 1315 bc 4340 ± 930 yx
MQ 474 ± 994 ef 718 ± 1176 vu 1002 ± 994 def 1068 ± 1176 vut 496 ± 2631 cd 607 ± 1316 xw

2020 Measurement year
BC 6777 ± 2377 bc 7454 ± 2377 y 7886 ± 2377 b 5194 ± 2377 yxw 4258 ± 2377 ab 4751 ± 2377 zyx
BE 6160 ± 2377 bcd 6240 ± 2377 yx 6031 ± 2541 bc 4870 ± 2377 yxwv 2364 ± 2745 bcd 3541 ± 2377 yx
CW 9917 ± 2377 b 7452 ± 2377 y 23,912 ± 2377 a 7554 ± 2377 y 11,061 ± 3007 a 7537 ± 2377 zy
MA 20,902 ± 2377 a 14,368 ± 2377 z 18,160 ± 2377 a 15,068 ± 2542 z 10,918 ± 3362 a 9297 ± 2377 z
MQ 767 ± 2542 ef 945 ± 3007 wvu 1802 ± 2542 def 1935 ± 3007 wvut 549 ± 6724 cd 1242 ± 3362 xw

Buffer DN2 NM5 DN5 DN34 NM2 NM6

2018 Measurement year
BC 45 ± 32 f 45 ± 16 u 37 ± 20 d 51 ± 29 w 30 ± 24 e 25 ± 24 w
BE 73 ± 16 f 37 ± 22 u 30 ± 25 d 52 ± 39 w 27 ± 42 e 37 ± 23 w
CW 116 ± 24 f 173 ± 25 vu 148 ± 25 d 117 ± 24 w 130 ± 24 de 170 ± 25 w
MA 74 ± 23 f 148 ± 24 u 50 ± 20 d 136 ± 24 w 186 ± 25 de 160 ± 23 w
MQ 20 ± 25 f 16 ± 33 u 12 ± 38 d 22 ± 33 w 20 ± 30 e 21 ± 38 w

2019 Measurement year
BC 2796 ± 930 e 2584 ± 930 w 2780 ± 930 cd 3175 ± 1074 w 1592 ± 930 de 1684 ± 930 w
BE 3120 ± 930 de 1981 ± 930 wv 2170 ± 994 cd 2500 ± 1074 w 1318 ± 930 de 1762 ± 930 w
CW 7874 ± 930 c 8262 ± 994 yx 6381 ± 994 b 4564 ± 930 xw 6930 ± 930 c 5804 ± 994 x
MA 5662 ± 930 cd 10,362 ± 930 y 4625 ± 930 bc 6640 ± 930 yx 11,085 ± 930 b 9552 ± 930 y
MQ 555 ± 994 ef 380 ± 1315 wvu 288 ± 1519 d 481 ± 1315 w 321 ± 1074 de 478 ± 1519 w

2020 Measurement year
BC 6135 ± 2377 cd 6280 ± 2377 yx 7036 ± 2377 b 7613 ± 2745 yx 4692 ± 2377 cd 3075 ± 2377 xw
BE 6731 ± 2377 c 4971 ± 2378 xw 4073 ± 2541 bcd 5246 ± 2745 yxw 3384 ± 2377 cde 3010 ± 2377 xw
CW 23,055 ± 2377 a 25,221 ± 2542 z 17,328 ± 2542 a 9214 ± 2377 y 21,570 ± 2377 a 17,352 ± 2542 z
MA 16,079 ± 2377 b 27,220 ± 2377 z 13,630 ± 2377 a 16,728 ± 2377 z 24,636 ± 2377 a 22,265 ± 2377 z
MQ 1157 ± 2541 ef 506 ± 3362 wvu 261 ± 3882 d 1132 ± 3362 w 713 ± 2745 de 340 ± 3882 w

a BC: Bellevue (Central); BE: Bellevue (East); CW: Caledonia (West); MA: Manitowoc; MQ: Marquette.

As in previous buffer groups, ‘DM114’ was a high-level generalist. With the exception
of ‘99038022’ that was a high-level generalist with nearly universal rank stability, only two
substantial rank changes across all three-way combinations, and moderate stability over
time, the NRRI clones were specialists for the 2019 buffer group. In particular, ‘9732-11’,
‘9732-24’, ‘9732-31’, and ‘9732-36’ were moderate- to high-level specialists characterized by
broad rank variability, substantial rank changes, and moderate stability over time. Similarly,
the performance of ‘DN2’ as a generalist in the 2019 buffer group was different relative to
its specialist volume in the 2018 buffer group. Across 2019 phyto buffers, ‘DN2’ exhibited
moderate rank stability within years and consistent ranks over time. All remaining clones
were moderate- (‘DN34’, ‘DN177’) and high-level (‘NM2’, ‘NM5’, ‘NM6’) specialists with
trends for changes in magnitude and rank similar to their performance in 2017 and 2018
buffer groups (Table S12).
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Table 7. Volume (cm3) (±one standard error) of twelve poplar clones tested in five phytoremediation buffer systems (i.e.,
phyto buffers) established in 2019 (i.e., the 2019 buffer group) in the Lake Superior watershed of the Upper Peninsula of
Michigan, USA. Trees were measured following the 2019 and 2020 growing seasons. Volume values with different letters
within a clone column across measurement years are different at P < 0.05.

Clone

Buffer a 99038022 9732-11 9732-24 9732-31 9732-36 DM114

2019 Measurement year
EE 73 ± 26 b 49 ± 25 y 98 ± 26 c 81 ± 28 y 44 ± 27 d 47 ± 26 y
EW 396 ± 27 b 239 ± 27 y 198 ± 27 c 228 ± 27 y 312 ± 27 cd 215 ± 27 y
MU 89 ± 26 b 28 ± 26 y 49 ± 26 c 20 ± 27 y 47 ± 26 d 38 ± 26 y
ON 54 ± 27 b 28 ± 27 y 23 ± 27 c 29 ± 27 y 16 ± 27 d 36 ± 27 y
OS 60 ± 27 b 49 ± 27 y 56 ± 27 c 33 ± 28 y 28 ± 27 d 42 ± 27 y

2020 Measurement year
EE 517 ± 573 b 470 ± 573 y 1553 ± 573 ab 1040 ± 613 zy 463 ± 573 bc 828 ± 573 y
EW 2397 ± 573 a 2206 ± 573 z 2444 ± 573 a 2155 ± 573 z 3189 ± 573 a 3166 ± 573 z
MU 2075 ± 573 a 878 ± 573 zy 1709 ± 573 ab 950 ± 573 zy 1761 ± 573 a 2463 ± 573 z
ON 691 ± 573 b 205 ± 573 y 189 ± 573 c 295 ± 573 y 285 ± 573 cd 924 ± 573 y
OS 439 ± 573 b 785 ± 573 zy 805 ± 573 bc 494 ± 613 y 441 ± 573 bcd 806 ± 573 y

Buffer DN2 DN177 NM5 DN34 NM2 NM6

2019 Measurement year
EE 45 ± 26 b 56 ± 26 y 42 ± 26 c 50 ± 26 y 43 ± 27 b 47 ± 26 x
EW 382 ± 27 b 231 ± 27 y 304 ± 27 c 278 ± 27 y 337 ± 27 b 269 ± 27 x
MU 29 ± 27 b 20 ± 26 y 45 ± 27 c 56 ± 27 y 35 ± 27 b 60 ± 27 x
ON 14 ± 27 b 09 ± 27 y 24 ± 29 c 18 ± 27 y 26 ± 27 b 29 ± 27 x
OS 33 ± 27 b 18 ± 27 y 25 ± 27 c 26 ± 27 y 26 ± 27 b 38 ± 27 x

2020 Measurement year
EE 531 ± 573 b 755 ± 573 y 543 ± 573 bc 668 ± 573 y 645 ± 573 b 510 ± 573 x
EW 2675 ± 573 a 2448 ± 573 z 7687 ± 573 a 1881 ± 573 z 8910 ± 573 a 6129 ± 573 z
MU 1834 ± 573 a 1230 ± 573 z 1932 ± 573 b 2245 ± 573 z 1770 ± 573 b 3302 ± 573 y
ON 206 ± 573 b 106 ± 573 y 93 ± 613 c 275 ± 573 y 337 ± 573 b 278 ± 573 x
OS 727 ± 573 b 305 ± 573 y 267 ± 573 c 515 ± 573 y 339 ± 573 b 662 ± 573 x

a EE: Escanaba (East); EW: Escanaba (West); MU: Munising; ON: Ontonagon (North); OS: Ontonagon (South).

4. Discussion and Conclusions
4.1. Genotype × Environment Interactions

Understanding genotype by environment (G × E) interactions is a necessary step
for identifying and selecting poplar clones used for phytoremediation and associated
phytotechnologies [68]. Poplar phenotypes are a function of their genotype, environment,
and genotypic response to specific site conditions [49]. Phyto-recurrent selection has been
used to choose superior poplar genotypes in the Midwestern United States [32,68]. Us-
ing both generalist and specialist genotypes enhances ecosystem services provided by
phytoremediation applications. Deploying generalists with low G × E interactions and
robust productivity across the region may be beneficial for cost and operational efficien-
cies [47,56], while specialists with high G × E interactions may maximize productivity,
phytoremediation potential, and overall benefits of ecosystem services [26,28,49]. In the
current study, sixteen phytoremediation buffer systems (i.e., multi-environmental trials
(MET)) were established to evaluate trends in G × E interactions and identify generalist
and specialist poplars in order to reduce runoff and clean groundwater (Figure 1).

In this study there were significant main (buffer, clone, and year) and interaction
effects on tree health and growth parameters. In particular, interactions involving the
buffer main effect were major factors governing clonal productivity. Buffer effects reflect
tree responses to combined edaphic and local climatic conditions, and influence clonal
performance traits such as: stem biomass production [69,70]; foliar fungal microbiomes [71];
leaf characteristics [72]; and diameter, height, and wood volume production [49,73]. In the
current study, the broad spectrum of MET buffers with varying soil and climate conditions
led to a wide range in clonal performance related to changes in both genotypic magnitude
and ranks over time. More favorable climatic conditions (i.e., warmer, more precipitation;
Table 1) and adequate soils for poplar cultivation (e.g., suitable texture, water-air properties,
pH; Table 2) likely led to greater volume of most clones at Menomonee Falls, Slinger,
Manitowoc and Caledonia. On the other hand, lower performance of clones at Marquette
and Ontonagon can be attributed to less favorable climatic and soil conditions such as
lower precipitation, temperature, and soil pH (i.e., more acidity). Similar results were
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obtained by Hansen et al. [74] who showed that soil water availability played a key role in
the productivity of woody biomass plantations. In the current study, sites with irrigation or
shallow water tables exhibited the greatest wood volume, which was further corroborated
through poplar biomass productivity modeling in the Midwestern United States [59,60].
Overall, G × E interactions resulted in mean annual increment (MAI) of four-year-old
trees from the current 2017 buffer group ranging from 1.1 to 7.8 Mg ha−1 yr−1 (mean =
3.2 Mg ha−1 yr−1), which agreed with results for similarly-aged (i.e., 3 to 5 years) poplars
in the region, whose MAI ranged from 0.6 Mg ha−1 yr−1 to 7.1 Mg ha−1 yr−1 [49,75].

Multi-environmental trials are key tools for defining gains achieved through identify-
ing genotype characteristics, their stability, and relevance of their interaction with varying
environmental conditions (i.e., G × E interactions) [76]. Although G × E interactions can
have a significant impact on the precision of breeding value estimates, often resulting in
decreased genetic gain [53], matching superior species and clones to particular site and
growing conditions has been critical in maximizing the productivity of SRWC planta-
tions [70]. Tree age is an important factor shown to govern G × E interactions for poplars.
Although Riemenschneider et al. [48] found significant G × E interactions first occurring
at three years after planting, Semerci et al. [52] recorded significant G × E interactions for
growth and phenology traits in one-year-old poplar clones grown on sites with different
water availability in Turkey. Similarly, in the present study, all tested traits exhibited G × E
interactions after the first year in all three buffer groups (e.g., for one- to four-year-old trees).
In contrast to the results presented here, greenhouse phyto-recurrent selection experiments
with soils from the six phyto buffers of the 2017 buffer group [Bellevue (West), Caledonia
(East), Menomonee Falls (East), Menomonee Falls (West), Slinger, and Whitelaw] showed
a lack of G × E interactions for root-shoot ratio and growth performance index of many
poplar clones tested at the current MET. Nevertheless, there were significant G × E interac-
tions for tree health [58]. Such differences may be attributed to variability in environmental
conditions between the greenhouse and field buffers and/or the length of the experiment
(i.e., months versus years).

Regardless, such results have indicated that G × E interactions in poplar clones
vary during the life cycle of the trees. Zalesny and Headlee [25] found significant G
× E interactions for biomass and carbon production in both 10- and 20-year-old poplar
plantations, despite negligible genotypic effects on both traits for 20-year-old trees. The
presence/absence of G × E interactions within clones during the production cycle also can
be expressed by variability in growth patterns across clones. Netzer et al. [77] recorded
that some clones had greater biomass productivity in the second half of the stand rotation,
while Ghezehei et al. [78] recorded both lack and presence of significant differences in
clonal productivity of four- and eight-year-old poplars.

4.2. Generalist and Specialist Response Groups

Phenotypic responses determine comparative genotypic performance, resulting in
some clones growing well and providing higher levels of ecosystem services across a broad
range of soil, climate, and/or contaminant conditions (i.e., generalists). On the other hand,
specialists optimize their growth and physiological processes when subjected to specific
site conditions [43,44]. We identified both generalist (‘DM114’, ‘NC14106’, ‘99038022’,
‘99059016’) and specialist (‘7300502’, ‘DN5’, ‘DN34’, ‘DN177’, ‘NM2’, ‘NM5’, ‘NM6’) clones,
along with others that exhibited volume consistent with both response groups across
buffers and years (‘9732-11’, ‘9732-24’, ‘9732-31’, ‘9732-36’, ‘DN2’) (i.e., those that shifted
from generalists to specialists as trees aged; see below) (Table S13). Classification of these
clones has important practical implications in reducing uncertainties associated with field-
deployment of these genotypes for multiple applications, including phytoremediation.

Changes in both magnitude and ranks across buffer × clone × year combinations
defined the G × E interactions of the current study [43,44]. Different classifications were
found for volume versus mean annual increment (MAI), which supports the need for long-
term monitoring throughout plantation development [68]. One explanation for differences
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between these traits may be related to the age at which the trees were measured. As
noted previously, in the Southeastern United States, clonal rankings in poplar wood
volume production changed with increasing stand age [70,79]. In this study, all volume
estimates were from one- to three-year-old trees, while MAI was determined for trees
after their fourth growing season, the start of the mid-rotation growth stage for poplars
used for phytoremediation [80]. Similar changes were also apparent when evaluating
measurement years within individual buffer groups. That is, oftentimes clonal rankings
dramatically changed as trees aged (e.g., ‘7300502’ had the greatest volume at Slinger
during the establishment year only to have the least volume at this buffer after two and
three growing seasons). A second explanation for differences in classifications between
volume and MAI may be related to individual clones expressing higher levels of genetic
variation and phenotypic plasticity as they responded to highly variable and changing soil
conditions both within and across growing seasons at the phyto buffers. Guet et al. [72]
reported that P. deltoides and P. nigra (which were the most common species used as parents
in the current study) exhibited high levels of such genetic variation and plasticity, allowing
them to better adapt to site-level spatial and temporal heterogeneity. These responses could
lead to a greater propensity for specialist growth performance, and may explain why some
NRRI clones (‘9732-11’, ‘9732-24’, ‘9732-31’, ‘9732-36’) shifted from generalists to specialists
in the current study (Table S13). In contrast, Nelson et al. [46] identified most of these
clones as being geographically robust across both latitudinal and longitudinal gradients in
North America. One of these clones, ‘9732-36’, had very consistent volume production in
our 2017 and 2018 buffer groups (as well as MAI in our 2017 buffer group), yet trended
towards specialist responses at phyto buffers established in 2019. This may have been due
to a negligible relationship between phenotypic plasticity and G × E interactions. As in our
interpretation (and its definition), Des Marais et al. [81] linked G × E interactions to changes
in clonal ranking and growth performance (i.e., variance-changing interaction) [56].

This concept of variance-changing interaction also supports differences in classify-
ing generalist and specialist clones of the current study within individual measurement
years associated with buffer × clone interactions for specific buffer groups. Specifically,
individual response group designations for buffer × clone × year combinations (from
Tables S6, S9 and S12) may differ somewhat from final classifications listed in Table S13,
given the need to assess stability and magnitude of ranks within years and over time (i.e.,
classifying the clones holistically). With the exception of the NRRI clones, most other
genotypes from the P. deltoides × P. nigra ‘DN’ genomic group (with ‘DN2’ being the only
exception), as well as the P. deltoides ‘D’ clone ‘7300502’ and all clones of the P. deltoides
× P. maximowiczii ‘DM’ and P. nigra × P. maximowiczii ‘NM” genomic groups exhibited
consistent classifications across buffer groups. Nevertheless, of particular interest was
that individual clones within genomic groups (or breeding groups, for the ‘DN’ hybrids)
performed similarly, indicating that selection of genomic groups may be effective for early
phyto-recurrent selection cycles (i.e., when choosing base populations for testing). Such
genomic group trends have been reported for the same or related genotypes used in other
phytoremediation applications [35,82]. Overall, the preponderance of specialist clones
in the current study supports the need for phyto-recurrent selection in order to match
genotypes to sites for small-scale applications with location-specific requirements (i.e.,
see variation in ranks for ‘NM5’ from Tables S6, S9 and S12), as well as the parallel need
for continued testing of new genetic material, such as the NRRI clones, to select robust
genotypes with minimal G × E interactions that can be used for large-scale, commercial
applications at a justifiable cost while providing a multitude of ecosystem services across
the rural to urban continuum [46].

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/f12040430/s1; Table S1: Dates of planting for each phytoremediation buffer system (i.e., phyto
buffer); Table S2: Probability values from analyses of variance for health and mean annual increment
(MAI); Table S3: Probability values from analyses of variance for height, diameter, and volume;
Table S4: Height for the buffer × clone × year interaction (2017 buffer group); Table S5: Diameter
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for the buffer × clone × year interaction (2017 buffer group); Table S6: Volume clone rank for the
buffer × clone × year interaction (2017 buffer group); Table S7: Height for the buffer × clone × year
interaction (2018 buffer group); Table S8: Diameter for the buffer × clone × year interaction (2018
buffer group); Table S9: Volume clone rank for the buffer × clone × year interaction (2018 buffer
group); Table S10: Height for the buffer × clone × year interaction (2019 buffer group); Table S11:
Diameter for the buffer × clone × year interaction (2019 buffer group); Table S12: Volume clone rank
for the buffer × clone × year interaction (2019 buffer group); Table S13: Final classification of clones
into generalist and specialist response groups; Figure S1: Health for the buffer × clone interaction
measured in 2018 (2017 buffer group); Figure S2: Health for the buffer × clone interaction measured
in 2019 (2017 buffer group); Figure S3: Health for the buffer × clone interaction measured in 2019
(2018 buffer group).
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Abstract: Poplar tree improvement strategies are needed to enhance ecosystem services’ provisioning
and achieve phytoremediation objectives. We evaluated the establishment potential of new poplar
clones developed at the University of Minnesota Duluth, Natural Resources Research Institute
(NRRI) from sixteen phytoremediation buffer systems (phyto buffers) (buffer groups: 2017 × 6;
2018 × 5; 2019 × 5) throughout the Lake Superior and Lake Michigan watersheds. We divided clones
into Experimental (testing stage genotypes) and Common (commercial and/or research genotypes)
clone groups and compared them with each other and each NRRI clone (NRRI group) at the phyto
buffers. We tested for differences in clone groups, phyto buffers, and their interactions for survival,
health, height, diameter, and volume from ages one to four years. First-year survival was 97.1%,
with 95.5%, 96.2%, and 99.6% for the 2017, 2018, and 2019 buffer groups, respectively. All trees
had optimal health. Fourth-year mean annual increment of 2017 buffer group trees ranged from
2.66 ± 0.18 to 3.65 ± 0.17 Mg ha−1 yr−1. NRRI clones ‘99038022’ and ‘9732-31’ exhibited exceptional
survival and growth across eleven and ten phyto buffers, respectively, for all years. These approaches
advance poplar tree improvement efforts throughout the region, continent, and world, with methods
informing clonal selection for multiple end-uses, including phytotechnologies.

Keywords: clonal selection; genotype × environment (G × E) interactions; multi-environmental
trials (MET); phenotypic plasticity; phyto buffers; phyto-recurrent selection; phytotechnologies;
poplars; Populus

1. Introduction

The Great Lakes Basin is one of the most important natural resources in North America,
providing numerous environmental, economic, and societal benefits. Zalesny et al. [1]
elaborated on these benefits, in addition to the substantial role of the Basin in provisioning
freshwater and related ecosystem services to millions of people each year [2,3]. This unique
water resource, however, is becoming increasingly degraded by anthropogenic activities.
Legacy pollution, urban runoff and stormwater, and agricultural inputs (i.e., herbicides,
pesticides, nutrients) have all contributed to declining water quality of the Basin, leading
to 99% of the surface water being impaired for one or more designated use(s) [4].

93



Forests 2021, 12, 474

Landfills, waste dumps, and similar sites have contributed to non-point source pollu-
tion, especially due to the continuous rise in waste generation and concomitant increases
in landfill size [5]. Landfill leachate is a potential pollution source from municipal landfill
sites that is often characterized by low biodegradability, high nitrogen content, and pres-
ence of other pollutants [6]. Leachate and associated surface runoff are often managed
through proactive preventative measures or reactive remediation strategies to prevent
water contamination. Phytoremediation is one potential long-term, sustainable solution
for achieving runoff reduction and cleaning/filtering of water, in which plants and their
associated microorganisms are used for environmental cleanup [7,8]. Pollutants are reme-
diated by various mechanisms such as accumulation in plant tissues, plant and microbe
metabolism, and volatilization [9–11]. Plant water uptake can also reduce contaminant
mobility at a site [12].

Purpose-grown trees, particularly poplars (Populus spp.) and other short rotation
woody crops (SRWCs), are well-suited to phytotechnology applications due to their ideal
physiological, morphological, and genetic traits [13]. Poplars can help managers achieve
remediation goals in a condensed timeframe (e.g., <20 years) based on specific silvicultural
prescriptions that are matched to site and management objectives [14]. Additionally, poplar-
based phytotechnologies can provide other ecosystem services such as carbon sequestration
and biomass feedstocks for biofuels, bioenergy, and bioproducts [15–17]. In recent decades,
poplar biomass production systems have become more important globally, given the
large demand for wood combined with sustainable forest management goals. As a result,
tree breeding and improvement strategies are needed now more than ever to maximize the
performance of poplars for achieving specific remediation and ecosystem service objectives.

As with agronomic and horticultural crops, tree breeding and improvement began
hundreds of years ago, and over time has expanded to include numerous coniferous
and broadleaved species [18]. Significant results have been obtained within the Populus
genus through spontaneous and controlled hybridization and breeding throughout the last
century [19,20]. Broad genetic variation, both within and among Populus species, coupled
with their ability to undergo successful intra- and inter-specific hybridization, in addition
to the ability of some species to propagate readily from cuttings, have driven the success of
poplar tree improvement [21–23]. To prove the superiority of new collections and crosses,
poplar genotypes and cultivars undergo complex testing in multi-environmental trials
(MET), in which phenotypic responses to different environments, defined as genotype
by environment interactions (G × E), are evaluated. Similarly, METs are used to test the
robustness in genotypic performance across varying site and climatic conditions [24,25].
These G × E interactions have been studied often, leading to the characterization of
genotypes as generalists or specialists [26,27]. Over the years, traits of interest in poplar
breeding programs have evolved from agronomic characteristics (e.g., yield, pest and
disease resistance, rooting capabilities) to more contemporary traits relating to biomass
production (e.g., physiological drivers of productivity and wood properties) [22] and
ecosystem services [13,16].

Regional clonal development in the Midwestern United States has proliferated since
the 1930s due to extensive open-pollination collections, intra- and inter-sectional hybridiza-
tion, and increased interest in wood biomass production [19,20,28]. Over 100,000 poplar
offspring have been created since the 1950s [14], with the majority produced by regional
breeding programs at the University of Illinois (J. Jokela; B. McMahon), Iowa State Uni-
versity (R. Hall; B. McMahon), University of Minnesota (C. Mohn; D. Riemenschneider),
and University of Minnesota Duluth (B. McMahon; W. Berguson). Clonal testing has been
highly active since the 1990s [20], with multiple MET networks being established around
the Midwest to monitor biomass production [29–31]. From these METs, Netzer et al. [32]
showed the greatest potential of clones was for P. deltoides Bartr. ex Marsh × P. nigra L. ‘DN’
hybrids (a.k.a., P. × euramericana (Dode) Guinier; P. × canadensis Moench) ‘DN21’, ‘DN154’,
‘DN164’, ‘DN170’, ‘DN177’, and ‘NE264’, in addition to P. nigra × P. maximowiczii A. Henry
‘NM’ hybrid ‘NM2’. With the exception of ‘NM2’, all clones were ‘DN’ hybrids exhibiting
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generalist growth performance. Another poplar clonal regional testing network was es-
tablished in 1995, 1997, and 2000 across Iowa, Michigan, Minnesota, and Wisconsin [28].
This MET network initially contained 42 clones but was expanded to a total of 187 clones,
most of which were from the aforementioned Midwestern breeding programs [33]. Results
from these METs showed greater biomass productivity rates than any previously recorded
in the region, leading Riemenschneider et al. [28] to conclude the need for continued tree
improvement activities. Significant G × E interactions defined generalist (‘NC14105’, ‘Cran-
don’, ‘NM2’) and specialist (‘7300501’, ‘80 × 01015’, ‘NC14103’) clones [33], which have
since been tested for ecosystem services and environmental technologies [16,34].

The most recent poplar breeding and testing has been conducted at the University of
Minnesota Duluth, Natural Resources Research Institute (NRRI) [35,36]. In parallel with
traditional clonal testing of poplar productivity through evaluation of genotypic growth
and stability [36], NRRI researchers have tested the application of different silvicultural
measures [37] and defined geo-robust clones (i.e., extreme generalists) for establishment
across broader latitudinal and longitudinal ranges [38]. A contemporary goal of this and
other poplar breeding efforts is to test clones for a wide range of ecosystem services such
as carbon sequestration and phytoremediation [17,39].

Poplars have been tested and deployed extensively in phytoremediation systems
to remediate organic [9,40–43] and inorganic contaminants [44–47], in addition to newer
classes of pollutants such as contaminants of emerging concern (CECs) [48–50]. Test-
ing poplar clones for phytoremediation is a complex process including breeding and
selection for: (1) traditional traits related to growth and productivity [51–53]; (2) tol-
erance of contaminants, determined by investigating physiological and metabolic pro-
cesses [42,43,47,54]; and (3) phytoremediation potential exhibited by contaminant ac-
cumulation/degradation [41,55,56]. Simultaneous selection for such a broad range of
breeding traits can be achieved with phyto-recurrent selection, a stepwise testing process.
In this method, crop and tree improvement strategies are implemented over multiple
testing cycles to identify and select clones with superior performance [14,57]. Through-
out the selection process, the number of clones decreases while the number of tested
parameters and cycle length increase. Selection using basic traits such as growth and
root:shoot ratio is enhanced with data on additional parameters such as tree health and
growth performance index [58]. Further investigation often includes greenhouse and
field-testing clonal performance related to contaminant effects and accumulation, ecophys-
iology, and morpho-anatomical changes [45,46]. Following multiple selection cycles in
the greenhouse, field validation of selected clones is a necessary step in phyto-recurrent
selection. For example, testing clones used in the current study, Zalesny and Bauer [59]
reported broad clonal variation across eleven-year-old trees grown for nitrate phytoreme-
diation in the Midwestern US. These phyto-recurrent selection results further emphasize
the importance of long-term phytoremediation studies in evaluating clonal performance
throughout stand development [17].

As described by Zalesny et al. [1], phyto-recurrent selection was used to establish
an ongoing MET testing network consisting of sixteen phytoremediation buffer systems
(i.e., phyto buffers) at sites located in the Lake Superior (i.e., Michigan’s Upper Peninsula)
and Lake Michigan (i.e., eastern Wisconsin) watersheds. Given the potential of new geno-
types in the biomass productivity networks illustrated above, our overarching objective in
the current study was to test for ecological restoration potential of new clones developed at
NRRI. To do so , we divided clones into Experimental (i.e., genotypes with a rich history of
testing but are still at the experimental stage) and Common (i.e., genotypes commonly used
for commercial and/or research purposes in the region) clone groups that we then com-
pared with each other and each NRRI clone planted at the phyto buffers. Although Zalesny
et al. [1] compared individual clones, these current comparisons are warranted because
poplar clones in the Midwestern United States are often selected in groups based on stage
of testing (i.e., Experimental versus Common) rather than individually, due to uncertainties
with nursery production and availability of clonal material. Specifically , we tested for
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differences in the three clone groups (i.e., NRRI, Experimental, Common), phyto buffers
(i.e., environments), and their interactions for health, height, diameter, and volume during
early field establishment (i.e., from one to four years after planting). These data are useful
to advance poplar tree improvement efforts throughout the region, continent, and world,
informing clonal selection for multiple end-uses, including phytotechnologies.

2. Materials and Methods
2.1. Site Description

Zalesny et al. [1] provided a detailed description of the regional phytotechnologies
network tested in the current study, including climate- and soil-related information. In sum-
mary, there were sixteen phytoremediation buffer systems (i.e., phyto buffers) established
across ten field testing sites in 2017 (×6 phyto buffers), 2018 (×5), and 2019 (×5) in
the Lake Superior watershed of the Upper Peninsula of Michigan, USA and the Lake
Michigan watershed of eastern Wisconsin, USA (Figure 1). The sites ranged in latitude
from 46.7840 to 42.8382◦ N and in longitude from −89.1291 to −86.5976◦ W. Twenty-year
(2000 to 2020) historical monthly averages for precipitation and temperature were ob-
tained from the National Oceanic and Atmospheric Administration (NOAA) National
Climate Data Center (https://www.ncdc.noaa.gov/cdo-web/ (accessed on 20 January
2021)) and are listed in Table 1. Table 2 provides buffer-specific soil properties that were
acquired from the USDA Natural Resources Conservation Service (NRCS) Web Soil Survey
(https://websoilsurvey.sc.egov.usda.gov/ (accessed on 20 January 2021)).

Figure 1. Regional phytotechnologies network consisting of sixteen phytoremediation buffer systems
(i.e., phyto buffers) established in 2017 (×6 phyto buffers), 2018 (×5), and 2019 (×5) in the Lake
Superior watershed of the Upper Peninsula of Michigan, USA and the Lake Michigan watershed of
eastern Wisconsin, USA. From Zalesny et al. [1].
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2.2. Clone Selection

Rogers et al. [58] and Zalesny et al. [1] described the phyto-recurrent selection process
that was used to choose genotypes for phyto buffer field establishment. Twelve clones
were selected, outplanted, and tested for each of three buffer groups (i.e., with buffer
groups defined as phyto buffers established in 2017 (×6), 2018 (×5), and 2019 (×5)),
and separate analyses were conducted for each buffer group for the particular set of twelve
clones. Based on the objective of the current study, clones were categorized into three
clone groups: (1) ‘NRRI’ clones that are new genotypes produced by the University of
Minnesota Duluth, Natural Resources Research Institute (NRRI), in Duluth, Minnesota,
USA [36,38] (these genotypes were not combined with one another and were analyzed
individually, collectively representing the NRRI clone group); (2) ‘Experimental’ clones that
have been tested broadly in the region but have not reached commercial status (combined
for current analyses); and (3) ‘Common’ clones that have been used in decades of testing
and deployment in the Midwestern United States (combined). Clones, genomic groups,
and their respective clone groups are listed in Table 3.

Table 3. Clone groups and buffer groups (i.e., years of planting) of clones and their genomic groups
for Populus genotypes tested in a regional phytotechnologies network of sixteen phytoremediation
buffer systems (i.e., phyto buffers) established from 2017 to 2019 in the Lake Superior watershed of
the Upper Peninsula of Michigan, USA and the Lake Michigan watershed of eastern Wisconsin, USA.

Clone Group a,b

NRRI Experimental Common

———————— 2017 Buffer group ————————
99038022 ‘DN’ 7300502 ‘D’ DN5 ‘DN’
99059016 ‘DN’ DM114 ‘DM’ DN34 ‘DN’
9732-36 ‘DN’ NC14106 ‘DM’ NM2 ‘NM’

DN177 ‘DN’ NM6 ‘NM’
NM5 ‘NM’

———————— 2018 Buffer group ————————
9732-11 ‘DN’ 7300502 ‘D’ DN5 ‘DN’
9732-24 ‘DN’ DM114 ‘DM’ DN34 ‘DN’
9732-31 ‘DN’ DN2 ‘DN’ NM2 ‘NM’
9732-36 ‘DN’ NM5 ‘NM’ NM6 ‘NM’

———————— 2019 Buffer group ————————
99038022 ‘DN’ DM114 ‘DM’ DN34 ‘DN’
9732-11 ‘DN’ DN2 ‘DN’ NM2 ‘NM’
9732-24 ‘DN’ DN177 ‘DN’ NM6 ‘NM’
9732-31 ‘DN’ NM5 ‘NM’
9732-36 ‘DN’

a Genomic groups: P. deltoides Bartr. Ex Marsh ‘D’; P. deltoides × P. maximowiczii A. Henry ‘DM’; P. deltoides × P. nigra
L. ‘DN’; P. nigra × P. maximowiczii ‘NM’; b ‘NRRI’ = promising genotypes bred, tested, and selected at the
University of Minnesota Duluth, Natural Resources Research Institute (NRRI) for broad-ranging applications
[36,38]; analyzed individually. ‘Experimental’ = genotypes with a rich history of testing but that are still at the
experimental stage; analyzed as a group. ‘Common’ = genotypes commonly used for commercial and/or research
purposes in the region; analyzed as a group.

2.3. Phyto Buffer Establishment and Experimental Design

Individual phyto buffers were established during May and June in 2017, 2018, and 2019
by planting 25.4 cm, dormant, unrooted hardwood cuttings that were soaked in water to
a height of 16.93 cm for 48 h in a dark room at 21 ◦C before planting. Site preparation
consisted of removing rocks and other obstructions followed by tilling to a depth of 30 cm.
For site maintenance, soils were tilled to a depth of 30 cm, rocks and other obstructions
were continually removed, and vegetation was removed via hand weeding to a minimum
diameter of 0.61 m around each individual tree. At least one maintenance entry per month
was performed at each phyto buffer throughout each growing season.
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The experimental design consisted of eight randomized complete blocks (RCBD) and
twelve clones per block at a spacing of 2.44 × 2.44 m (i.e., 1680 trees ha−1). There was
one exception: four blocks were planted at Slinger, Wisconsin due to space constraints.
Two border rows were established on the perimeter of each phyto buffer to reduce po-
tential border effects [60,61]. All phyto buffers were fenced using 2.3 m tall Trident extra
strength deer fencing (Trident Enterprises, Waynesboro, PE, USA) to eliminate potential
impacts from white-tailed deer (Odocoileus virginianus Zimmerman) browse. Replanting of
dead trees with identical clones occurred each growing season to ensure full stocking of
1680 trees ha−1. Analyses did not include the replanted trees.

2.4. Field Measurements

Tree height (to the nearest 0.1 m) and diameter (to the nearest 0.1 cm) were measured
after each growing season. Height was consistently measured from the ground to the
apical bud, whereas diameter measurements changed as trees aged. At one and two years
after planting, diameter was measured at 10 cm above the soil surface; starting in year
three, diameter at breast height (i.e., DBH at 1.37 m) was determined. Based on height
(H) and diameter (D; including one- and two-year diameter and DBH), tree volume (V)
was calculated using the following equation provided by Kershaw et al. [62]: V = D2 × H.
After four years of growth, the 2017 buffer group trees were too tall to be measured to the
nearest 0.1 m. For these trees, DBH values were used to estimate mean annual increment
(MAI; Mg ha−1 yr−1) according to genomic-group specific coefficients from Headlee and
Zalesny [63] applied in the following model: BiomassIndividual Tree = 10a0 × DBHa1. Stan-
dard metric conversion factors and the stocking of 1680 trees ha−1 were used to scale these
individual-tree values to stand-level MAI.

2.5. Health Assessments

Six tree health parameters were scored by two researchers to reduce variability in
the ratings: (1) vigor, (2) defoliation, (3) leaf discoloration, (4) chlorosis, (5) leaf scorch,
and (6) leaf spots. Scoring consisted of a five-category qualitative scale ranging from
1 to 5, where 1 = optimal health, 2 = good health, 3 = moderate health, 4 = poor health,
and 5 = dead (modified from Rogers et al. [58]; i.e., health score was inversely related
to health). Final health index values were calculated using a multiplicative weighted
summation index with a coefficient of 0.25 for vigor and 0.15 for all other parameters.
Health assessments were not conducted in 2020.

2.6. Data Analysis

Clone groups described above and listed in Table 3 (i.e., NRRI, Experimental, Com-
mon) were substituted for clones in Zalesny et al. [1]; otherwise, data analysis methods
were the same for both studies.

As directly reported in Zalesny et al. [1], “Health (of all buffer groups) and MAI
(of the 2017 buffer group) data were subjected to analyses of variance (ANOVA) and
analyses of means (ANOM) using SAS® (PROC GLM; PROC ANOM; SAS INSTITUTE,
INC., Cary, North Carolina, USA) assuming a two-way factorial design including six (2017)
or five (2018, 2019) buffers, [five (2017), six (2018), or seven (2019) clone groups], and their
interactions. Fisher’s Least Significant Difference (LSD) was used to identify significant
differences among least-squares means for main effects and interactions at p < 0.05”.

As directly reported in Zalesny et al. [1], “Height and volume (of all buffer groups)
and diameter (excluding 2020 diameter of 2017 buffer group trees) data were subjected to
analyses of variance (ANOVA) and analyses of means (ANOM) using SAS® (PROC MIXED;
PROC ANOM; SAS INSTITUTE, INC., Cary, NC, USA) assuming a three-way, repeated
measures factorial design including six (2017) or five (2018, 2019) buffers, [five (2017),
six (2018), or seven (2019) clone groups], three (2017, 2018) or two (2019) ages, and their in-
teractions. The ages (representing tree growth after each growing season) were analyzed as
the repeated measure. To account for pseudo-replication over time, six different covariance
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structures (i.e., vc, cs, ar(1), toep, ante(1), un) were tested in PROC MIXED to determine
which one provided the best model fit based on the lowest Bayesian Information Criterion
(BIC) scores. Using these covariance structures, ANOVA were conducted in PROC MIXED
for all traits, and multiple comparisons analyses were conducted to identify significant
differences among least-squares means for main effects and interactions as noted above”.

3. Results
3.1. Survival

First-year survival across all phyto buffers and clones was 97.1%, with 95.5%, 96.2%,
and 99.6% survival for the 2017, 2018, and 2019 buffer groups, respectively. For the
2017 buffer group, an additional 24 trees (4.5%) were replanted due to external factors not
associated with direct mortality. Specifically, three trees were coppiced due to encroachment
of a powerline, 12 trees were impacted by beavers, and nine trees exhibited some level of
winter dieback that was not fatal. Additionally, trees at Caledonia (East) were flooded for
five days during early May of the 2018 growing season. All trees survived the flood and
growth may have been impacted initially, but growth reductions were not evident during
end-of-year measurements. For the 2018 buffer group, 33 trees (6.9%) were impacted by
external factors, with 11 trees experiencing substantial growth reductions associated with
runoff of water used to cool an adjacent mulch pile, and 22 trees having deer browse and
broken tops. For the 2019 buffer group, no external factors impacted tree survival. All trees
that died or were impacted were replanted to ensure full stocking of 1680 trees ha−1 in
subsequent years.

For the 2017 buffer group, first-year survival ranged from 37.5 (‘99059016’ at Menomonee
Falls (East)) to 100% (for 18 of 30 possible buffer × clone group combinations) (Table 4).
There was minimal variability across phyto buffers, with survival at Whitelaw, which had
the lowest number of trees alive, being 3.1% less than Bellevue (West), the buffer with
the greatest survival. The variability increased for clone groups, ranging from 77.3%
(‘99059016’) to 100% (‘99038022’), although this range in survival was driven by the fact that
only 37.5% of the ‘99059016’ trees were alive at Menomonee Falls (East). The next lowest
survival for all buffer × clone group combinations was 75% for ‘99059016’ at Caledonia
(East) and Slinger. Experimental and Common clone groups exhibited at least 92.5%
survival at all buffers. For the 2018 buffer group, first-year survival ranged from 87.5%
(‘9732-36’ at Marquette) to 100% (for 21 of 30 possible buffer × clone group combinations)
(Table 4). Variability across phyto buffers was stable, with trees at Bellevue (East) and
Marquette (the buffers with the lowest survival) exhibiting 3.1% fewer trees alive than at
Bellevue (Central), which had the highest survival. The percentage of trees alive across
clone groups increased 5.7% from the Common clones to three of the NRRI genotypes:
‘9732-11’; ‘9732-24’; and ‘9732-31’. With the exception of ‘9732-36’ grown at Marquette,
all NRRI clones exhibited 100% survival across buffers, whereas the lowest survival for the
Experimental and Common clones was 90.6% at Manitowoc and Marquette, respectively.
For the 2019 buffer group, first-year survival was 100% for all buffer × clone group
combinations, with two exceptions (Table 4). Survival was 87.5% for ‘9732-31’ at Escanaba
(East) and Ontonagon (South).
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Table 4. First-year survival (percentage) of three poplar clone groups tested in sixteen phytoremediation buffer systems
(i.e., phyto buffers) that were established in 2017, 2018, and 2019 (i.e., buffer groups) in the Lake Superior watershed of the
Upper Peninsula of Michigan, USA and the Lake Michigan watershed of eastern Wisconsin, USA.

Clone Group a

NRRI

Buffer b 99038022 99059016 9732-36 Experimental Common Overall

————————————————– 2017 Buffer group ————————————————–
BW 100.0 75.0 100.0 97.5 100.0 96.9
CE 100.0 87.5 87.5 100.0 93.8 95.8
ME 100.0 37.5 100.0 100.0 100.0 94.8
MW 100.0 100.0 100.0 90.0 100.0 95.8
SL 100.0 75.0 100.0 95.0 100.0 95.8

WH 100.0 87.5 100.0 92.5 93.8 93.8
Overall 100.0 77.3 97.7 95.9 97.7 95.5

Clone Group

NRRI

Buffer c 9732-11 9732-24 9732-31 9732-36 Experimental Common Overall

—————————————————- 2018 Buffer group —————————————————
BC 100.0 100.0 100.0 100.0 100.0 93.8 97.9
BE 100.0 100.0 100.0 100.0 93.8 90.6 94.8
CW 100.0 100.0 100.0 100.0 93.8 96.8 96.8
MA 100.0 100.0 100.0 100.0 90.6 100.0 96.9
MQ 100.0 100.0 100.0 87.5 96.9 90.6 94.8

Overall 100.0 100.0 100.0 97.5 95.0 94.3 96.2

Clone Group

NRRI

Buffer d 99038022 9732-11 9732-24 9732-31 9732-36 Experimental Common Overall

————————————————— 2019 Buffer group ————————————————–
EE 100.0 100.0 100.0 87.5 100.0 100.0 100.0 99.0
EW 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
MU 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
ON 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
OS 100.0 100.0 100.0 87.5 100.0 100.0 100.0 99.0

Overall 100.0 100.0 100.0 95.0 100.0 100.0 100.0 99.6
a ‘NRRI’ = promising genotypes bred, tested, and selected at the University of Minnesota Duluth, Natural Resources Research Institute
(NRRI) for broad-ranging applications [36,38]. ‘Experimental’ = genotypes with a rich history of testing but that are still at the experimental
stage. ‘Common’ = genotypes commonly used for commercial and/or research purposes in the region. b BW: Bellevue (West); CE:
Caledonia (East); ME: Menomonee Falls (East); MW: Menomonee Falls (West); SL: Slinger; WH: Whitelaw. c BC: Bellevue (Central); BE:
Bellevue (East); CW: Caledonia (West); MA: Manitowoc; MQ: Marquette. d EE: Escanaba (East); EW: Escanaba (West); MU: Munising;
ON: Ontonagon (North); OS: Ontonagon (South).

3.2. Health

Buffer main effects were significant for first-year health of 2017 (p = 0.0006), 2018
(p < 0.0001), and 2019 (p < 0.0001) buffer group trees (Table S1). Health of 2017 buffer
group trees measured in 2017 (i.e., HEALTH2017(2017)) ranged from 1.06 ± 0.02 (Whitelaw;
most healthy) to 1.17 ± 0.02 (Caledonia (East); least healthy), with an overall mean of
1.11 ± 0.02 (Figure 2). Thus, all trees were of optimal health (i.e., health index ranging
from 1 to 2). Trees grown at Menomonee Falls (West) and Whitelaw were 4.8% to 9.1%
significantly healthier than at the remaining phyto buffers, which were not different
than each other. Whitelaw trees were also 4.6% healthier than the overall mean, and the
mean was 4.7% healthier than those from Caledonia (East). Health of 2018 buffer group
trees measured in 2018 (i.e., HEALTH2018(2018)) ranged from 1.01 ± 0.02 (Bellevue (East);
most healthy) to 1.28 ± 0.02 (Manitowoc; least healthy), with an overall mean of 1.09 ± 0.02
(Figure 2). Trees at Manitowoc had 15% unhealthier trees than Caledonia (West), and both
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of these buffers had significantly lower health than at Bellevue (Central), Bellevue (East),
and Marquette, which were not different from one another. With the exception of Caledonia
(West), all buffers exhibited health index scores significantly different than the overall mean,
with Manitowoc being the only buffer with poorer health (i.e., by 15%). HEALTH2019(2019)
ranged from 1.02 ± 0.01 (Ontonagon (South); most healthy) to 1.14 ± 0.01 (Escanaba (West);
least healthy), with an overall mean of 1.07 ± 0.01 (Figure 2). Trees at Escanaba (West) were
significantly less healthy than those at Escanaba (East), Munising, and Ontonagon (North),
the latter of which had similar health to Ontonagon (South), which exhibited 5% greater
health than the overall mean.

Figure 2. First-year tree health (A) and fourth-year mean annual increment (MAI) (B) of six phytore-
mediation buffers (i.e., phyto buffers) established in 2017 (i.e., the 2017 Buffer Group), in addition
to the first-year tree health of five phyto buffers established in the 2018 Buffer Group (C) and 2019
Buffer Group (D) of a regional phytotechnologies network in the Lake Superior watershed of the
Upper Peninsula of Michigan, USA and the Lake Michigan watershed of eastern Wisconsin, USA.
Error bars represent one standard error of the mean. The dashed line represents the overall mean,
and asterisks indicate means different than the overall mean at p < 0.05. Bars with different letters are
different at p < 0.05. See Section 2 for complete tree health definitions (1 = optimal health, 2 = good
health, 3 = moderate health, 4 = poor health, and 5 = dead).

The clone group main effect was significant for HEALTH2017(2017) (p < 0.0001) (Table S1).
HEALTH2017(2017) ranged from 1.05 ± 0.02 [‘99059016’; most healthy] to 1.19 ± 0.02 [Exper-
imental; least healthy], with an overall mean of 1.11 ± 0.02 (Figure 3). The healthiest trees
were from ‘99059016’ and the Common clone group, which did not differ from one another
but were 5.7% and 4% healthier than the overall mean, respectively. Although health of the
Experimental trees did not differ from ‘9732-36’, they were of 6.8% poorer health than the
overall mean.

Differences among buffer and clone main effects were significant for second- and
third-year health of the 2017 buffer group trees and second-year health of the 2018
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buffer group trees (p < 0.05), yet the buffer × clone group interaction governed health
for all three combinations (p2017(2018) = 0.0233; p2017(2019) = 0.0010; p2018(2019) = 0.0023)
(Table S1). HEALTH2017(2018) ranged from 1.20 ± 0.08 (‘99059016’ at Menomonee Falls
(East); most healthy) to 1.76 ± 0.07 (‘9732-36’ at Slinger; least healthy), with an overall
mean of 1.36 ± 0.05 (Figure 4). The healthiest trees were grown at Menomonee Falls
(East), which had 17.8% better HEALTH2017(2018) than at Slinger, which exhibited the poor-
est health. The range in health scores was narrower for clone groups, with ‘99059016’
having 10.5% healthier trees than Experimental genotypes that had the poorest health.
Three buffer × clone group interactions resulted in HEALTH2017(2018) values that were
significantly greater (i.e., of poorer health) than the overall mean: Experimental at Belle-
vue (West); ‘9732-36’ and Experimental at Slinger (Figure 4). Trends in HEALTH2017(2019)
(Figure S1) and HEALTH2018(2019) (Figure S2) were similar to HEALTH2017(2018).

Figure 3. First-year tree health (A) and fourth-year mean annual increment (MAI) (B) of three clone
groups (i.e., NRRI = 22, 16, 36; Common; Experimental; see Table 3 for definitions) tested in six
phytoremediation buffers (i.e., phyto buffers) established in 2017 (i.e., the 2017 Buffer Group) in the
Lake Michigan watershed of eastern Wisconsin, USA. Error bars represent one standard error of the
mean. The dashed line represents the overall mean, and asterisks indicate means different than the
overall mean at p < 0.05. Bars with different letters are different at p < 0.05. See Section 2 for complete
tree health definitions (1 = optimal health, 2 = good health, 3 = moderate health, 4 = poor health,
and 5 = dead).
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Figure 4. Tree health (± one standard error) determined after the 2018 growing season of three clone groups (i.e., NRRI = 22,
16, 36; Common; Experimental; see Table 3 for definitions) tested in six phytoremediation buffer systems (i.e., phyto buffers)
established in 2017 (i.e., the 2017 Buffer Group) in the Lake Michigan watershed of eastern Wisconsin, USA. The dashed line
represents the overall mean, and asterisks indicate means different than the overall mean at p < 0.05. Bars with different
letters across all buffer × clone group combinations are different at p < 0.05. See Section 2 for complete tree health definitions
(1 = optimal health, 2 = good health, 3 = moderate health, 4 = poor health, and 5 = dead).

3.3. Biomass and Growth

Buffer main effects were significant for mean annual increment (MAI) of 2017 buffer
group trees measured in 2020 (i.e., MAI2017(2020)) (p < 0.0001) (Table S1). MAI2017(2020)
ranged from 1.62 ± 0.18 (Whitelaw) to 3.93 ± 0.18 Mg ha−1 yr−1 (Menomonee Falls (West)),
with an overall mean of 3.12 ± 0.20 Mg ha−1 yr−1 (Figure 2). The largest trees were
grown at Caledonia (East), Menomonee Falls (East), Menomonee Falls (West), and Slinger;
these trees were at least 23.1% significantly greater than those grown at Bellevue (West),
which were 64% larger than Whitelaw trees. Trees grown at Bellevue (West) and Whitelaw
had significantly less biomass than the overall mean, while those at both Menomonee Falls
buffers had biomass greater than the mean.

The clone group main effect was significant for MAI2017(2020) (p = 0.0010) (Table S1).
MAI2017(2020) ranged from 2.66 ± 0.18 (‘9732-36’) to 3.65 ± 0.17 Mg ha−1 yr−1 (Common),
with an overall mean of 3.12 ± 0.18 Mg ha−1 yr−1 (Figure 3). Trees of the Common clone
group were the largest, having 16.9% more biomass than the overall mean. Whereas
‘99038022’ had similar MAI2017(2020) to Common trees, this NRRI genotype was also similar
in biomass to ‘99059016’ and Experimental trees, which were not different from one another.

The buffer × year interaction was significant for height, diameter, and volume of the 2017
buffer group trees, in addition to height for the 2018 and 2019 buffer group trees (p < 0.0001
for all interactions) (Table S2). Across buffers, volume increased 49.4-fold from 2017 to 2018
and then 1.8-fold from 2018 to 2019. In particular, VOLUME2017(2017) ranged from 24.9 ± 14.8
(Whitelaw) to 280.9 ± 206.0 cm3 (Slinger) (mean = 121.6 ± 17.3 cm3), VOLUME2017(2018)
ranged from 2151.2 ± 450.5 (Whitelaw) to 7929.7 ± 503.5 cm3 (Menomonee Falls (East))
(mean = 6010.9 ± 499.4 cm3), and VOLUME2017(2019) ranged from 3371.1 ± 728.5 (Whitelaw)
to 15,226.0 ± 814.3 cm3 (Menomonee Falls (East)) (mean = 10,656.1 ± 807.7 cm3) (Figure 5).
There was more variability across buffers during the first growing season than subsequent
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years. Within years, there was a general trend of Slinger and both Menomonee Falls
buffers to have trees with the largest volume, whereas Whitelaw had the smallest trees,
and Bellevue (West) and Caledonia (East) were intermediate. Trends in HEIGHT2017
(Figure S3), DIAMETER2017 (Figure S4), HEIGHT2018 (Figure S5), and HEIGHT2019 (Figure
S6) were similar to VOLUME2017 for the buffer × year interaction.

The clone group × year interaction was significant for height (p < 0.0001), diameter
(p = 0.0184), and volume (p = 0.0449) of the 2017 buffer group trees (Table S2). Across clone
groups, volume increased 29.5-fold from 2017 to 2018 and then 1.6-fold from 2018 to 2019.
In particular, VOLUME2017(2017) ranged from 53.2 ± 21.9 (‘99059016’) to 161.5 ± 17.0 cm3

(‘99038022’) (mean = 121.6 ± 15.5 cm3), VOLUME2017(2018) ranged from 5202.6 ± 430.1 (Experi-
mental) to 6833.2 ± 444.4 cm3 (‘99038022’) (mean = 6010.9 ± 458.1 cm3), and VOLUME2017(2019)
ranged from 9965.7 ± 724.7 (‘9732-36’) to 12,092.0 ± 718.8 cm3 (‘99038022’) (mean = 10,656.1
± 740.7 cm3) (Figure 6). Similar to the buffer × year interaction, volume of the first grow-
ing season had greater variability in clone group performance relative to years two and
three. Within years, ‘99038022’ consistently exhibited the greatest volume, although not
necessarily from a statistical standpoint. In 2017, however, ‘99059016’ had the lowest vol-
ume, which was 203.7% significantly lower than that of ‘99038022’. Trends in HEIGHT2017
(Figure S7) and DIAMETER2017 (Figure S8) were similar to those of VOLUME2017 for the
clone group × year interaction.

Figure 5. First- (A), second- (B), and third-year (C) volume (±one standard error) of six phytoremediation buffers (i.e., phyto
buffers) established in 2017 (i.e., the 2017 Buffer Group) in the Lake Michigan watershed of eastern Wisconsin, USA.
The dashed line represents the overall mean, and asterisks indicate means different than the overall mean at p < 0.05. Bars
with different letters across all buffer × year combinations are different at p < 0.05.
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Figure 6. First- (A), second- (B), and third-year (C) volume (±one standard error) of three clone groups (i.e., NRRI = 22, 16,
36; Common; Experimental; see Table 3 for definitions) tested in six phytoremediation buffers (i.e., phyto buffers) established
in 2017 (i.e., the 2017 Buffer Group) in the Lake Michigan watershed of eastern Wisconsin, USA. The dashed line represents
the overall mean, and asterisks indicate means different than the overall mean at p < 0.05. Bars with different letters across
all clone group × year combinations are different at p < 0.05.

The buffer × clone group × year interaction was significant for diameter (p = 0.0036)
and volume (p < 0.0001) of the 2018 buffer group trees (Table S2). VOLUME2018(2018) ranged
from 15.9 ± 28.3 (‘9732-11’ at Marquette) to 182.1 ± 22.1 cm3 (‘9732-31’ at Caledonia
(West)), with an overall mean of 76.5 ± 22.7 cm3, whereas VOLUME2018(2019) ranged from
383.5 ± 825.9 (Common at Marquette) to 7975.7 ± 825.9 cm3 (Common at Manitowoc),
with an overall mean of 3399.7 ± 848.2 cm3 (Table 5). VOLUME2018(2020) ranged from
632.2 ± 2129.9 (Common at Marquette) to 23,912.0 ± 2129.9 cm3 (‘9732-31’ at Caledonia
(West)), with an overall mean of 8763.9 ± 2187.2 cm3 (Table 5). Across all buffer × clone
group × year combinations, VOLUME2018 increased 44.4-fold from the first year to the
second year after planting, and then 2.6-fold from the second year to the third year. After
the first growing season, trees with the greatest volume were grown at Caledonia (West),
which had 470.3% greater volume than Marquette, the buffer with the smallest trees. For the
second and third growing seasons, the largest trees were grown at Manitowoc, which had
837.1% and 1322.3% greater volume than the buffer with the smallest trees (Marquette),
respectively. The range in volume was narrower for clone groups, with ‘9732-31’ exhibiting
the greatest volume in all years. For 2018, ‘9732-31’ had 67.6% bigger trees than those of
the Experimental group, which had the smallest trees. Similarly, ‘9732-31’ produced 50.4%
and 66.9% larger trees than ‘9732-36’ in 2019 and 2020, respectively. Trends in diameter of
the 2018 buffer group trees were similar to those of volume (Table S3).
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Table 5. Volume (cm3) (±one standard error) of three poplar clone groups tested in five phytoremediation buffer systems
(i.e., phyto buffers) established in 2018 (i.e., the 2018 Buffer Group) in the Lake Superior watershed of the Upper Peninsula
of Michigan, USA and the Lake Michigan watershed of eastern Wisconsin, USA. Trees were measured following the 2018,
2019, and 2020 growing seasons. Volume values with different letters within a clone column across measurement years are
different at p < 0.05.

Clone Group a

NRRI

Buffer b 9732-11 9732-24 9732-31 9732-36 Experimental Common

——————————————- 2018 Measurement year ——————————————————–
BC 57 ± 15 f 40 ± 21 u 69 ± 23 e 26 ± 26 u 36 ± 22 v 34 ± 28 c
BE 70 ± 22 f 49 ± 23 u 59 ± 28 e 43 ± 20 u 40 ± 22 v 35 ± 20 c
CW 157 ± 22 f 139 ± 22 u 182 ± 22 e 147 ± 22 u 113 ± 22 v 138 ± 22 c
MA 133 ± 24 f 95 ± 21 u 143 ± 22 e 118 ± 25 u 86 ± 22 v 133 ± 23 c
MQ 16 ± 28 f 31 ± 25 u 40 ± 23 e 31 ± 25 u 18 ± 22 v 18 ± 18 c

——————————————– 2019 Measurement year ——————————————————–
BC 2344 ± 826 de 2422 ± 826 we 2496 ± 826 cd 1522 ± 826 vu 1968 ± 826 w 2207 ± 826 c
BE 2239 ± 826 e 2117 ± 826 wv 2068 ± 883 d 1966 ± 826 wv 1970 ± 826 xw 1866 ± 826 c
CW 5469 ± 826 cd 3901 ± 826 yxw 7876 ± 826 b 3893 ± 826 xwv 5632 ± 826 y 5978 ± 826 b
MA 7857 ± 826 b 5378 ± 826 yx 7162 ± 826 b 5251 ± 883 yx 6185 ± 826 y 7976 ± 826 b
MQ 474 ± 883 ef 718 ± 1045 vu 1002 ± 883 de 1068 ± 1045 vu 602 ± 826 wv 383 ± 826 c

——————————————- 2020 Measurement year ——————————————————–
BC 6777 ± 2130 bc 7454 ± 2130 y 7886 ± 2130 b 5194 ± 2130 yxw 5356 ± 2130 yx 5415 ± 2130 b
BE 6160 ± 2130 bcd 6240 ± 2130 yx 6031 ± 2277 bc 4870 ± 2130 yxwv 4521 ± 2130 yxw 3814 ± 2130 bc
CW 9917 ± 2130 b 7452 ± 2130 y 23,912 ± 2130 a 7554 ± 2130 y 16,443 ± 2130 z 16,333 ± 2130 a
MA 20,902 ± 2130 a 14,368 ± 2130 z 18,160 ± 2130 a 15,068 ± 2277 z 16,444 ± 2130 z 19,315 ± 2130 a
MQ 767 ± 2277 ef 945 ± 2694 wvu 1802 ± 2277 de 1935 ± 2694 wvu 1249 ± 2130 wv 632 ± 2130 c

a ‘NRRI’ = promising genotypes bred, tested, and selected at the University of Minnesota Duluth, Natural Resources Research Institute
(NRRI) for broad-ranging applications [36,38]. ‘Experimental’ = genotypes with a rich history of testing but that are still at the experimental
stage. ‘Common’ = genotypes commonly used for commercial and/or research purposes in the region. b BC: Bellevue (Central); BE:
Bellevue (East); CW: Caledonia (West); MA: Manitowoc; MQ: Marquette.

The buffer × clone group × year interaction was significant for diameter (p = 0.0293)
and volume (p < 0.0001) of the 2019 buffer group trees (Table S2). VOLUME2019(2019)
ranged from 16.4 ± 26.0 (‘9732-36’ at Ontonagon (North)) to 396.3 ± 25.8 cm3 (‘99038022’
at Escanaba (West)), with an overall mean of 91.1 ± 25.9 cm3, whereas VOLUME2019(2020)
ranged from 189.0 ± 391.4 (‘9732-24’ at Ontonagon (North)) to 5639.8 ± 391.4 cm3 (Common
at Escanaba (West)), with an overall mean of 1294.4 ± 393.02 cm3 (Table 6). VOLUME2019
increased 14.2-fold from the first year to the second year after planting. For the first and
second growing seasons, the largest trees were grown at Escanaba (West), which had 903.4%
and 860.1% greater volume than the buffer with the smallest trees (Ontonagon (North)),
respectively. Clone groups exhibited less variation, with ‘99038022’ exhibiting the greatest
first-year volume, which was 71.8% more than that of ‘9732-31’, which had the smallest
trees. The Common group trees produced 108.8% larger trees than ‘9732-11’ at two years
after planting. Trends in diameter of the 2019 buffer group trees were similar to those of
volume (Table S4).
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Table 6. Volume (cm3) (±one standard error) of three poplar clone groups tested in five phytoremediation buffer systems
(i.e., phyto buffers) established in 2019 (i.e., the 2019 Buffer Group) in the Lake Superior watershed of the Upper Peninsula
of Michigan, USA. Trees were measured following the 2019 and 2020 growing seasons. Volume values with different letters
within a clone column across measurement years are different at p < 0.05.

Clone Group a

NRRI

Buffer b 99038022 9732-11 9732-24 9732-31 9732-36 Experimental Common

———————————————————- 2019 Measurement year
——————————————————————————-

EE 73 ± 26 y 49 ± 26 c 98 ± 26 cd 81 ± 28 x 44 ± 26 d 48 ± 26 c 47 ± 26 x
EW 396 ± 26 y 239 ± 26 bc 198 ± 26 c 228 ± 26 yx 312 ± 26 cd 283 ± 26 c 295 ± 26 x
MU 89 ± 26 y 28 ± 26 c 49 ± 26 d 20 ± 26 x 47 ± 26 cd 33 ± 26 c 50 ± 26 x
ON 54 ± 26 y 28 ± 26 c 23 ± 26 d 29 ± 26 x 16 ± 26 d 20 ± 26 c 24 ± 26 x
OS 60 ± 26 y 49 ± 26 c 56 ± 26 d 33 ± 28 x 28 ± 26 d 30 ± 26 c 30 ± 26 x

——————————————————— 2020 Measurement year
——————————————————————————-

EE 517 ± 391 y 470 ± 391 bc 1553 ± 391 ab 1040 ± 418 z 463 ± 391 c 664 ± 391 c 607 ± 391 x
EW 2397 ± 391 z 2206 ± 391 a 2444 ± 391 a 2155 ± 391 z 3189 ± 391 a 3994 ± 391 a 5640 ± 391 z
MU 2075 ± 391 z 878 ± 391 b 1709 ± 391 ab 950 ± 391 y 1761 ± 391 b 1865 ± 391 b 2439 ± 391 y
ON 691 ± 391 y 205 ± 391 bc 189 ± 391 cd 295 ± 391 yx 285 ± 391 cd 332 ± 391 c 296 ± 391 x
OS 439 ± 391 y 785 ± 391 bc 805 ± 391 bc 494 ± 418 yx 441 ± 391 cd 526 ± 391 c 505 ± 391 x
a ‘NRRI’ = promising genotypes bred, tested, and selected at the University of Minnesota Duluth, Natural Resources Research Institute
(NRRI) for broad-ranging applications [36,38]. ‘Experimental’ = genotypes with a rich history of testing but that are still at the experimental
stage. ‘Common’ = genotypes commonly used for commercial and/or research purposes in the region. b EE: Escanaba (East); EW: Escanaba
(West); MU: Munising; ON: Ontonagon (North); OS: Ontonagon (South).

4. Discussion and Conclusions

Selection of Populus and other short rotation woody crop (SRWC) species to match spe-
cific site and growing conditions is imperative for maximizing productivity [64]. The avail-
ability of appropriate genotypes can be necessary for plantation or site managers in the
absence of precise site information [65]. Species of Populus, a genus utilized ubiquitously
for environmental applications, have been bred and tested extensively for biomass produc-
tion [66], especially beginning in the early 1990s with international germplasm exchanges
and other cooperative tree improvement efforts between the United States and Europe [67].
Results of these testing efforts have shown great potential of new genotypes for biomass
production. Building on these successful partnerships, the poplar breeding and testing pro-
gram at the University of Minnesota Duluth, Natural Resources Research Institute (NRRI)
has produced thousands of genotypes since the mid-1990s [35,36]. Some of these clones
have been defined as geo-robust, meaning they are extreme generalists with the capability
for establishment across broader latitudinal and longitudinal ranges [38]. The ecological
restoration potential of a subset of these clones was tested in the current study, and clones
‘99038022’ and ‘9732-31’ exhibited exceptional survival and growth across eleven and ten
phytoremediation buffer systems (i.e., phyto buffers), respectively, in the Lake Superior
watershed of the Upper Peninsula of Michigan, USA and the Lake Michigan watershed
of eastern Wisconsin, USA. Other NRRI clones showed exceptional promise at individual
phyto buffers, demonstrating the value of matching individual genotypes to specific site
conditions. This combination of generalist and specialist genotypes corroborated the im-
portance of such multi-environmental trials (MET) throughout plantation development,
making the current data useful for advancing poplar tree improvement efforts through-
out the region, continent, and world, informing clonal selection for multiple end-uses,
including phytotechnologies.

Across the United States, average annual poplar productivity of approximately
9 Mg ha−1 yr−1 is common, with advanced genotypes exhibiting nearly 2.5 times as
much growth [68]. In the Midwestern United States, the location of the current study,
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a wide range of poplar biomass productivity potential has been reported. Most common
stand densities of 1075 and 1736 trees ha−1 (i.e., 3 × 3 and 2 × 2 m spacing, respectively)
have resulted in mean annual increment (MAI) ranges similar to those of our study for the
same age. Poplar biomass plantations with 1736 trees ha−1 had MAI values ranging from
2.8 to 6.1 Mg ha−1 yr−1 at four years after planting [29,32] and 6.7 to 9.0 Mg ha−1 yr−1 for
five-year-old trees [30]. Maximum productivity resulting from 3-PG modeling resulted
in 13.0 Mg ha−1 yr−1 at the end of ten-year rotations [69]. Plantations of the same stand
density as the current study (i.e., 1075 trees ha−1) exhibited productivity ranging from
4.3 to 5.3 Mg ha−1 yr−1 at age four years [43] and 5.1 to 16.8 Mg ha−1 yr−1 after six years
of growth [28]. Optimizing genotype × environment interactions for the best performing
clones resulted in MAI values of 3.0 to 11.0 Mg ha−1 yr−1 for four-year-old trees [28].
Such a wide range in productivities can be attributed in part to site conditions and planting
stock (i.e., rooted vs. unrooted cuttings). Effective clonal selection is integral to maximizing
productivity, regardless of application (e.g., biomass for bioenergy, phytotechnologies, etc.).
Productivity values in the lower part of this range have been shown for poplars grown
for phytotechnologies. At phytoremediation plantations in the Midwest planted at stand
densities from 434 to 4310 trees ha−1, MAI values ranged from 4.4 to 15.5 Mg ha−1 yr−1 for
some of the same clones as the current study (‘DN5’, ‘DN34’, ‘NM2’, ‘NM6’) [17]. However,
lower productivity (0.5 to 2.5 Mg ha−1 yr−1) also has been reported for poplar clones ‘DN5’,
‘NC14106’, ‘NM2’, and ‘NM6’ irrigated with landfill leachate grown for two years with a
stand density of 3472 trees ha−1 [52]. These results corroborated the growth productivity of
clones in the current study, for which MAI ranged from 1.6 to 3.9 Mg ha−1 yr−1 across all
phyto buffers and clones. Considering that phyto buffers in our study were located adjacent
to landfills and similar sites, clone productivity can be considered satisfactory because
the presence of potential soil heterogeneity can significantly affect biomass production of
poplar clones [14,42,46,47,53,57,70].

Optimal site conditions for poplar growth include deep, fertile sandy-loam to clay-
loam soils with pH ranging from 5.0 to 7.5 that are well drained, but not droughty [71].
Thus, annual precipitation is another influential factor and, in the present study, all phyto
buffers fit within the regional precipitation gradient range of 76.2 to 88.9 cm [30]. Site con-
ditions at the buffers significantly affected growth and productivity of the tested clones,
specifically concerning soil water availability and pH, which serve as limiting factors for
poplar growth. By comparison, there was a lack of phyto buffer × clone group interaction
regarding MAI at four years after planting. Such an outcome can be explained by the
origin of the hybrids; NRRI clones belong to the ‘DN’ genomic group, whereas Control
and Experimental clone groups contain clones originating from different poplar species
and inter- and intra-sectional hybrids [17].

Trends in health were similar across phyto buffer groups; phyto buffer and clone group
main effects governed health during the year of establishment, and in the following years,
phyto buffer × clone group interactions were expressed. Such results can be explained by
a stronger influence of site conditions and clone group characteristics (i.e., rooting ability)
on vitality during the year of establishment, whereas the interaction of the factors evolved
in subsequent years. Greenhouse experiments of Rogers et al. [58] showed a similar health
response of NRRI clones ‘99038022’ and ‘9732-36’ compared to Experimental (‘NC14106’)
and Common (‘DN34’, ‘NM2’, ‘NM6’) clones grown in soils from six of the phyto buffers of
the current study (BW: Bellevue (West); CE: Caledonia (East); ME: Menomonee Falls (East);
MW: Menomonee Falls (West); SL: Slinger; WH: Whitelaw). Finally, despite significant
effects of phyto buffer, clone group, and their interaction, all health assessment values
were within the optimal health category, with values ranging from 1.11 to 1.36 across all
phyto buffer × clone group × year combinations (Figures 1–3, Figures S1 and S2; Table S1),
indicating no substantial influence on clonal vitality across all sites.

As expected, the phyto buffer × clone group × year interaction for diameter and
volume production of clones was significant, indicating different growth patterns of tested
clones and, further, changes in annual growth increment of poplars throughout the pro-
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duction cycle [72]. Such an explanation could also be applied for MAI, which was lower
(though not always significantly) for NRRI clones than those of the Common clone group.
These results were corroborated considering volume production of the clones in the 2017
Phyto Buffer Group. NRRI clones ‘99059016’ and ‘9732-36’ had significantly lower wood
volume than Common clones after the first year, whereas these differences were negligible
after two and three years of growth. In the current study, the lack of a significant phyto
buffer × clone group × year interaction for height can be explained by the fact that al-
though height and diameter are typically positively correlated for poplars (and trees in
general), this correlation is influenced by variation due to the site and G × E interactions,
leading to the need for matching clones to specific site conditions [73]. In addition, different
biomass allocation growth patterns (e.g., terminal vs. lateral shoot growth) among clones
could have impacted the current results [64].

In general, NRRI clones showed potential for use in phytotechnologies, with high pro-
ductivity exhibited for clones ‘99038022’ and ‘9732-31’. Previously, NRRI clones ‘99038022’,
‘99059016’, ‘9732-11’, ‘9732-24’, and ‘9732-31’ demonstrated high productivity for mean
basal area and volume, often outperforming Common clones [36,37]. Although the produc-
tivity of NRRI clones have varied markedly across sites, the identification of geographically
robust clones holds promise for efficiently meeting diverse environmental objectives [38].
Breeding and selecting clonal forest reproductive material has many advantages, includ-
ing utilization of both additive and non-additive variance, resulting in larger genetic
gains [35,74,75]. On the other hand, environmental factors can diminish genetic gains.
According to Pliura et al. [76], the presence of a significant G × E interaction implies that:
(1) a genotype’s performance in a specific environment can be less accurately predicted by
the overall genotypic mean, and (2) a genotype’s overall performance can be less accurately
predicted by the genotypic mean in a specific environment. Both of these responses can
result in biased estimates and, thus, decreases in genetic gains [76].

The aforementioned results, including those of the present study, indicated that
NRRI clones, which originated from a narrow range of latitudes, were well-suited to the
latitudinal range of the phyto buffers. For example, ‘D125’ (selected from Dr. Carl Mohn’s
long-term P. deltoides program at the University of Minnesota) is the female Minnesota
P. deltoides parent used for all F1 full-sib progeny within family pedigree ‘9732’. In contrast,
some genotypes of the Common and Experimental clone groups originated from other
parts of North America and Europe, making them less adapted to certain phyto buffer
site conditions. The intra-specific breeding strategy for NRRI clones uses P. deltoides
parents of a limited geographic range (Minnesota) combined with other Aigeiros species
(e.g., P. nigra) to produce progeny of increased performance [35]. The P. nigra component
of ‘DN’ hybrids has produced a strong heterotic effect not exhibited in P. trichocarpa
Torr. et Gray × P. deltoides ‘TD’ hybrids due to greater genomic relatedness between
P. deltoides and P. nigra relative to poplars from the Tacamahaca section (e.g., P. trichocarpa,
P. maximowiczii A. Henry) [77]. This genetic closeness was corroborated by mitochondrial
DNA variation [78] and simple sequence repeat (SSR) markers [79]. In addition, species
biology likely contributed substantially to the performance of NRRI hybrids. According
to Sixto et al. [65], the plasticity of certain Aigeiros species enabled them to grow on a vast
range of habitats (e.g., from poor, dry and stony to optimal silty or sandy loamy soils)
versus Tacamahaca balsam poplars that preferred alluvial, fertile soils in wetter climates and
higher elevations. Their results were verified by findings of positive sensitivity to increases
in median temperature and negative sensitivity to increased sand content by P. nigra clones,
with the opposite occurring for P. trichocarpa × P. deltoides hybrids [65]. Nelson et al. [37]
hypothesized that the P. nigra male component of P. deltoides × P. nigra hybrids imparts
broad adaptability to these genotypes.

Overall, in the current study, NRRI clones exhibited positive growth performance at
all sixteen phyto buffers during the first four years of establishment. Their height, diameter,
and volume, like those of the Common and Experimental clone groups, were influenced by
site conditions, which was expected considering soil heterogeneity at the phyto buffers.
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NRRI clones, the progeny of Minnesota-selected P. deltoides and P. nigra, were robust and
well-adapted to the varying climate and soils at the phyto buffers. Our results corroborated
previous testing of NRRI clones in more traditional SRWC production plantations [35–38],
indicating their potential for use in phytotechnologies.
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potential of poplar and willow established in soils amended with heavy-metal contaminated, dredged river sediments. J. Environ.
Manag. 2019, 239, 352–365. [CrossRef]

48. Pierattini, E.C.; Francini, A.; Huber, C.; Sebastiani, L.; Schröder, P. Poplar and diclofenac pollution: A focus on physiology,
oxidative stress and uptake in plant organs. Sci. Total Environ. 2018, 636, 944–952. [CrossRef]

49. Raffaelli, A.; Pierattini, E.C.; Francini, A.; Sebastiani, L. ESI and APCI LC-MS/MS in model investigations on the absorption and
transformation of organic xenobiotics by poplar plants (Populus alba L.). In Comprehensive Analytical Chemistry; Cappiello, A.,
Palma, P., Eds.; Elsevier Academic: Amsterdam, The Netherlands, 2018; Volume 79, pp. 241–266; ISBN 978-0-44-463914-1.

50. Vannucchi, F.; Traversari, S.; Raffaelli, A.; Francini, A.; Sebastiani, L. Populus alba tolerates and efficiently removes caffeine and
zinc excesses using an organ allocation strategy. Plant Growth Regul. 2020, 92, 597–606. [CrossRef]

114



Forests 2021, 12, 474

51. Zalesny, R.S., Jr.; Bauer, E.O.; Hall, R.B.; Zalesny, J.A.; Kunzman, J.; Rog, C.J.; Riemenschneider, D.E. Clonal variation in survival
and growth of hybrid poplar and willow in an in situ trial on soils heavily contaminated with petroleum hydrocarbons. Intl. J.
Phytoremed. 2005, 7, 177–197. [CrossRef]

52. Zalesny, J.A.; Zalesny, R.S., Jr.; Coyle, D.R.; Hall, R.B. Growth and biomass of Populus irrigated with landfill leachate. For. Ecol.
Manage. 2007, 248, 143–152. [CrossRef]

53. Zalesny, R.S., Jr.; Bauer, E.O. Evaluation of Populus and Salix continuously irrigated with landfill leachate I. Genotype-specific
elemental phytoremediation. Intl. J. Phytoremed. 2007, 9, 281–306. [CrossRef] [PubMed]
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Abstract: For the oil sands mine sites in northern Alberta, the presence of salty process affected
water, a byproduct of the hot-water bitumen extraction process, is anticipated to pose a challenge
on some reconstructed landforms. The fundamental challenge when re-vegetating these sites is
to ensure not only survival, but vigorous growth where plants are subjected to conditions of high
electrical conductivity owing to salts in process affected water that may be contained in the substrate.
Finding plants suitable for high salt conditions has offered the opportunity for Alberta-Pacific
Forest Industries Inc. (Al-Pac) to investigate the potential role of using native balsam poplar (Populus
balsamifera L.) as a key reclamation species for the oil sands region. Two years of greenhouse screening
(2012 and 2013) of 222 balsam poplar clones from Al-Pac’s balsam poplar tree improvement program,
using process affected discharge water from an oil sands processing facility in Ft. McMurray, has
suggested an opportunity to select genetically suitable native clones of balsam poplar for use in
reclamation of challenging sites affected by process water. In consideration of the results from both
greenhouse and field testing, there is an opportunity to select genetically suitable native clones of
balsam poplar that are tolerant to challenging growing conditions, making them more suitable for
planting on saline sites.

Keywords: oil sands reclamation; end-pit lake; balsam poplar; salt tolerance

1. Introduction

In Canada, the Alberta oil sands region is located in the Cold Lake, Peace River,
and Athabasca regions in the North America Boreal Plain and covers approximately
142,200 km2 [1]. Currently, approximately 856,000 barrels of bitumen per day (bbl day−1)
are produced in the mineable portion of the Athabasca region [1]. Surface mining for oil
sands production in the Athabasca Oil Sands Region (AOSR) of Alberta has resulted in a
cumulative disturbance footprint of 895 km2 (until 2013), with only 0.2% of the total land
base disturbed by mining being certified as reclaimed by the Government of Alberta [2].
In addition, open-pit mining leaves a reconstructed landscape of overburden dumps and
tailings deposits that require reclamation, targeting self-sustaining and locally common
ecosystems [3]. The process of bitumen extraction requires vast amounts of water [4] and
the resultant oil sands process water (OSPW) must be contained and not returned to the
region’s river system owing to a current zero-discharge policy by the Alberta Environmental
Protection and Enhancement Act [5]. This requirement has resulted in over a billion cubic
meters of tailings water being held through various types of containment systems [6], one
of which is often referred to as an ‘end-pit’ lake. As development expands, large areas of
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disturbed land in the oil sands region will require reclamation with suitable, well-chosen,
native plant material. Reclamation, in the AOSR, is defined as the process to return the
disturbed ecosystems to an “equivalent land capacity” as the pre-disturbance ecosystem [7].
This may involve practices such as recontouring the ground, replacing the subsoil and
topsoil, revegetation, and monitoring the environmental conditions [7].

Soil salinity and sodicity in oil sands reclamation areas have been listed among the
most challenging revegetation concerns [8–10]. Salt stress leads to reductions in growth,
productivity, and survival in numerous plant species [11]. The stress induced by salinity on
plants is the result of three mechanisms: osmotic stress due to a more negative soil water
potential, accumulation of toxic ions, and disturbances in nutrient balance [11]. These
effects, in turn, lead to reductions in growth, productivity, and survival in numerous plant
species [11]. In the AOSR in Alberta, salinity problems associated with OSPW and exposed
marine shale overburden are two major potential challenges when reclaiming upland land-
scapes [9]. Salt-stress is particularly detrimental for boreal woody species as most exhibit
relatively low tolerance to salinity [9]. The fundamental challenge when revegetating these
sites is not only to ensure survival, but to achieve growth rates appropriate to the ecosystem
class even where plants are subjected to conditions of high electrical conductivity (EC)
owing to salts in process affected water that is contained in the substrate.

The challenge of finding plants suitable for high salt conditions has offered the op-
portunity for Alberta-Pacific Forest Industries Inc. (Al-Pac) to investigate the potential
role of using native balsam poplar (Populus balsamifera L.) as a key reclamation species for
the oil sands region. Poplars are used throughout North America to reclaim sites contain-
ing heavy metals, salts, pesticides, solvents, explosives, radionuclide hydrocarbons, and
landfill leachates [12–14]. Many studies have suggested that Populus species are tolerant to
salinity and can even lower soil salinity [15–18]. For example, Euphrates poplar (Populus
euphratica Oliv.) can grow well in soils with up to 8000 mg L−1 salinity [15]. Moreover,
Liu et al. (2001) [19] reported that white poplar (Populus alba L.) tolerated 2000 mg L−1

salinity irrigation in a sandy soil in a greenhouse for two years. Poplars are also well suited
for phytoremediation thanks to their ability to uptake high levels of nutrients and mineral
salts, accumulate above and below ground carbon, improve soil structure and function, and
reduce erosion [12,16]. Balsam poplar is a desirable species for boreal forest reclamation
thanks to its fast growth and ease of vegetative propagation [20], combined with its natural
role as a pioneer species. In addition, the EC tolerance range for balsam poplar is very high,
ranging from 14.58 to 31.38 mS cm−1, whereas the tolerance of white spruce (Picea glauca
(Moench) Voss) is 8.75 to 14.92 mS cm−1 and that of jack pine (Pinus banksiana Lamb.) is
even lower at 1.02–6.33 mS cm−1 [9].

Al-Pac is a pulp company that manages a 6.37 million ha forest management agree-
ment (FMA) area in northeastern Alberta with an overlapping tenure with the oil sands
region of Alberta, Canada. Balsam poplar is native to the region and has been the focus
of Al-Pac’s controlled parentage (tree improvement) program (CPP) (PB1-Alberta-Pacific
Controlled Parentage Program plan for balsam poplar (2011)). The CPP consists of clones
selected from within the FMA area (also the CPP deployment region) and outside the FMA
area, with a minimum of 10 clones per provenance and 52 provenances. Approximately
520 clones were selected and have been planted on six test sites throughout the FMA area,
including extreme (i.e., dry) locations, to investigate both local adaptability and potential
regional adaptability under climate change. While Al-Pac is testing these trees for their
reforestation potential, they are also of significant interest for their oil sands reclamation
potential. After two years of greenhouse screening (2012 and 2013) of 222 balsam poplar
clones from Al-Pac’s program and based on their responses to varying levels of exposure to
OSPW, clones were grouped into three categories (see Section 2.2.1 for details) for further
field testing.

Our objective for the greenhouse study was to identify clones through screening and
select genotypes that would be expected to survive and grow when used for reclamation
on sites affected by OSPW. For the field trial, our objective was to test and identify balsam
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poplar clones, selected for salt tolerance from the greenhouse trials, exhibiting higher
survival and increased growth (e.g., height and diameter) on reclamation sites compared
with the following: (i) clones that did not exhibit tolerance to elevated salt levels in the
greenhouse trials and (ii) a local seed zone Stream 1 wild balsam poplar cutting collection
(local control).

2. Materials and Methods
2.1. Greenhouse Set-Up (2012&2013)
2.1.1. Plant Material and Growing Conditions

Two aeroponic greenhouse experiments were conducted in 2012 and 2013 using
balsam poplar clones selected from Al-Pac’s balsam poplar CPP. We selected 148 and then
another 86 clones for screening in 2012 and 2013, respectively. In addition, 12 of the top
clones from the 2012 experiment were retested in 2013.

All trees were propagated from 10 cm long dormant hardwood cuttings, from 1-year-
old tissue, collected during the winter, prior to each experiment, from stooling beds grown
at the Al-Pac mill site (54◦ 53′ N, 112◦ 51′ W, 575 m). Cuttings were stored in a chest
freezer prior to commencement of the experiment. Cuttings were grown aeroponically
in plastic containers filled with one of three treatment solutions and each aerated using a
tubing system connected to a dedicated air compressor. The experiment was a completely
randomized design with three treatments: (1) 100% reverse osmosis (RO) water (city water
run through a reverse osmosis system); (2) 25% OSPW combined with 75% RO water; and
(3) 50% OSPW with 50% RO water, with three replicates for each clone and water treatment
combination (three containers per treatment) for a total of nine containers. Each treatment
container held 80 L of solution.

The OSPW was collected directly from an outflow spout at a mine facility in Ft.
McMurray, AB, into plastic jugs and transported to the Northern Forestry Centre (Natural
Resources Canada, Canadian Forest Service) in Edmonton, AB, where the experiments were
conducted each year. Prior to initiating the experiment, 170 mL of Hoagland’s solution [21]
was added to each treatment container. A near neutral pH was maintained 15 days prior
to the start of the experiment and then monitored during the experiment for all water
treatments by adding either phosphoric acid (H3PO4) (if higher than 7.5) or potassium
hydroxide (KOH) (if lower than 6.5). Additional RO water was added to the containers
at week four and week six to maintain adequate levels of liquid, compensating for water
used by the plants and through evaporation. Additional OSPW was not added.

In 2012 and 2013, once pH was stabilized and after the experiment began (day 0), pH
was maintained between 6.55 and 7.26 for all three water treatments for the duration of
each experiment. The mean pH values for control (100% RO), 25% process water, and 50%
process water were 6.91, 6.96, and 6.96, respectively, in 2012. In 2013, the mean pH values
for control, 25% process water, and 50% process water were 6.96, 6.91, and 6.90, respectively.
The mean electrical conductivity (EC) levels for control (100% RO), 25% process water,
and 50% process water were 1.16 mS cm−1, 2.14 mS cm−1, and 3.28 mS cm−1, respectively.
In 2013, the mean EC levels for control, 25% process water, and 50% process water were
1.08 mS cm−1, 2.25 mS cm−1, and 3.31 mS cm−1, respectively.

Containers (97 cm × 77 cm × 44 cm) used for this experiment had a cell arrangement
of 11 cells long by 15 cells wide with a cell opening of 4 cm diameter into which a rubber
bung, 4 cm long, was placed. Cuttings were placed into a hole in the middle of the rubber
bung that fit into the cells in the lid of the container, suspending the cutting above the water.
Cuttings were completely randomized for the location in each container. The experimental
greenhouse had a day time temperature of approximately 24 ◦C and a mean night time
temperature of 18 ◦C. Humidity was maintained at 65–85% with an 18 h photoperiod. In
2012, the cuttings were planted on 4 July (day 0) and grown until 17 August (day 44). In
2013, the cuttings were planted on 14 August (day 0) and grown until 18 October (day 65).
An extended photoperiod was maintained with natural light supplemented with sodium
vapor lamps at a light intensity of 250 µmol m−2 s−1. Each container had its own water
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pump that sprayed the solution into the air space where the cuttings were suspended, and
the roots grew, every 30 min. In 2012, two water pumps failed (one for treatment 2 and one
for treatment 3) just prior to harvest, resulting in only two replicates for each treatment
at harvest, and in 2013, one water pump failed for treatment 2 at day 30. All data were
collected up until the point of pump failure, which was day 22 in the 2012 experiment;
therefore, only the final harvest and gas exchange data were affected.

2.1.2. Data Collection

In 2012, water samples were collected from the containers and analyzed three times
during each experiment. Treatment water was sampled prior to planting the cuttings (day
15), near the middle of the growth period (~day 35), and at the end of the experiment
(day 44, 2012 and day 65, 2013) and analyzed for basic nutrients, pH, and EC by the
Biogeochemical Analytical Service Laboratory at the University of Alberta. Initial cutting
diameters (mm) were measured for all trees at planting. Mortality was assessed prior
to harvesting. To be considered DEAD, the cuttings were required to have had leaves
emerge and then die; otherwise, a cutting that never flushed was considered a missing
value. At the end of the experiment, prior to measurements and destructive sampling,
a qualitative visual assessment of tree health was completed using the following scale:
(1) dead tree; (2) tree was dying, leaves or stem were wilting and turning black; (3) tree
appeared stressed, significant yellowing, or dropping of leaves; (4) tree showed signs of
chlorosis, but otherwise looked healthy; (5) leaves were green and tree looked healthy; and
(6) leaves were dark green and tree was thriving. Final height (cm) was measured from
the base of the new growth (attachment of stem to cutting) or the rubber bung surface,
whichever was higher, to the base of the terminal bud. Final basal stem diameter (mm)
was measured at the base of the new growth (attachment of stem to cutting), or the rubber
bung surface, whichever was higher. In 2012, photosynthesis rate (A) was measured using
an infrared gas analyzer (LI-6400; Li-Cor, Lincoln, NE, USA) prior to the final harvest.
Measurements were made on one fully expanded mature leaf per cutting between 08:00 and
13:30 with a supplied (saturating) light level of 1200 PAR. Following growth measurements,
plants were destructively harvested and separated into leaf, stem, root, and original cutting
components; these were oven-dried in paper bags for 72 h at 65 ◦C and then weighed and
used to calculate biomass and root/shoot ratio.

2.2. Field Testing (2014–2019)
2.2.1. Treatment Groups

Thirty-five balsam poplar clones from the PB1-CPP were screened and assessed for
salt tolerance according to the greenhouse study [22]. Twenty-five of the selected clones
were the top performing clones in the 50% process affected water treatment (treatment 1)
and were selected as the ‘high salt tolerant’ treatment group and 10 clones that were poor
performing clones in the 50% process affected water treatment were selected as a ‘low salt
tolerant’ control group (treatment 2). There was an additional Stream 1 vegetative control
lot collected from the local seed zone (CM2.2) with a minimum of 75 genotypes [23], which
was not screened previously in the greenhouse (treatment 3).

2.2.2. Plant Material

One-year-old whips were collected from the Al-Pac mill site in February 2014, pro-
cessed into 10 cm long cuttings, and placed in freezer storage at −3 ◦C. Cuttings were
removed from freezer storage and soaked for two days in cool, fresh water prior to striking
into Beaver Plastics® 512A styroblock (Beaver Plastics Ltd., Acheson, AB, Canada) contain-
ers on 4 June 2014 at Bonnyville Forest Nursery. Stream 1 control cuttings were collected in
the winter of 2013/14 and kept in freezer storage until being soaked for one day and struck
into 512A styroblock containers on 13 June at Bonnyville Forest Nursery.
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All cuttings were grown under commercial nursery growing conditions from June to
September 2014. Once they were hardened off and set bud, rooted cuttings were sorted
and labeled and transported to the mine site. Planting was completed by 15 October 2014.

2.2.3. Testing Environment

The end-pit lakeshore used for this study is located north of Ft. McMurray (57◦0′30′′ N,
111◦37′18′′ W, 290 m a.s.l.) (Figure A2). The climate is considered a “warm-summer humid
continental climate (Dfb)” according to Köppen climate classification [24]. The 20-year
average (1999–2019) mean annual precipitation is 474 mm and the average temperature
is 1.8 ◦C [24]. The site has a gentle slope running parallel to the water’s edge with good
nutrient condition. The former 50 to 60 m deep mine pit was largely filled with fluid fine
tails (FFTs), and then capped with 4 m of process water and later 2 m of fresh water [25,26].
Given that the pore water of the FFT and the process water on top are brackish, vegetation
on the shore of the lake was expected to be subjected to salty water (roughly 10% of the
salinity of seawater) for the foreseeable future.

2.2.4. Experiment Design

The trial was a randomized block design and was planted on 15 October 2014. There
were four ramets of each of 35 Al-Pac clones (25 treatment 1; 10 treatment 2) and 60 Stream
I control trees (treatment 3) planted in each of three blocks on the south shore of the end-pit
lake (Figure A3). Each block contained a total of 200 trees. In order to reduce within block
variability, blocks were laid out with five trees running perpendicular from the lakeshore
by 40 trees parallel to the lakeshore. Trees were planted 1 m apart in rows moving away
from the lakeshore, with block 1 as close to the edge of the water as possible to maximize
exposure to potentially saline lake water and ground water discharge from the adjacent
hillside. All blocks followed the curving edge of the lake to keep them at as consistent an
elevation and soil moisture condition within each block as possible. Rows up from the
lake were tilled and covered with plastic mulch prior to planting. These rows were spaced
approximately 3 m apart. Additional plastic mulch was placed manually between the rows
to cover the entire trial area to minimize weed competition. Tree locations and identities
were individually marked and mapped (Figure A3).

2.2.5. Growth and Survival Data Collection

Tree height (Ht) and basal root collar diameter (RCD) were measured according to
protocols described in the trial measurement manual [27]. All trees were measured after
installation for Ht, RCD in year 1, and diameter at breast height (DBH) was measured
starting in year 2, and they were remeasured each fall in years 1, 2, 3, 4, and 5 (fall 2019).
Survival was evaluated based on a visual assessment of the above ground stem from 2015
to 2019.

2.2.6. Tissue Nutrient Analysis

In summer 2016, two sets of leaf tissue samples were collected. Two leaves were
collected from each live tree of the 35 clones and grouped into composite samples by clone
and block. The Stream 1 control treatment trees had two leaves per tree collected from
six randomly selected trees from each block and grouped to provide a single composite
sample. A total of 108 samples were collected for the primary sample analysis. The Stream
1 control trees were chosen for the heavy metal analysis owing to the composition of this
lot (i.e., 60 trees/block, minimum of 75 clones collected in the lot) representing a random,
composite sample of multiple clones and collected from trees not used for the primary
tissue analysis.

All 108 tissue samples were analyzed at Exova Laboratories, Surrey, British Columbia,
to determine the uptake of nutrients and other compounds from the site (including boron,
calcium, copper, iron, magnesium, manganese, molybdenum, phosphorous, potassium,
sodium, sulfur, zinc, and nitrogen). The six Stream 1 control tree samples were also
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analyzed for 33 heavy metals (including aluminum, antimony, arsenic, barium, beryl-
lium, bismuth, boron, cadmium, chromium, cobalt, copper, iron, lead, lithium, mag-
nesium, manganese, mercury, molybdenum, nickel, phosphorus, potassium, selenium,
silicon, silver, sodium, strontium, sulfur, thallium, tin, titanium, vanadium, zinc, and
zirconium). The heavy metal analysis was completed as an indicator only of potential
heavy metal accumulation.

2.3. Data Analysis

For both greenhouse and field studies, all growth and nutrient data were analyzed by
two-way mixed model analysis of variance (ANOVA) using SAS 9.4 [28].

For the greenhouse study, treatment (0, 25%, or 50% OSPW) was considered a fixed
effect and clone and container were considered random effects. The treatment × clone
interaction was also included in the model and initial diameter of the cutting was used
as a covariate. Following significant main effects analysis, multiple comparisons among
means were completed using the Student–Newman–Keuls (SNK) test. We used p ≤ 0.05 to
determine significance.

For the field testing, treatments were considered a fixed effect and block considered as
a random effect. Multiple comparisons among means were completed using the Student–
Newman–Keuls test with p ≤ 0.05 used to determine significance.

3. Results
3.1. Greenhouse Study
3.1.1. Survival and Growth

In both 2012 and 2013, there were significant effects of treatment (p < 0.001, 2012;
p < 0.001, 2013) and clone (p < 0.001, 2012; p = 0.036, 2013) on visual health assessment.
The average ratings of the visual health assessment for the 2012 experiment, done at the
end of the experiment, were 3.84, 3.39, and 2.81 for the control, 25%, and 50% treatments,
respectively, out of a maximum score of 6. The control was significantly healthier (p < 0.05)
than those in either the 25% or 50% treatments, which also differed from one another
(p < 0.05). Most of the trees in the 25% and 50% treatments showed signs of chlorosis in
both the younger and older leaves, and between the leaf veins. Some trees that ranked
as a 3 or lower had necrotic leaf spots, were losing leaves, or in the most severe cases
were dead.

In the 2013 experiment, the average visual health assessment ratings were 4.48, 3.95,
and 4.38 for the control, 25%, and 50% treatments, respectively. The control and 50%
treatments were significantly healthier (p < 0.05) than the 25% treatment; however, there
was no significant difference between control and 50%. Observation of mortality showed
that overall survival for the control treatment was 77.0%, the 25% solution was 80.4%, and
the 50% solution was 64.9%. Survival ranged from 0 to 100%.

In both 2012 and 2013, there were significant effects of treatment and clone for final
stem height, stem basal diameter and stem, and root and leaf biomass, with no clone by
treatment interaction effect (Table 1). In 2012, the overall mean stem height for all clones
did not differ between the control and 25% OSPW treatment, measuring on average 26 cm.
Mean stem height for the 50% treatment was 30% significantly lower than both the control
and 25% treatment. In 2013, the overall mean stem height for all clones in the control
treatment was significantly greater than those in either the 25% or 50% treatments, which
also differed from one another.

For stem basal diameter in the 2012 experiment, there was a decreasing trend from the
control to the 25% to 50% treatments, with means averaging about 3.40 mm (Table 1). The
trees in the 50% treatment were significantly smaller than in the control and 25% treatments.
In the 2013 experiment, mean stem basal diameter did not differ between the control and
25% treatment; however, stem basal diameter in the 50% treatment was significantly lower
(p < 0.001) than either the control or 25% treatment. Initial cutting diameter was used as
a covariate for both the final stem height and final basal diameter analyses; it was not
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significant for the final stem height and final basal diameter in 2012 (p = 0.06; final height,
p = 0.052; basal diameter), but it was significant in 2013 (p = 0.034; final height, p = 0.003;
basal diameter).

Table 1. Mean values (±SE) for growth and biomass measurements of balsam poplar in 2012 (top)
and 2013 (bottom) for all three treatments. Significant differences between treatment means within
each row are indicated by different letters based on results of analysis of variance followed by
post-hoc Student–Newman–Keuls (SNK) tests.

2012 Treatment

Control 25% process water 50% process water
Final stem height (cm) 26.49 ± 0.73a 26.74 ± 0.80a 18.08 ± 0.62b

Stem basal diameter (mm) 3.46 ± 0.06a 3.40 ± 0.07a 3.20 ± 0.06b
Stem biomass (g) 0.37 ± 0.02a 0.31 ± 0.02b 0.16 ± 0.01c
Root biomass (g) 0.19 ± 0.01a 0.13 ± 0.01b 0.09 ± 0.01c
Leaf biomass (g) 0.86 ± 0.04a 0.73 ± 0.04b 0.52 ± 0.03c
Total biomass (g) 1.42 ± 0.08a 1.17 ± 0.06b 0.77 ± 0.04c

2013 Treatment

Control 25% process water 50% process water
Final stem height (cm) 39.79 ± 1.28a 33.70 ± 1.43b 31.15 ± 0.98c

Stem basal diameter (mm) 4.69 ± 0.09a 4.62 ± 0.11a 4.06 ± 0.07b
Stem biomass (g) 1.06 ± 0.07a 0.86 ± 0.07b 0.54 ± 0.03c
Root biomass (g) 0.60 ± 0.04a 0.47 ± 0.04b 0.30 ± 0.02c
Leaf biomass (g) 1.63 ± 0.08a 1.30 ± 0.09b 1.04 ± 0.05c
Total biomass (g) 3.32 ± 0.19a 2.88 ± 0.21b 1.90 ± 0.10c

In the 2012 experiment, leaf, stem, root, and total biomass decreased significantly from
the control to the 25% and 50% treatments (Table 1). In the 2012 experiment, the control
treatment had the highest root/shoot ratio (0.15 ± 0.005) followed by the 50% treatment
(0.14 ± 0.005), while the 25% treatment had the lowest root/shoot ratio (0.12 ± 0.006).
There was no significant difference between the control and 50% treatment, although both
differed from the 25% treatment. In the 2013 experiment, the control treatment had the
highest root/shoot ratio (0.19 ± 0.008) followed by the 25% treatment (0.17 ± 0.008) and
then the 50% treatment (0.15 ± 0.005).

Photosynthesis rates (A) were significantly influenced by both clone and treatment
(p < 0.001) in 2012. Post-hoc comparisons (p < 0.05) showed that the control treatment had
a significantly higher A than either the 25% or 50% process water treatments, which did not
differ from one another. Pearson’s correlation coefficient (r) between A and overall biomass
was 0.435 for control, 0.434 for the 25% process water, and 0.435 for the 50% process water
treatments. Significantly positive correlations (p < 0.001) were detected between all the
treatments’ total biomass and A. Despite some clones performing better under the OSPW
treatments, the control water treatment plants had the highest rates of photosynthesis as
well as the highest visual score for plant health at 3.84 in 2012 (vs. 3.39 in 25% and 2.81
in 50%).

Nitrogen and magnesium levels appeared to be adequate as compared with the control
for all treatments (Table 2); however, there were noticeable decreasing trends with control >
25% > 50% process-affected water for iron, indicating that an iron deficiency may have been
present. It was observed that the iron levels in the 25% and 50% process water samples
were very low by the end of the experiment (Table 2). It is likely that the elevated phosphate
levels, which were due to the addition of H3PO4 to reduce or maintain a stable pH, caused
the iron to precipitate out of solution, making it unavailable to the plants. ‘Rust’ observed
on the bottoms of both the 25% and 50% process water treatment containers supports
this hypothesis.
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3.1.2. Clonal Variation

Fourteen clones consistently ranked in the top 30 (30 was selected as a target number
of clones to ensure genetic diversity standards would be met [23]; Ne = 18 for operational
deployment of native species from a CPP program onto public lands in Alberta) for stem
height growth across all three treatments (Figure 1a). For stem basal diameter growth,
12 clones ranked consistently in the top 30 in all three treatments (Figure A1a). The same
trends were observed for the top 12 clones in the 2013 experiment (Figure 1b; Figure A1b).

Forests 2021, 12, x FOR PEER REVIEW 9 of 28 
 

 

 

 
Figure 1. (a) Mean height (±SE) of 14 balsam poplar clones that ranked in the top 30 for all three water treatments as 
compared with the overall trial mean for 148 clones after 44 days of growth in the 2012 experiment. (b) Mean height (±SE) 
of 13 balsam poplar clones that ranked in the top 30 for all three water treatments as compared with the overall trial mean 
for 86 clones after 65 days of growth in the 2013 experiment. 

Within the 148 clones tested in 2012, there were 38 clones that had higher total bio-
mass in the 25% process water treatment than in the control treatment, while 24 clones 
had a higher mean total biomass in the 50% process water treatment than the control, and 
five clones (‘AP2309’, ‘AP2453’, ‘AP3033’, ‘AP3127’, and ‘AP4356’) showed the opposite 
trend with the 50% process-affected water treatment > 25% process-affected water treat-
ment > control. Clones ‘AP2453’ and ‘AP4356’, which exhibited this reverse trend, also 
ranked within the top 30 clones for total biomass in all three treatments. 

In the 2013 experiment, there was, again, a significant decrease in leaf, stem, root, and 
total biomass from the control to the 25%, and 50% treatment (Figure 2). Within the 86 
clones that were tested in 2013, there were 27 clones that had higher total biomass for the 
25% process water treatment than control (3.32 g ± 0.19), and 10 clones had higher total 
biomass in the 50% process water treatment than the control. See Appendix Tables A1 and 

0

10

20

30

40

50

60

70

80

4334

4351

4357

2304

2271

4326

2267

2290

2276

2995

3029

4363

4349

4295

Trial m
ean

M
ea

n 
he

ig
ht

 (c
m

)

Clone

Control 25% process water 50% process water

0
10
20
30
40
50
60
70
80
90

100
2314

2302

2297

2269

2268

2305

2272

2295

2304

2291

2303

2282

4326

Trial m
ean

M
ea

n 
he

ig
ht

 (c
m

)

Clone

Control 25% process water 50% process waterb 

a 

Figure 1. (a) Mean height (±SE) of 14 balsam poplar clones that ranked in the top 30 for all three water treatments as
compared with the overall trial mean for 148 clones after 44 days of growth in the 2012 experiment. (b) Mean height (±SE)
of 13 balsam poplar clones that ranked in the top 30 for all three water treatments as compared with the overall trial mean
for 86 clones after 65 days of growth in the 2013 experiment.
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Within the 148 clones tested in 2012, there were 38 clones that had higher total biomass
in the 25% process water treatment than in the control treatment, while 24 clones had a
higher mean total biomass in the 50% process water treatment than the control, and five
clones (‘AP2309’, ‘AP2453’, ‘AP3033’, ‘AP3127’, and ‘AP4356’) showed the opposite trend
with the 50% process-affected water treatment > 25% process-affected water treatment >
control. Clones ‘AP2453’ and ‘AP4356’, which exhibited this reverse trend, also ranked
within the top 30 clones for total biomass in all three treatments.

In the 2013 experiment, there was, again, a significant decrease in leaf, stem, root,
and total biomass from the control to the 25%, and 50% treatment (Figure 2). Within the
86 clones that were tested in 2013, there were 27 clones that had higher total biomass for
the 25% process water treatment than control (3.32 g ± 0.19), and 10 clones had higher
total biomass in the 50% process water treatment than the control. See Appendix A
Tables A1 and A2 for summary total biomass data for the 30 top performing clones in
2012 and 2013. Overall performance showed similar trends across both years for the top
10 clones (Figure 3). However, owing to the longer growth period in 2013, the biomass
totals for 2013 were higher overall than those in 2012. There were, however, exceptions to
this trend on an individual clone basis. In addition, some of the highest root/shoot ratios
were observed in clones that had below average total biomass growth.

3.2. Field Testing
3.2.1. Survival and Growth

Overall, all trees grew well at the edge of the end-pit lake. There was no significant
difference between treatments for survival in 2019, which overall remained very high at
82%, 84%, and 85% for treatments 1, 2, and 3, respectively (Table 3). However, mortality
rates increased from 11% (2015) to 17% (2019), which was likely due to higher mortality
in the first row of trees adjacent to the lakeshore, with some having almost eroded into
the lake.

Table 3. Per cent (%) survival rate (±SE) of balsam poplar among treatments (1 = 25 selected tolerant
clones, 2 = 10 selected control clones, 3 = Stream 1 vegetative lot clones) in the fall of each year.

Treatment
Year (Age)

2015 (Age 1) 2016 (Age 2) 2017 (Age 3) 2018 (Age 4) 2019 (Age 5)

1 87% ± 2% 87% ± 2% 86% ± 2% 83% ± 3% 82% ± 3%
2 92% ± 2% 90% ± 3% 90% ± 3% 87% ± 4% 84% ± 4%
3 89% ± 4% 89% ± 4% 89% ± 4% 87% ± 5% 85% ± 5%

The average height and DBH at year five for treatments 1, 2, and 3 were 3.75, 3.58, and
3.61 m for height (Figure 4) and 27.88, 27.02, and 26.38 mm for DBH, respectively (Figure 5).
However, there were no significant differences in height and DBH among treatments. Mean
growth increments for both height (Figure 4) and basal RCD or DBH (Figure 5) showed
similar growth trends across all three treatments from 2015 to 2019. The largest annual
height increment was in 2016, which averaged approximately 1 m for all three treatments
(Figure 4).

126



Forests 2021, 12, 572

Forests 2021, 12, x FOR PEER REVIEW 10 of 28 
 

 

A2 for summary total biomass data for the 30 top performing clones in 2012 and 2013. 
Overall performance showed similar trends across both years for the top 10 clones (Figure 
3). However, owing to the longer growth period in 2013, the biomass totals for 2013 were 
higher overall than those in 2012. There were, however, exceptions to this trend on an 
individual clone basis. In addition, some of the highest root/shoot ratios were observed in 
clones that had below average total biomass growth. 

 

 
Figure 2. (a) Total biomass (mean dry weight ± SE) in each water treatment for the top 10 balsam poplar clones in the three 
water treatments and the overall means for all trees after 44 days of growth in the 2012 experiment (solid line). (b) Total 
biomass (mean dry weight ± SE) vs. treatment for the top 10 balsam poplar clones in the control, 25%, and 50% process 
water treatment solutions and the overall treatment mean after 65 days of growth in the 2013 experiment (dash line). 
Clones tested in both years (4326 and 2304) are in the same colour.  

0

1

2

3

4

5

6

7

Control 25% process water 50% process water

M
ea

n 
to

ta
l b

io
m

as
s 

(g
)

Treatment

4357 4326 2304 2453
4349 3029 2267 4304
4301 3188 Trial mean

a

0

2

4

6

8

10

12

14

16

18

Control 25% process water 50% process water

M
ea

n 
to

ta
l b

io
m

as
s 

(g
)

Treatment

2314 2302 2269 2268
2305 2272 2304 2291
2282 4326 Trial mean

b

Figure 2. (a) Total biomass (mean dry weight ± SE) in each water treatment for the top 10 balsam poplar clones in the three
water treatments and the overall means for all trees after 44 days of growth in the 2012 experiment (solid line). (b) Total
biomass (mean dry weight ± SE) vs. treatment for the top 10 balsam poplar clones in the control, 25%, and 50% process
water treatment solutions and the overall treatment mean after 65 days of growth in the 2013 experiment (dash line). Clones
tested in both years (4326 and 2304) are in the same colour.

127



Forests 2021, 12, 572
Forests 2021, 12, x FOR PEER REVIEW 11 of 28 
 

 

 
Figure 3. Performance (total plant biomass (g)) of the 12 balsam poplar clones grown in both 2012 and 2013 trials (2013 = 
solid line, 2012 = dashed line) under three treatments (1 = control; 2 = 25% process water; 3 = 50% process water). 

3.2. Field Testing 
3.2.1. Survival and Growth 

Overall, all trees grew well at the edge of the end-pit lake. There was no significant 
difference between treatments for survival in 2019, which overall remained very high at 
82%, 84%, and 85% for treatments 1, 2, and 3, respectively (Table 3). However, mortality 
rates increased from 11% (2015) to 17% (2019), which was likely due to higher mortality 
in the first row of trees adjacent to the lakeshore, with some having almost eroded into 
the lake. 

Table 3. Per cent (%) survival rate (±SE) of balsam poplar among treatments (1 = 25 selected toler-
ant clones, 2 = 10 selected control clones, 3 = Stream 1 vegetative lot clones) in the fall of each year. 

Treatment 
Year (Age) 

2015 (Age 1) 2016 (Age 2) 2017 (Age 3) 2018 (Age 4) 2019 (Age 5) 
1 87% ± 2% 87% ± 2% 86% ± 2% 83% ± 3% 82% ± 3% 
2 92% ± 2% 90% ± 3% 90% ± 3% 87% ± 4% 84% ± 4% 
3 89% ± 4% 89% ± 4% 89% ± 4% 87% ± 5% 85% ± 5% 

0

1

2

3

4

5

6

7

1 2 3

To
ta

l p
la

nt
 b

io
m

as
s 

-d
ry

 w
ei

gh
t (

g)

Treatment

2304 4326 4352 2887 4353 4351
2266 4369 3028 4340 4349 4342
4351-2 2304-2 4353-2 4352-2 4326-2 2266-2
4369-2 4340-2 4349-2 4342-2 2887-2 3028-2

Figure 3. Performance (total plant biomass (g)) of the 12 balsam poplar clones grown in both 2012
and 2013 trials (2013 = solid line, 2012 = dashed line) under three treatments (1 = control; 2 = 25%
process water; 3 = 50% process water).
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Figure 4. Mean initial height and mean annual height increment (±SE) (year 1 = 2015 growth; year
2 = 2016 growth; year 3 = 2017 growth; year 4 = 2018 growth; year 5 = 2019 growth) (m) (±SE) for
balsam poplar trees planted in three treatments (1 = 25 selected tolerant clones, 2 = 10 selected control
clones, 3 = Stream 1 veg. lot clones). Significant differences between treatment means for height are
indicated by different letters at p ≤ 0.05.
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Figure 5. Mean initial diameter and mean annual growth increment (±SE) (year 1 = 2015 growth; year 2 = 2016 growth; year
3 = 2017 growth; year 4 = 2018 growth; year 5 = 2019 growth) (cm) (±SE) for balsam poplar trees planted in three treatments
(1 = 25 selected tolerant clones, 2 = 10 selected control clones, 3 = Stream 1 veg. lot clones). (a) Basal root collar diameter
(RCD mm) (2014–2015); (b) diameter at breast height (DBH mm) (2016–2019). Significant differences between treatment
means for DBH are indicated by different letters at p ≤ 0.05.

Significant differences were found among different blocks for both height and DBH
growth parameters (Figure 6). The distance to the shoreline was used to determine the
block design running parallel to the shore. Trees in Block 2 (10 m away to the lake edge)
showed the best tree performance and this block represented the middle distance from the
shoreline (between Block 1, closest to the water’s edge, and Block 3, furthest up the slope
from the water’s edge).
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Figure 6. Treatment means (1 = 25 selected tolerant clones, 2 = 10 selected control clones, 3 = Stream 1
vegetative lot clones) of growth parameters for balsam poplar trees planted in three blocks
(Block 1 = 5 m from the lake edge; Block 2 = 10 m from the lake edge; Block 3 = 15 m from the
lake edge) in 2019. (a) Height (m); (b) DBH (mm). Significant differences between block means are
indicated by different letters. Significant differences between treatment means for height or DBH in
each block are indicated by different letters at p ≤ 0.05.

Growth in height ranged from 2.5 m to more than 5 m across all clones (Figure 7a),
while DBH ranged from 17 mm to more than 36 mm (Figure 7b). The Stream 1, treatment
3 clones showed average growth when compared with the 35 Stream 2 selected clones
(treatment 1 + treatment 2) for both height and DBH (Figure 7a,b). Not surprisingly, there
was a strong correlation (r = 0.925) between height and DBH by the fall of 2019, indicating
that the taller trees also had, in general, great DBH.
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Figure 7. Mean growth (±SE) by balsam poplar clone (fall 2019). The yellow bars are treatment 1 clones, the dark blue bars
are treatment 2 clones, and the green bar is treatment 3 (treatment 1 = 25 selected tolerant clones, treatment 2 = 10 selected
control clones, treatment 3 = Stream 1 vegetative lot clones; # 5578 was the lot number for all Stream 1 clones). (a) Height
(m); (b) DBH (mm).

When considering the tallest 18 clones from treatment 1 (where 25 clones were tested),
which is the minimum number of clones required for unrestricted registration of a Stream
2 ‘lot’ to be deployed operationally (i.e., Ne = 18) as determined by the government
standards [23], the results showed a significant difference in height, but not DBH, when
compared with treatment 2 (10 ‘low salt tolerant clones’ from 50% process water testing)
and, more importantly, the Stream 1 local ‘wild’ collection (treatment 3), for both height
and DBH (Table 4).
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Table 4. Growth data (height and diameter at breast height (DBH)) (±SE) of balsam poplar in 2019
for all treatments (top 18 clones from treatment 1 and all clones from treatment 2 and treatment 3).
Significant differences between treatment means are indicated by different letters.

Treatment/Lot Type Height (m) DBH (mm)

1 (top 18 clones)/Stream 2 4.01 ± 0.08 a 29.99 ± 0.86 a

2 (10 control clones)/Stream 2 3.58 ± 0.09 b 27.02 ± 1.00 b

3 Local control/Stream 1 3.61 ± 0.06 b 26.38 ± 0.69 b

Stem volume was calculated for each tree using fall 2019 data based on the following
equation: V = Ab ×H/3 (where V: stem volume (cm3), Ab: basal area = π×DBH2 (diameter
at breast height)/4 (cm2), and H: height (cm)) [29] (Figure 8). Although no significant
differences were found in either height or DBH, when stem volume was calculated, trees
in treatment 1 (including all 25 clones) (1060.47 ± 68.24 mm3) had a larger stem volume
than trees in treatment 3 (814.87 ± 54.25 mm3) (Figure 8). However, when considering the
tallest 18 clones from treatment 1 (where 25 clones were tested), the stem volume of the top
18 clones was 1254.55 ± 86.71 mm3, which is significantly greater than (p < 0.05) treatment
2 (893.39 ± 80.67 mm3) and treatment 3.
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Figure 8. Mean stem volume (mm3) (±SE) for five-year-old balsam poplar trees planted in 2019
(1 = 25 selected tolerant clones, 2 = 10 selected control clones, 3 = Stream 1 vegetative lot clones).
Significant differences between treatment means for stem volume are indicated by different letters at
p ≤ 0.05.

3.2.2. Tissue Nutrient Analysis

Overall, nutrient analysis from bulk leaf tissue samples showed a low sodium level
and a high calcium level (Table 5). There were no significant differences found for any
of the nutrients by treatment except for magnesium, where treatment 3 had significantly
higher levels compared with treatments 1 or 2 (Table 6). Significant differences were found
among different blocks for some tissue nutrients (i.e., Cu, Fe, Mn, P, Zn, and N) for both
treatments (Table 7).
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Table 5. Mean tissue nutrient (a) and heavy metal (b) analysis (±SE) based on leaf tissue samples in two-year-old balsam
poplar trees.

a. Tissue nutrient

Site B(ug/g) Ca (%) Cu (ug/g) Fe (ug/g) Mg (%) Mn (ug/g) Mo (ug/g)
End-pit lake 33.44 ± 0.82 1.05 ± 0.02 4.69 ± 0.12 136.06 ± 4.84 0.282 ± 0.004 9.65 ± 0.26 0.51 ± 0.01

P (%) K (%) S (%) Zn (ug/g) N (%) Na (%) *
0.164 ± 0.003 1.45 ± 0.03 0.36 ± 0.01 127.48 ± 5.51 1.38 ± 0.06 -

b. Heavy metal **

Site *** Al (ug/g) Ba (ug/g) Cd (ug/g) Cr (ug/g) Co (ug/g) Li (ug/g) Ni (ug/g)
End-pit lake 55.90 ± 14.70 1.87 ± 0.27 0.20 ± 0.00 0.79 ± 0.26 0.38 ± 0.13 0.45 ± 0.05 0.74 ± 0.11

Si (ug/g) Sr (ug/g) Sn (ug/g) Ti (ug/g) V (ug/g)
270.67 ±

47.10 11.73 ± 1.53 1.40 ± 0.06 2.30 ± 0.30 3.83 ± 0.12

* Na levels were all <0.01, so no statistical analysis could be completed. ** Heavy metal analysis was only conducted on Stream 1 control
trees. *** Metal levels <0.5 (ug/g) are not shown.

Table 6. Mean leaf tissue nutrient analysis (±SE) results by treatment in two-year-old balsam poplar trees. Significant
differences between treatment means at p ≤ 0.05 are indicated by different letters. Treatment 1 = 25 selected tolerant clones,
treatment 2 = 10 selected control clones, treatment 3 = Stream 1 vegetative lot clones.

Treatment B(ug/g) Ca (%) Cu (ug/g) Fe (ug/g) Mg (%) Mn (ug/g) Mo (ug/g)

1 33.62 ± 1.02 1.04 ± 0.02 4.42 ± 0.13 139.83 ± 6.47 0.283 ± 0.004 ab 9.56 ± 0.33 0.48 ± 0.04
2 32.88 ± 1.52 1.07 ± 0.04 5.39 ± 0.21 127.00 ± 6.16 0.275 ± 0.007 b 9.67 ± 0.44 0.55 ± 0.04
3 33.70 ± 0.55 0.97 ± 0.05 4.61 ± 0.57 132.33 ± 14.44 0.32 ± 0.026 a 8.70 ± 1.79 0.47 ± 0.03

Treatment P (%) K (%) S (%) Zn (ug/g) N (%) Na (%)

1 0.161 ± 0.003 1.46 ± 0.03 0.35 ± 0.01 119.06 ± 6.61 1.35 ± 0.07 -
2 0.172 ± 0.006 1.44 ± 0.04 0.37 ± 0.01 149.42 ± 9.48 1.43 ± 0.13 -
3 0.160 ± 0.011 1.46 ± 0.12 0.33 ± 0.04 118.47 ± 10.90 1.38 ± 0.31 -

* Na levels were all <0.01, so no statistical analysis could be completed.

Table 7. Block means of tissue nutrient analysis for each treatment in two-year-old balsam poplar trees. Significant differ-
ences between block means at p ≤ 0.05 are indicated by different letters. Block 1 = 5 m from the lake edge; Block 2 = 10 m
from the lake edge; Block 3 = 15 m from the lake edge.

a. Treatment 1 (25 selected tolerant clones)

Block B (ug/g) Ca (%) Cu (ug/g) Fe (ug/g) Mg (%) Mn (ug/g) Mo (ug/g)
1 34.14 ± 1.74 1.06 ± 0.04 5.19 ± 0.20 a 178.44 ± 6.29 a 0.270 ± 0.008 10.96 ± 0.69 a 0.58 ± 0.03
2 33.65 ± 1.50 1.03 ± 0.05 4.46 ± 0.19 b 123.68 ± 6.58 b 0.280 ± 0.008 8.94 ± 0.43 b 0.53 ± 0.04
3 33.16 ± 2.07 1.02 ± 0.04 3.65 ± 0.18 c 115.36 ± 7.47 c 0.300 ± 0.008 8.77 ± 0.47 b 0.42 ± 0.04

Block P (%) K (%) S (%) Zn (ug/g) N (%) Na (%)
1 0.170 ± 0.007 a 1.55 ± 0.04 0.36 ± 0.01 137.54 ± 9.69 a 1.81 ± 0.07 a -
2 0.170 ± 0.007 a 1.44 ± 0.07 0.36 ± 0.02 115.71 ± 8.26 b 1.34 ± 0.09 b -
3 0.140 ± 0.005 b 1.41 ± 0.07 0.33 ± 0.02 100.94 ± 7.71 c 0.89 ± 0.14 c -

b. Treatment 2 (10 selected control clones)

Block B (ug/g) Ca (%) Cu (ug/g) Fe (ug/g) Mg (%) Mn (ug/g) Mo (ug/g)
1 35.65 ± 2.70 a 1.09 ± 0.06 6.22 ± 0.38 a 166.80 ± 4.50 a 0.290 ± 0.010 10.98 ± 0.92 a 0.62 ± 0.02
2 32.39 ± 2.29 b 1.08 ± 0.09 5.10 ± 0.28 b 112.40 ± 5.62 b 0.270 ± 0.020 9.36 ± 0.74 a 0.53 ± 0.03
3 30.60 ± 2.91 b 1.03 ± 0.05 4.84 ± 0.33 b 101.80 ± 6.70 b 0.270 ± 0.009 8.67 ± 0.44 b 0.57 ± 0.03

Block P (%) K (%) S (%) Zn (ug/g) N (%) Na (%)
1 0.180 ± 0.012 a 1.48 ± 0.07 0.39 ± 0.02 183.00 ± 8.17 a 1.77 ± 0.25 a -
2 0.172 ± 0.012 a 1.47 ± 0.06 0.39 ± 0.02 152.00 ± 9.23 b 1.56 ± 0.15 b -
3 0.160 ± 0.007 b 1.36 ± 0.09 0.34 ± 0.03 113.30 ± 11.01 c 0.95 ± 0.17 c -
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4. Discussion
4.1. Greenhouse Study

Interest in and acceptance of poplar and willow for use in reclamation and phytoreme-
diation have been increasing in the last 15 years [30,31]. Salinity is known to reduce water
absorption and cause water stress [32]. Salts are taken up by plants and the increasing
tissue ion concentration contributes to a decrease in water potentials. In addition, some
plant species accumulate solutes under stress to maintain a positive water balance [33].
This osmotic adjustment allows plants to maintain turgor in saline environments. Approxi-
mately 1% of all plant species are halophytes and can complete their life cycle in relatively
high saline environments, such as 200 mM NaCl or more [34]. The ability of poplars to
grow on harsh sites, along with being relatively easy to propagate, through the use of
cuttings, makes them an ideal candidate species for use in reclamation, more specifically
with respect to this study, on reclaimed oil sands mine sites in northeastern Alberta.

In both years of the greenhouse studies, clear differences in the phenotypic growth
response of the tested balsam poplar clones were observed, indicating tolerance for OSPW
by native balsam poplars and clonal variability in that tolerance. These findings support
the assertion that the opportunity exists to select and propagate an easily propagated native
species for use in reclaiming these challenging sites. More specifically, there was a high
degree of genetic (clonal) variability in survival, height, diameter, and biomass growth in
response to the control, 25%, and 50% process water treatments. Most clones performed
more poorly in the 25% and 50% process water solutions as compared with the control.
There were several clones, however, that performed consistently better than the average for
all of the traits measured across all three treatments, exhibiting desirable traits for selection
from the population of clones tested. These results suggest that genetic differences in
clones should be considered in the selection of genetic materials for use on reclamation
sites impacted by high salt-containing tailings generated from oil sands operations.

Clone ‘AP4357’, tested in both years of the study, is an example of an OSPW-tolerant
clone that consistently performed at or near the top for all traits measured, and in all three
water treatments across both years. There were also a number of clones that performed
better in the 25% process water treatment, 50% process water treatment, or both as com-
pared with their control treatment performance. These tolerant clones appeared to actually
prefer the saline conditions, which indicates that there are balsam poplar clones that are
salt loving or ‘halophiles’.

Significant positive correlations between height growth and rooting traits such as
root length and root dry weight of poplar have been reported [35]. Thus, we believe
height growth can be used as a surrogate measure of root development, which may have
increased associated microbial activity in the rhizosphere. Therefore, our better-rooting
clones (i.e., clones ‘AP4326’ and ‘AP2304’) may exhibit greater remedial potential. In
addition, root/shoot ratios are often very useful in determining if plants have healthy
root systems relative to above ground biomass [36]. Because salty soils often limit root
penetration and inhibit root growth [37], clones that have higher root growth are likely
going to have increased performance in saline environments. Therefore, higher root/shoot
ratios would be desirable. However, one must be careful not to look at root/shoot ratios
as a single trait for selection as it gives no indication of the actual growth performance
of the plant. Ideally, in the selection of suitable clones from this experiment, clones that
have high total above ground biomass with an above average root/shoot ratio would be
considered desirable.

4.2. Field Testing
4.2.1. Survival and Growth

The initial high survival rate of all treatments at the end-pit lake (Table 3) indicated
these trees were well adapted to the reclamation mine site. Additionally, survival through
the first two years was high, indicating that early survival is an important indicator of later
survival and growth. Owing to good water availability and sufficient nutrients throughout
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each growing season, trees grew very well (Figures 4 and 5). The trees also experienced
little to no competition owing to the installed black plastic, which also likely made the
soil warmer, although this was not measured. In this trial, distance to the shoreline had a
significant impact on the trees’ height and DBH (Figure 6). For trees planted adjacent to the
shoreline, the trees had ready access to the water table while also being more vulnerable to
shoreline erosion.

As no significant differences were found between treatment 3 (Stream 1 vegetative
lot clones) and the other two plant treatment groups for height and DBH, these results
suggested the growth rates of the Stream 1 vegetative lot clones might be considered
acceptable when compared with the Al-Pac selected clones (salt-tolerant and controls from
Al-Pac’s program) on a site with ‘ideal’ growing conditions. However, mean stem volume
showed a significant difference between treatments (treatment 1 ≥ treatment 2 ≥ treatment
3), indicating the selected Stream 2 clones from Al-Pac’s CPP program, overall, grew better
than the Stream 1 vegetative lot clones. In addition, analysis of the top 18 clones from the
Stream 2 lot selected from the treatment 1 group showed significant differences for both
height and DBH when compared with treatments 2 and 3 (Table 4). This suggests that
there is potential to plant groups of selected clones that would outperform wild clonal
collections of Stream 1 native balsam, with the added advantage of not being restricted to
deployment only within their local seed zone, but taking advantage of the entire region
associated with the balsam poplar controlled parentage program.

Interestingly, despite clones selected from treatment 2 being chosen from the group
of clones that did not exhibit superior salt tolerance (i.e., greatest growth) in the initial
greenhouse screening trials (2012 and 2013), they still showed a level of tolerance to salinity
testing [22]. It is worth noting that the selected high tolerance clones (treatment 1) were
not necessarily the tallest trees overall in the initial screening experiment; some of the
clones performed well in all three treatments, while others were selected because they
performed better in the 50% process water treatment than in the 25% and control treatments.
Moreover, the EC level of the 50% process water in the greenhouse was between 3 and
3.6 mS cm−1 [22]; however, the EC level of surface water from the end-pit lake was only
2.7–3.0 mS cm−1 (salty water) [37], which suggests that the Al-Pac selected clones did not
experience the same level of stress in the field as their previous screening showed they had
the capability to sustain. Therefore, if the end-pit lake site was not, in fact, heavily impacted
by salts, the selected high salt tolerant treatment clones that did the best in the greenhouse
trial might not have had the opportunity to exhibit their superior ‘salt tolerance’, and thus
to this point in time, looked similar to the clones represented in treatment 2 and in the
Stream 1 vegetative lot.

From the current data, Stream 2 clones, selected for salt tolerance, had greater volume
when compared with the Stream 1 wild lot, even though for height and DBH alone, clones
from treatment 1 and treatment 2 showed growth increments that were interspersed with
each other, and treatment 3 was close to the median in performance (Figure 7). As treatment
1 (Stream 2) clones showed salt tolerance in the greenhouse study and performed well
in the field study, selecting and planting these trees may prove beneficial in the future if
reclamation sites become more challenging. In addition, access to the Stream 2 clones from
stoolbeds and/or existing trees could simplify collections while also ensuring the material
can be planted over a much wider area (i.e., no seed zone restrictions) associated with
the CPP.

4.2.2. Nutrient Analysis

Sodium and calcium were of particular interest in this experiment as they are the
main drivers of potential ‘salinity’ conditions on reclamation sites [38]. White and Liber
(2018) [37] characterized the chemical constituents in surface water from this end-pit lake,
and found sodium was one of the main ions that contributed to salinity. However, foliar
sodium levels in our current study were below any accurately detectable level and, as
such, were reported as being <0.01% (Table 5a). Foliar calcium levels, which were in the
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normal value range (from 0.1% to 5%) [39], however, were higher than sodium levels in the
samples (Table 5a). The low sodium levels measured may suggest that sodicity is currently
not a concern, or that the poplars did not accumulate it in their leaves. The heavy metal
accumulation patterns were similar to the published results under field conditions [40,41]
(Table 5b), where Zn and Cd were accumulated in the leaves, indicating the phytoextraction
ability of balsam poplar. The significant differences found in magnesium (Mg) levels among
the three treatments indicate that the Stream 1 vegetative lot clones could be potentially
used in a high Mg contaminated field. Overall, the trend from tissue nutrient analysis
using block means (Table 7) showed the nutrient levels were higher in the block closest to
the water. This finding indicated that a high-water table might also offer the opportunity
for salt accumulation in both the immediately adjacent surrounding soil and eventually in
the plant tissues that could affect tree growth. In addition, the data from the heavy metal
analysis could be used as supplementary data that might be useful in the future as a source
for comparison. However, there is very limited published literature that outlines the range
of acceptable nutrient concentrations in balsam poplar leaves.

5. Conclusions

In consideration of the results obtained from both the greenhouse and field studies,
there is an opportunity to select genetically suitable native clones of balsam poplar that
are tolerant to challenging growing conditions, making them more suitable for planting
in reclamation efforts on potentially saline sites than unselected clones or populations.
The field testing indicated the potential use of selected Stream 2 clones (selected high
salt-tolerant clones) from Al-Pac’s balsam poplar controlled parentage program for oil
sands reclamation sites in northeastern Alberta. In addition, the Stream 1 wild lot showed
comparable growth performance under “ideal” conditions. However, if reclamation were
being conducted on challenging, salty sites, clones from the Al-Pac selections are recom-
mended. Furthermore, the selected salt-tolerant clones showed greater stem volumes,
which indicates that they are potentially the most flexible trees as they will likely do better
under higher salt conditions, and they will have a greater volume even when conditions
are favourable. Balsam poplar has shown considerable genetic diversity in growth perfor-
mance in this study and such results are encouraging in light of an expanding industrial
energy sector footprint. Moreover, poplars are well known for their ability to tolerate
salinity [17,18,42] and, therefore, screening clones for salt tolerance, and maximizing the po-
tential use of the tree improvement program trees available through Al-Pac, while meeting
government regulations for genetic diversity, could provide a significant opportunity for
reclamation in the oil sands region in Alberta. Reclamation challenges are in their infancy
in Alberta and adjacent regions, and selected material from native species may provide
greater benefit as a source of reclamation materials than untested material to help meet
those challenges.

Author Contributions: B.R.T. and D.K. conceived and designed the experiments. Y.H., D.K., and
B.R.T. performed the experiments and analyzed the data. Y.H., B.R.T., and D.K. wrote the paper. R.K.
contributed nutrient solutions and the aeroponic system in the greenhouse study. Y.H., D.K., R.K.,
and B.R.T. reviewed and edited the paper. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was funded by Syncrude Canada Ltd. through a contract with Alberta-Pacific
Forest Industries Inc. (Al-Pac). In addition, Y.H. received funding through MITACS and Al-Pac.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

136



Forests 2021, 12, 572

Acknowledgments: This experiment has been supported by Alberta-Pacific Forest Industries Inc. and
received considerable logistic assistance from Syncrude Canada Ltd. We thank the MITACS program
and Al-Pac for providing support to Y.H. to complete this project. Thanks, is also given to Nathalie
Startsev, Chen Ding, and Marc Robbins for technical assistance in the greenhouse experiments. The
authors wish to express their gratitude to Craig Farnden (Syncrude Canada Ltd.) for his assistance in
field data collection and logistics. The authors also thank Ellen Macdonald (University of Alberta)
for her valuable suggestions and assistance during the greenhouse phase of the project.

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A

Table A1. Mean total biomass (±SE, grams) of the top 30 balsam poplar clones in the 50% process
water treatment with corresponding means (±SE) for the control and 25% process water treatments
in 2012. Clone numbers in bold identify clones that ranked in the top 30 for all three water treat-
ments, while underlined clone numbers indicated consistent performance in both years’ experiments.
Periods indicate dead plants.

Control 25% Process Water 50% Process Water

Clone Mean (g) ±SE Mean (g) ±SE Mean (g) ±SE

4357 5.03 0.63 4.36 0.26 3.00 0.63
4326 3.76 1.65 3.84 0.25 2.99 0.85
2304 5.10 0.32 2.95 1.07 2.27 1.36
2453 1.49 0.05 1.57 1.11 1.77 0.45
4349 1.27 0.07 2.29 1.48 0.68
3029 2.10 0.54 2.54 0.36 1.47
2267 2.76 0.45 2.32 1.43
4304 1.20 1.96 1.96 0.28 1.43
4301 2.66 0.46 2.57 0.81 1.42 0.55
3188 3.69 0.21 1.56 0.76 1.41 0.12
2995 3.26 0.47 2.60 0.40 1.39
4363 2.47 0.15 2.02 0.11 1.38
4255 1.92 0.49 1.02 0.10 1.36 0.10
4296 3.93 0.18 1.07 0.01 1.36 0.08
4334 5.62 0.15 2.58 0.47 1.35 0.07
4277 1.16 0.34 2.57 0.48 1.34 0.25
4295 1.63 0.29 1.26 0.73 1.32 0.61
2288 4.01 0.27 1.86 0.28 1.26 0.08
3110 1.70 1.24 0.99 0.09 1.22 0.08
4285 1.53 0.22 4.17 1.19
4315 0.23 0.71 2.15 0.24 1.19 0.43
3187 0.70 0.19 0.62 0.71 1.14 .
2447 1.63 0.03 0.24 0.25 1.13 0.17
4249 0.91 0.21 1.61 0.32 1.11 0.30
2976 1.26 1.18 0.54 1.81 1.09
2312 0.41 0.97 2.47 0.91 1.08 0.31
4317 1.56 0.17 1.23 0.70 1.06
4297 0.61 0.36 1.02 0.06
4356 0.66 1.09 0.89 0.02 1.02 0.12
3106 1.02 0.91 2.30 0.74 1.01 0.13

Treatment
mean 1.42 0.08 1.17 0.06 0.77 0.04
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Table A2. Mean total biomass (±SE, grams) of the top 30 balsam poplar clones in the 50% process
water treatment with corresponding means (±SE) for the control and 25% process water treatments
in 2013. Clone numbers in bold identify clones that ranked in the top 30 for all three water treat-
ments, while underlined clone numbers indicated consistent performance in both years’ experiments.
Periods indicate dead plants.

Control 25% Process Water 50% Process Water

Clone Mean (g) ±SE Mean (g) ±SE Mean (g) ±SE
2282 4.89 2.16 5.16 0.40 6.39 3.02
2314 7.85 0.56 9.82 6.16 5.62 0.27
2287 8.91 5.21 9.85 3.71 5.55 0.68
2272 5.80 0.39 6.26 0.98 5.24 0.87
2304 6.37 1.65 5.57 1.39 5.16 2.02
2313 3.92 1.21 4.81 2.03 5.01 0.24
2269 5.39 1.09 5.56 1.07 4.63 0.88
2291 5.88 4.99 6.35 2.91 3.86 0.98
4326 6.35 3.52 6.86 1.03 3.56 0.37
2301 3.40 1.95 2.26 1.63 3.43 0.72
2302 8.18 1.26 5.29 2.27 3.24 1.40
2289 3.67 1.89 2.97 1.13 3.14 1.34
2305 7.13 1.42 7.44 0.55 2.89 0.32
2300 6.42 1.91 5.61 1.34 2.88 0.47
2268 7.70 2.07 4.86 2.71 2.76 0.77
2278 4.85 1.46 2.81 1.15 2.63 0.77
3027 5.33 1.17 1.46 0.013 2.59 0.30
2307 4.71 2.63 3.86 1.47 2.58 0.64
2997 2.68 1.90 1.26 0.72 2.47 0.44
2284 1.985 2.3
2297 8.50 1.93 8.71 0.64 2.22 0.14
2295 4.20 1.55 3.27 0.35 2.21 0.32
4274 1.05 0.43 1.55 0.12 2.16
4349 1.82 1.23 0.99 0.64 2.13 0.28
4283 3.05 0.64 0.88 0.51 2.08 0.41
2266 2.62 0.27 5.53 2.93 2.02 0.68
2303 4.93 0.75 4.16 0.90 1.99
2293 3.61 0.47 3.52 0.87 1.99 0.26
915 4.27 0.86 2.70 1.63 1.97 0.30

3028 1.98 0.24 1.14 0.048 1.97 0.68
Treatment

mean 3.32 0.19 2.88 0.21 1.90 0.10
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Table A3. Growth variables of balsam poplar tested by ANOVA indicating the source of variation,
F-value, degrees of freedom (df), and p-value for the 2012 and 2013 greenhouse experiments for
different clones, treatments, and interaction effects. Trt = treatment.

Growth Season

2012 2013

Growth variable Source of
variation F df p-value F df p-value

Stem height (cm) Clone 5.26 144 <0.001 9.24 85 <0.001
Trt 85.78 2 <0.001 31.64 2 <0.001

Clone * Trt 1.17 237 0.091 0.83 169 0.929
Basal diameter

(mm) Clone 3.83 144 <0.001 6.24 85 <0.001

Trt 7.86 2 0.004 23.28 2 <0.001
Clone * Trt 1.01 237 0.471 0.92 169 0.730

Stem biomass (g) Clone 4.65 144 <0.001 6.36 85 <0.001
Trt 51.64 2 <0.001 35.82 2 <0.001

Clone * Trt 1.45 237 0.007 0.84 169 0.897
Root biomass (g) Clone 4.6 144 <0.001 4.29 85 <0.001

Trt 39.32 2 <0.001 25.4 2 <0.001
Clone * Trt 1.23 237 0.039 0.75 169 0.985

Leaf biomass (g) Clone 4.51 144 <0.001 5.62 85 <0.001
Trt 39.56 2 <0.001 30.31 2 <0.001

Clone * Trt 1.17 237 0.082 0.99 169 0.538
Total biomass (g) Clone 4.97 144 <0.001 5.77 85 <0.001

Trt 47.06 2 <0.001 34.60 2 <0.001
Clone * Trt 1.28 237 0.016 0.87 169 0.841

Table A4. ANOVA for mean stem volume (mm3) of balsam poplar in 2019 at the end-pit lake (treat-
ment 1 = 25 selected tolerant clones, treatment 2 = 10 selected control clones, treatment 3 = Stream 1
vegetative lot clones).

Source DF F Value p-Value

Block 2 19.95 <0.0001

Treatment 2 5.03 0.0076

Clone 33 4.04 <0.0001

Error 458

Total 495
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Figure A1. a. Mean basal stem basal diameter (±SE, mm) of 12 balsam poplar clones that ranked in the top 30 for all three 
water treatments as compared with the overall trial mean for 148 clones after 44 days of growth in the 2012 experiment. b. 
Mean basal stem basal diameter (±SE, mm) of 11 clones that ranked in the top 30 for all three water treatments as compared 
with the overall trial mean for 86 clones after 65 days of growth in the 2013 experiment. 
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Figure A1. (a). Mean basal stem basal diameter (±SE, mm) of 12 balsam poplar clones that ranked in the top 30 for all three
water treatments as compared with the overall trial mean for 148 clones after 44 days of growth in the 2012 experiment. (b).
Mean basal stem basal diameter (±SE, mm) of 11 clones that ranked in the top 30 for all three water treatments as compared
with the overall trial mean for 86 clones after 65 days of growth in the 2013 experiment.
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Figure A2. Aerial view in winter of the end-pit lake showing the location (marked in red) of the 
trial adjacent to the lake edge. 

 

Figure A2. Aerial view in winter of the end-pit lake showing the location (marked in red) of the trial adjacent to the
lake edge.
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Abstract: Weed control, which is commonly achieved by herbicides, is important in successfully
establishing short-rotation coppice (SRC) of willow. In this study, we examined agricultural mulch
film as a means of effective weed control and the influence of cutback practice (coppicing the first
year’s shoot growth in the winter following planting) on biomass production in boreal Hokkaido,
Japan. One-year-old cuttings from two clones each of Salix pet-susu and S. sachalinensis were planted
in double-rows at a density of 20,000 plants ha−1. All plants were harvested three growing seasons
after cutback. Average oven-dried biomass yield was 5.67 t ha−1 yr−1 with mulching, whereas it was
0.46 t ha−1 yr−1 in the unmulched control with a weed biomass of 4.13 t ha−1 yr−1, indicating that
mulching was an effective weed control. However, weeds grew vigorously on the ground between
mulch sheets and their dry biomass amounted to 0.87 t ha−1 yr−1. Further weeding between the
mulch sheets enhanced the willow biomass yield to 10.70 t ha−1 yr−1 in the treatment with cutback.
In contrast, cutback even reduced the willow yield when there were weeds between the mulch sheets.
This negative effect of cutback on the willow yield resulted from nutrient competition with weeds;
there was similar leaf nitrogen content and dry biomass per unit land area for the weeds and willows
combined in the control and mulching treatments. These results suggest that growing SRC willow is
feasible in boreal Hokkaido if combined with complete weed control and cutback, and is facilitated
by using mulch film.

Keywords: cutback; mulch; Salix; short-rotation coppice; weed control; woody biomass

1. Introduction

Woody biomass production is an economically viable and ecologically sound solution to address
increasing energy demands; it also has positive effects on reducing global atmospheric CO2 and,
consequently, the greenhouse effect. Willows (Salix spp.) are one of the best species for short-rotation
coppice (SRC) in temperate climates because they are easily propagated vegetatively, they have a
high yield potential in a few years, a broad genetic base, and they can re-sprout from their coppiced
stools after harvesting [1]. However, despite their general plasticity, the adoption of willows as a
bioenergy production system remains a challenge in respect to high yield [2]. In particular, weed control
is of top priority in order to achieve a long-term high yielding SRC willow plantation [3–6]. It is
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extremely important because weeds have a negative effect on the SRC willows as they compete for
light, water, and nutrients, and they consequently reduce the survival rate of cuttings and biomass
production [2,7]. Furthermore, the response to weed competition may differ between species and
clones, as do growth patterns and competitive abilities, just as soil properties and climate differ between
plantations [8]. To date, willow selection and breeding have focused on high biomass production under
optimum conditions, and no commercial clone has been found to have high biomass productivity in
the presence of competition from weeds [2,7,8]. Therefore, development of environmentally friendly,
efficient, and cheap weed control measures might be the best way forward for the establishment of
SRC willow plantations.

The application of mulches in agriculture and horticulture has increased dramatically in the last
two decades throughout the world. This increase is due to benefits such as suppressed weed growth, soil
moisture conservation, reducing certain insect pests, higher crop yield, earlier harvests, improved fruit
quality, and more efficient use of soil nutrients [9–15]. The selection of an appropriate mulching material
depends on crop type, crop management practices, and climatic conditions. Of the various materials
being used as mulches, plastics are most commonly used in agriculture and horticulture. However,
to our knowledge, there has been little research on the use of plastic mulch in plantations [16–18],
whereas a report demonstrated that plastic mulch is an excellent way of promoting willow productivity
by regulating water content in the soil and increasing soil temperature and controlling weeds on the
poorly drained soil [17].

Coppicing the first year’s shoot growth in the winter following planting, which is hereafter called
cutback, is another common practice during the establishment of SRC willow plantations. This is
mainly done to promote multiple stem sprouting and to facilitate fertilization and additional weeding
during the second growth season [4–6,19,20]. However, recent studies indicate that this practice
may reduce biomass productivity [8,20], and is no longer recommended in Sweden [21]. The factors
and mechanisms determining the effect of cutback on biomass production are not fully understood.
The reduced canopy due to cutback may provide weeds with new establishment opportunities and
increase the need for further weed control during the years following establishment. Consequently,
willow biomass production would decrease. Therefore, more studies are needed to determine whether
cutback affects the ability of willows to compete with weeds, especially at the beginning of the second
growing season, since some weed species may start to grow earlier than the willow. The interaction
between cutback and weeds in relation to biomass production may be also be linked to resource
limitation within plantations [22–24]. In this respect, information on nitrogen acquisition and allocation
between willows and weeds would provide an insight into the effect of cutback practice on willow
production [23,25,26].

Compared to European and North American countries, SRC willow cultivation is still a developing
field in Japan [27–29]. The Feed-in Tariff Policy for renewable energy implemented in 2012 after the
Fukushima Daiichi Nuclear Power Plant accident has become a driver, and the demand for wood
resources has increased rapidly in recent years. Considering the above factors and their influence on the
fast establishment of SRC willow plantations and long-term biomass productivity, we evaluated plastic
mulch as a method of weed control. We further tested cutback and its interaction with weed control on
the biomass production of Salix pet-susu and S. sachalinensis in the first harvest cycle, three growing
seasons after cutback. There are no commercial willow cultivars in Japan, and these two species were
selected because they are widely distributed in Northeastern region of Honshu and Hokkaido [30].

2. Materials and Methods

2.1. Study Site and Experimental Design

This study was carried out in a former grassland located near the Sanru river in Shimokawa town,
Hokkaido (44◦25′ N, 142◦42′ E). The parent material of the soil is quaternary alluvial deposits with
rounded or subrounded rock fragments covering the surface [31]. Soil nitrate nitrogen averaged from
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surface to 40 cm depth was about 4.6 mg per kg soil [31]. During the period 1978–2016, mean annual
precipitation was 918.4 mm, mean diurnal mean, maximum, and minimum temperatures were 5.1 ◦C,
10.3 ◦C, and −0.5 ◦C, respectively, obtained at a nearby meteorological station (44◦18′ N, 142◦38′ E,
143 m a.s.l.; Japanese Bureau of Meteorology). Average days with snow cover depth more than 3 cm at
the same station amounted to 150 during the period 1984–2016. Further details about precipitation and
temperature during the period 2013–2016 (the first harvest cycle) are presented in Figure S1.

To control weeds, plastic mulch film (150 cm width and 0.021 mm thickness; Sunshat, C.I.
TAKIRON Corporation, Tokyo, Japan) was laid using an agricultural machine, following the crushing
of surface rock fragments to 20 cm soil depth using a mechanical stone crusher in autumn of 2012
(Figure 1a). We selected this polyethylene mulch because of its excellent strength and weather
resistance. In May 2013, one-year-old 20 cm long unrooted cuttings—the length most commonly
recommended in most European and northern American countries [3–5,21,32,33]—were planted in
a double-row arrangement (Figure 1a). The distances were 1.5 m between the double rows, 0.5 m
between rows, and 0.5 m between cuttings within a row, resulting in a density of 20,000 cuttings per
hectare. This system is used worldwide in order to facilitate the management of sites using farm
machinery [3–5]. Each clone (either P81 and P82 from S. pet-susu or S27 and S67 from S. sachalinensis)
was planted in separate mulched rows next to each other (Figure 1b). In addition, a row without mulch
was included as a natural control to confirm the effect of weed competition on biomass productivity.
An electric fence was installed around the site to protect the willows from predation by deer and rabbits.

Figure 1. Experimental design: (a) double row planting of 20 cm long cuttings through mulch films,
(b) layout of cutback and weed control treatments of two clones of Salix sachalinensis (S27, S67) and
S. pet-susu (P81, P82) within a block. Vertical lines represent cutback and grey columns represent
non-cutback treatments. White areas between the mulched areas represent weed-control treatments
and black cross-hatching represent non-weed-control treatments, respectively.

The cutback treatment was conducted over half of the site in order to examine its effect on biomass
production of SRC willow. In the winter following planting (the end of 2013), the year’s shoots were
cut back using pruning shears in order to stimulate development of multiple stems on each plant in
the next growing season. Although no weeds grew on soils covered by mulch, weeds grew vigorously
on the ground between the mulch sheets in the first growing season. Therefore, half of this site was
sprayed with herbicides (Roundup Maxload, Tokyo, Nissan Chemical Corporation) in May 2014 after
weeds stated growing. A month later, we confirmed that all weeds had died.
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Therefore, four treatments were established in a five-block design (Figure 1b) before the second
growing season: with or without cutback and/or weed control. There were 20 cuttings in each treatment
within a block.

2.2. Allometric Equations

Twelve sprouted stems from S. sachalinensis were cut down to 0.03 m above the ground in
August 2015 to enable us to generate allometric equations based on the main-axis cutting method [34].
Immediately after felling, the total height (H) and basal diameter at 0.03 m (D0) of each stem were
measured. D0 ranged from 13.85 to 41.15 mm, and H ranged from 221 to 445 cm. Each stem was sealed
in a plastic bag and stored in an air-conditioned car until taken back to the laboratory. The main stems
were divided into 0.50 m lengths. The length and basal diameter (D) of each stem section was measured
and organs attached to the main stem were classified into leaves and branches. All samples were then
oven-dried at 75 ◦C for 72 h and weighed. Allometric equations were estimated for biomass of stem,
branch, and foliage of each stem in terms of D0, H, and D (Equations in Supplementary Material).

2.3. Growth Measurements and Harvesting

In November 2016 after leaf senescence, three growing seasons after the cutback treatment, all
stems of both S. sachalinensis and S. pet-susu were harvested. Fresh biomass of aboveground organs
including branches and stems from each cutting were weighed immediately. Sub-samples of branches
and stems were taken back to the laboratory for biomass production determination, expressed in
oven-dried tonnes per hectare per year (t ha−1 yr−1). The ratio of dry biomass to fresh biomass was
0.5132, 0.5326, 0.5268, and 0.5474 for P81, P82, S27, and S67, respectively. Neither fertilization nor
pesticide were applied during the first harvest cycle.

In order to examine the effect of cutback and weed control on the biomass increment process each
year before harvesting, the D0 and H from each cutting of S. sachalinensis were measured in November
2014. All stems were revisited in November 2015 to measure D0 and H, as well as diameter at the
height of the lowest branch (D). The number of sprouted stems from each cutting of S. sachalinensis
was counted in November 2014.

2.4. Nitrogen Analysis

For nitrogen analysis, mature leaves from the aforementioned twelve sprouted stems used to
develop the allometric equations were sampled. On the same occasion, weeds from the ground
between mulches in treatments without weed control were harvested in three plots (50 cm × 70 cm)
from each treatment.

All samples from leaves of both willow and weed were dried to constant mass at 75 ◦C and ground
to a fine powder in a steel ball mill (MM400; Retsch, Haan, Germany). Total nitrogen concentration of
the fine powder derived from each sample was measured after combustion in a CHN Analyzer (Vario
Max CN, Elementar, Hanau, Germany).

2.5. Statistical Analyses

The effects of cutback, weeding, and species and their interactions on all dependent variables
were analyzed by a two way or three way repeated-measures analysis of variance (ANOVA) using
SigmaPlot 13.0 (Systat Software Inc., San Jose, CA, USA). We tested for normality and variance
homogeneity at p < 0.05, and all variables were log-transformed when needed. The effect of the block
on all variables was not significant at p < 0.05, and thus, these results are not shown. The Holm–Sidak
method procedures were used for pairwise multiple comparison when significant treatment effects
were revealed.
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3. Results

Mulch had a significant effect on biomass production in the first harvest cycle, three growing
seasons after cutback (Table 1). Without mulch, weeds grew fast and its height could reach up to
120 cm in August, which resulted in 69% of unrooted cuttings of willow dying. Therefore, the average
biomass production of willows was 0.46 t ha−1 yr−1, which was even lower than weed production
(4.13 t ha−1 yr−1). In contrast, willow biomass production increased to 5.67 t ha−1 yr−1 when mulches
were used to control weeds, although weeds between the rows of willows growing in the ground not
covered by mulch produced about 0.87 t ha−1 yr−1. Both total plant biomass and leaf nitrogen content
had similar values per unit land area in the control and mulched treatment.

Table 1. Annual average biomass production and leaf nitrogen content of both weeds and willow in
land under natural conditions (no weed control) or plastic mulch. Values shown are mean ± SE.

Treatment Plant Type Biomass (t ha−1 yr−1) Leaf Nitrogen (%) Leaf Nitrogen (kg ha−1 yr−1)

Natural conditions
Weeds 4.13 ± 0.15 1.36 ± 0.07 56.22 ± 0.16
Willow 0.46 ± 0.05 na na

Mulch
Weeds 0.87 ± 0.11 1.84 ± 0.08 15.40 ± 1.27
Willow 5.67 ± 0.28 2.39 ± 0.10 57.29 ± 0.22

With further weed control on the ground between mulches, willow biomass production increased
to 11.43 and 8.84 t ha−1 yr−1 in the cutback treatment in S. sachalinensis and S. pet-susu, respectively
(Figure 2). Without weed control, in contrast, cutback had no effect on biomass production in S. pet-susu
and actually reduced yield by about 32% in S. sachalinensis. In addition, cutback and weed control had a
significant interaction with respect to productivity (Figure 2, Table S1). Since the canopy of the willows
closed during the second growing season after cutback, further weed control was not necessary.

Figure 2. Comparison of dry biomass production in the first harvest cycle after three growing
seasons: C and nC represent with and without cutback; W and nW represent with and without weed
control, respectively. The significance values of the factorial analysis are shown in Table S1. Different
letters indicate significant differences in the corresponding values from the same species at p < 0.05.
Values shown are mean ± SE from two clones of the same species.

Cutback practice even reduced biomass increase without weed control on the ground between the
mulch sheets (Figure 3, Table S2). This negative effect was especially obvious in branches and stems
when comparing pairs without weed control in the first growing season (Figure 3b,c). In the second
growing season, the negative effect of cutback became insignificant in leaves and branches, but was
still significant in stems. Stem biomass increase in the second growing season exhibited a three-fold
increase compared to the first growing season in all treatments.
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Figure 3. Annual biomass increments of (a) leaves, (b) branches, and (c) stems of Salix sachalinensis in the
first and second growing seasons after cutback. C and nC represent with and without cutback; W and
nW represent with and without weed control, respectively. The significance values of the factorial
analysis are shown in Table S2. Different letters indicate significant differences in the corresponding
values in a single year at p < 0.05. Values shown are mean ± SE from two clones of the same species.

Cutback promoted the formation of multiple stems (Figure 4, Table S1). Interestingly, a significant
interaction between cutback and weed control was observed with respect to the number of stems per
cutting, indicating that weed control is important for cutback to enhance productivity.
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Figure 4. Number of stems sprouting from a single stool, counted after one season of growth since
cutback in Salix sachalinensis. C and nC represent with and without cutback; W and nW represent with
and without weed control, respectively. The significance values of the factorial analysis are shown in
Table S1. Different letters indicate significant differences in the corresponding values at p < 0.05. Values
shown are mean ± SE from two clones of the same species.

4. Discussion

Weed control is commonly achieved by one or two applications of herbicide during land
preparation and planting for establishing an SRC willow plantation [3–6]. This study demonstrated
that agricultural mulches are also an effective measure to control weeds in the boreal region studied,
which has been less studied in forest plantations in comparison with agriculture and horticulture [16–18].
With complete weed suppression combined with cutback, annual average dry biomass production
amounted to 10.70 t ha−1 yr−1 in the first harvest cycle, three growing seasons after cutback. However,
cutback had no or even a negative effect on biomass production in the presence of weed competition,
as found in previous studies [2,8]. These results suggest that cutback should only be conducted when
weeds are absent.

4.1. Weed Control by Agricultural Mulch Film

In spite of mulching, weeds grew vigorously on the ground between mulch sheets. This adversely
affected the growth of willows and as a result the biomass production in the first harvest cycle was
reduced by 32% in S. sachalinensis. These results suggest that weeds on the ground between mulches
also need to be controlled before cutback. In previous studies, the extent to which weeds influenced
willow growth was reported to depend on both willow species and weed species [8,25]. In the present
study, yield difference between S. sachalinensis and S. pet-susu provides further evidence for this
conclusion. In addition, we found that total leaf nitrogen content per unit land area from weeds and
willows combined was similar in the unweeded control and the mulched treatment. Thus, total biomass
production per unit land area in the control was similar to that in the mulched treatment. These results
suggest that competition for nutrients with weeds is the main cause of yield decrease at this site.
Weed-related growth reduction may also differ depending on the plantation in terms of different soil
nutrient limitation [2,35].

No weeds were observed in the second growing season after cutback because the willow canopy
had closed, meaning that weed control conducted once during the establishment stage of a SRC
plantation is sufficient. However, the negative effect of cutback on the biomass increment of stems
remained as previously reported by Albertsson et al. [8], suggesting that weed control during the
establishment year is extremely important in order to obtain a high yield SRC willow plantation [3–6].
Even though weed-related growth reduction decreases over time, the economic returns during the
expected life cycle of a plantation will probably be much less if weeds are not controlled [8]. Yields over
subsequent harvest cycles should be monitored, however, to validate this statement.
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Mulches used in this study remained in good condition after the first harvest. Removal of
the plastic is time-consuming (about 16 h/ha) [9]. In the long run, mulches are broken into pieces,
some pieces being buried during soil preparation for a new crop and some remaining on the soil
surface. The buried pieces are more difficult to decompose since they are less affected by light and high
temperatures, creating serious soil problems whose environmental repercussion has not been fully
evaluated. Considering that no weeds grow in the second growing season after cutback, biodegradable
plastic mulch in organic production may be an environmentally friendly alternative to control weeds
that deserves further research [9].

4.2. Cutback

When weeds between mulch sheets were not controlled, cutback had no effect on biomass
production in S. pet-susu and actually reduced yield by about 32% in the first harvest cycle in
S. sachalinensis. This negative effect has recently been reported in other willow species [8,20]. Therefore,
the commonly recommended practice of cutback during establishment of a willow plantation should
only be undertaken when there is sufficient weed control in place. A recent study showed that
competition with weeds resulted in reduced willow growth at lower levels of fertilizer application
compared to higher levels [7]. In this study, there was little difference in total leaf biomass and leaf
nitrogen per land area between the unweeded control and the mulched treatment, indicating the same
demand for nitrogen between weeds and willow. This limited nitrogen supply for willows in the
presence of weeds resulted in lower leaf and branch increments in the cutback treatment and reduced
biomass yield in the first harvest cycle.

S. sachalinensis, which had relatively higher growth reduction in the cutback and no weeding
treatment compared to S. pet-susu, exhibited higher biomass production under optimum conditions
(complete weed control). Similar results were reported previously for 10 commercial breeding clones
in southern Sweden [8]. The relatively low biomass production even without weed competition may
partly explain the low growth reduction with weed competition. In this respect, commercial breeding
has been mainly aimed at the goal of high biomass production, and this is mostly considered under
optimum environmental conditions. Willow species with high biomass productivity may have high
nutrient demands and, thus, their productivity may decrease when exposed to competition from
weeds. Therefore, further studies on physiological traits, such as nutrient and water acquisition and
their use efficiency, canopy structure and development, and biomass allocation between aboveground
organs and roots of different species and clones, are critical for the effective management of SRC
plantations [22,25,36,37]. All these factors can be manipulated through genetic improvement and
silvicultural practice [38].

Cutback increased the number of stems produced by each stool in S. sachalinensis, in agreement
with previous studies [20]. In our previous study, the number of sprouted stems of the same species
produced in a nursery in Sapporo was higher than in this study [27]. This difference is probably
related to differences in climatic conditions because the mean annual temperature in Sapporo is 2 ◦C
higher than at the current site, indicating that local climatic factors should be taken into account
when planning to establish an SRC willow plantation and considering biomass yield and economic
return. The number of stems from the experimental willows in this study overlapped the lower end
of commercial cultivars in other countries [4–6,17,20,33], indicating the importance of breeding for
commercial cultivars to achieve the highest possible yields that are also competitive with weeds [38].

The average oven dry biomass production recorded for the two willows in this study falls within
the range of European and North American countries, which is 7.0–18.0 t ha−1 yr−1 [2,20,21,39–41].
Yields depend on cultivars, site-specific conditions (soil fertility, climate), and type and intensity of
management (fertilization, weeding, and protection from blight and insect). For example, fertilized
willow SRC plantations had on average 38% higher yield than non-fertilized SRC plantations in
Sweden [2]. In addition, it is generally found that yields are higher from the second harvest
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cycle [19,39,40]. However, nutrient export in harvested biomass over multiple rotations will require soil
nutrient amendments to maintain the SRC willow productivity that deserves further research [41,42].

5. Conclusions

This study demonstrated that agricultural mulches are an effective measure for controlling
weeds during the establishment of an SRC willow plantation. However, weeds between mulch
sheets had negative effects on yield, especially in treatments with cutback, which was resulted from
nutrient competition with weeds. Cutback practice should be used only when weeds are completely
controlled. With complete weed control, 10.70 t dry biomass per hectare was achieved three years
after cutback, indicating the feasibility of successfully establishing an SRC willow plantation in boreal
Hokkaido, Japan.

Supplementary Materials: Supplementary Materials can be found online at http://www.mdpi.com/1999-4907/11/
5/505/s1.
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Abstract: Deer browsing is a major factor causing significant declines in yield in short rotation
coppice (SRC) willow, but the resultant yield loss is difficult to estimate because it requires extensive
investigation, especially when the standard yield is unknown. We investigated a simple method for
estimating yield loss due to deer browsing. We enclosed an experimental SRC willow plantation in
Hokkaido, northern Japan, planted with 12 clones, with an electric fence; deer browsing did, however,
occur in the first summer of the second harvest cycle. We counted the number of sprouting stems and
deer-browsed stems per plant and, after three years, the yield of each clone was analyzed using a
generalized linear model with the above two parameters for the numbers of stems as explanatory
variables. The model explained the yield of 11 out of the 12 clones, and estimated that browsing of a
single stem per plant could reduce yield to 80%. Losses due to deer browsing were estimated to be as
much as 6.0 oven dry ton ha−1 yr−1. The potential yield in the absence of deer browsing ranged from
2.2 to 7.5 oven dry ton ha−1 yr−1 among clones, and was significantly positively correlated with the
estimated yield loss due to deer browsing. Our results suggest that a generalized linear model can be
used to estimate the yield loss due to deer browsing from a simple survey, and deer browsing could
significantly reduce willow biomass yield from the clones we studied, and thus countermeasures to
control deer browsing are therefore necessary if sufficient willow biomass yield is to be produced.

Keywords: deer browsing; Salix; short rotation coppice; woody biomass; yield loss

1. Introduction

Global warming, which is mainly attributable to greenhouse gases such as CO2 [1], has recently
led to increased efforts to utilize woody biomass energy from managed forests, which are treated as
carbon neutral, in Europe and the United States [2,3], as well as in Japan [4]. Short rotation coppice
(SRC) willow is the most successful woody biomass energy crop in the cool temperate regions of
Europe and North America [5–10]; under favorable conditions, it typically yields a biomass of over
10 oven dry ton (odt) ha−1 yr−1, with a harvest rotation interval of 2–5 years. This capacity is associated
with the coppicing ability of willow, which produces multiple stems and vigorous post-harvesting
regrowth from the stump, resulting in repeated biomass yields of 20–50 odt ha−1 every 2–5 years over a
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plantation life span of 20–25 years, with no need for replanting [11,12]. SRC willow can be established
on marginal land that is generally unsuitable for food crops [13–15]. In addition to producing biomass
for use in the bioenergy and biofuel industries, SRC willow provides positive ecosystem services,
such as carbon sequestration in the roots, biodiversity, and water quality [16,17]. However, there are
countries or regions where SRC willow has not become established commercially, such as Japan,
despite the existence of suitable environmental conditions. This is because of risks and uncertainties
concerning its production, management, and marketing, which need to be resolved if the use of SRC
willow is to be promoted [18].

One cause of significant biomass loss in SRC willow plantations is the extensive damage due to
browsing by large animals, such as deer [19–21]. Smaller SRC willow plantations are more susceptible
to deer browsing, which is therefore a greater obstacle to commercial viability, especially in the
early stages of SRC willow introduction, when plantations tend to be small [19]. The construction of
fences as animal deterrents is effective but expensive [12,20]; in order to evaluate its cost effectiveness,
it is therefore important to be able to estimate the yield loss due to deer browsing. In areas where
commercial SRC willow has been widely developed, such as in northern Europe, potential yield
by region for each willow variety is known; yield loss due to deer browsing can therefore be easily
estimated by comparing the browsed actual yield with potential yield in the absence of browsing.
In contrast, in areas where SRC willow is underdeveloped and potential yield is not known,
estimating yield loss from deer browsing is difficult and requires more extensive investigation
by, for example, individually estimating shoot losses based on shoot bite diameters using an allometry
equation between shoot diameter and biomass [22].

The use of woody biomass for energy production has progressed in Japan since the Great East
Japan Earthquake in 2011 [4,23], but SRC willow is still not commercially cultivated. Hokkaido,
the northernmost of Japan’s four main islands, is potentially suitable for growing SRC willow because
of its flat terrain and cool temperate climate with sufficient rainfall. Additionally, its cold winter
temperatures increase the demand for local heat and/or combined heat and power plants, which are
typical destinations of harvested SRC willow [19]. In fact, in experimental plantations in Hokkaido,
willow yields of more than 10 odt ha−1 yr−1 can be obtained with proper cultivation management [24,25].
Meanwhile, Yezo-sika deer (Cervus nippon yesoensis) density has increased rapidly in Hokkaido since
the late 1980s [26], and the species is currently considered overabundant [27]. Since the late 1990s,
Yezo-sika deer damage to agriculture and forestry has been severe [26], with recent economic impacts
estimated at approximately 4 billion yen per year [28]. In general, susceptibility to deer damage varies
among willow clones and is one of the key properties considered in selecting cultivars in Europe and
the United States [29–31]; the selection of appropriate willow cultivars is still under development in
Japan, and thus there is limited information on the susceptibility of willow clones to deer damage as
well as their potential yield.

Our main objectives were to estimate: (1) the amount of yield loss due to deer browsing in
willow clones with unknown potential yields, using a simple method counting the number of browsed
and non-browsed stems; and (2) the yield of each clone in the absence of deer browsing—that is,
potential yield.

2. Materials and Methods

2.1. Study Site

The study was conducted at an experimental SRC willow plantation in Shimokawa town,
Hokkaido prefecture, northern Japan (44◦25′ N, 142◦42′ E, 249 m a.s.l., Figure 1a). This plantation
was established to modify and improve SRC willow management procedures [24] and to select
high yield clones. The parent material of soil in the study site was quaternary alluvial sediments,
with rounded and sub-rounded fragments covering the surface [32]. The study site was 56 m × 60 m,
almost level, and was plowed and harrowed in late October 2012. In May 2013, one-year old
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cuttings (length, approximately 20 cm) of Salix pet-susu Kimura and S. sachalinensis F.Schmidt clones
(n = 7 and 5, respectively) were planted by hand in a double-row system at a density of 20,000 cuttings
ha−1; the distance between and within double rows was 1.5 and 0.5 m, respectively, and plant spacing
within rows was 0.5 m (Figure 1b). The cuttings were collected from experimental plantations
in Shimokawa town and Sapporo city (Figure 1a) a few days before planting and refrigerated in
plastic bags. Since willow clones appropriate for SRC were still under selection and no commercial
cuttings existed in Japan, there was no guarantee the cuttings used in this study were high-yielding.
All planting rows were sheeted with a plastic mulch (width, 1.5 m, and thickness, 0.021 mm; Sunshat,
C.I. TAKIRON Corporation, Tokyo, Japan) to suppress weed growth. However, we did not conduct
additional weeding between adjacent plastic mulches, except for half of the S.I.27, S.I.67, P.I.81,
and P.I.82 clones, resulting in lower yields due to weed overgrowth in the first harvest rotation [24].
A total of 28 double rows (approximately 60 m long) were planted, each comprising plants of a single
clone; the rows were randomly arranged (Figure 1c). Almost all the willow plants were cut back
in November 2013 to promote sprouting, except for half of the S.I.27, S.I.67, P.I.81, and P.I.82 clones,
so that the impact of the cut back procedure on biomass yield could be evaluated [24]. All plants
were harvested in November 2016 using chain and hand saws, and then coppiced in spring 2017.
The study site was enclosed by an electric fence, except in the snow period (November to April) to
avoid destruction of the fence by snow coverage, usually over 1 m.
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Figure 1. Study site and experimental design. Location of the study site in Shimokawa town, Japan (a),
planting design with double-row system (b), and arrangement of willow clones in the 28 rows (c).
Clone names beginning with “P” (white rows) and “S” (gray rows) in panel (c) represent Salix pet-susu
and S. sachalinensis, respectively.

2.2. Deer Browsing Damage to Sprouting Willow Stems

In August 2017, the first year of sprouting, we found deer browsing damage to willow stems
following a problem with the electric fence. Similar willow damage during growing season was
previously reported to be due to browsing damage by Yezo-sika deer in a study using sensor cameras at
the same study area [33]. In November 2017, we investigated the impact on the plants. An initial visual
inspection suggested that browsing damage differed significantly among double rows containing
different clones, and that damage to individual plants in a single-clone double-row was generally
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the same throughout the 60-m length (Figure 2a). Therefore, in each of the 28 double rows, the total
numbers of stems and sprouting stems browsed by deer were counted for each plant positioned 5 m
from the edge, that is, typically 20 plants per double row, with the exception of some rows that included
dead plants (we did not find any plants that had died due to deer damage at the time of the browsing
investigation). The number of plants investigated for each clone ranged from 34 to 108. The percentage
of browsed stems per plant (%) was calculated by dividing the number of browsed stems by the total
number of stems per plant. With the exception of August 2017 and the snow period, electric fencing
protection from deer was functional, and there was no evidence of extensive deer browsing in other
periods during the study.
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Figure 2. Willow stem tips browsed by Yezo-sika deer in the experimental short rotation coppice.
Planting rows of a clone with minimal browsing (white inverted triangles) adjacent to rows of a severely
browsed clone (black inverted triangles) (a). Willow stems broken by Yezo-sika deer while browsing
willow stem tips (b).

2.3. Willow Yield Measurement

In late October 2019, three years after the first harvest, we harvested all the willow plants, except for
those that were sampled for fresh mass to dry mass conversion. We did this using a sugarcane harvester
(UT-120K, Uotani-tekko Inc., Nara, Japan), which cuts willows into billets approximately 20 cm long
and harvests them into a harvesting bag. We harvested each 60-m single-clone double row into a single
bag, which was then immediately weighed using a digital crane scale (resolution: 0.5 kg; 1ACBP-K,
Shuzui Scales Co., Ltd., Aichi, Japan). The fresh yield (fresh t ha−1 yr−1) was determined by subtracting
the weight of the harvesting bag (11.5 kg) and dividing by the planted area in a double row (0.011 ha)
and the rotation period of three years. To obtain the oven-dry mass yield from the fresh yield in
the bags, we harvested nine typical willow plants using a saw before harvesting with the sugarcane
harvester and weighed each plant (1.63 fresh kg per plant on average, 14.63 fresh kg in total). We then
transported the sample plants to the laboratory, dried them at 70 ◦C to constant mass, and reweighed
them. The oven-dry yield of each clone (odt ha−1 yr−1) was calculated by multiplying the fresh yield
mean of each of the 12 clones by the mean of the ratio of dry to fresh weight of the sample plants.

2.4. Data Analyses

All statistical analyses were performed using R version 3.6.2 [34]. We estimated willow yield and
yield loss due to deer browsing from generalized linear models (GLMs) with a gamma distribution
and log link function. The actual browsed yield of each clone was analyzed by a GLM in which the
objective variable was the mean dry yield for each clone, and the explanatory variables were, for each
clone, the mean number of stems and mean number of browsed stems per plant. We also analyzed
the same variables with GLMs with a gamma distribution and inverse link function and a Gaussian
distribution and identity link function. We compared the three models using Akaike’s information
criterion (AIC) (Table S1); the GLM with a gamma distribution and log link function had the smallest
AIC, and so was adopted as the willow yield estimation model. We determined that a clone (P.I.82)
was an outlier from the residual plot, the quantile-quantile plot, and scale-location plot using the
plot function in R (Figure S1). We reanalyzed the GLM for the dataset excluding the outlier clone,
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and estimated the GLM coefficients. The coefficient of determinations for each of the GLMs (r2
GLM) [35]

for all 12 clones and for the 11 clones excluding the outlier was calculated using the req function of the
“rsq” package in R. The GLM excluding an outlier clone was used to simulate willow yield and yield
loss when the number of stems per plant varied from 1 to 10, and the percentage of browsed stems per
plant varied from 0% to 100%. In addition, we estimated the non-browsed yield by converting the
number of browsed stems in the GLM to zero for each clone in the experimental plot. Yield loss by
browsing was estimated by subtracting the estimated browsed yield from the estimated unbrowsed
yield, that is, 0% of browsed stems per plant.

Standard major axis (SMA) regressions were performed to analyze bivariate relationships between
willow yield and other variables across clones using the “smart” package in R. Interspecific differences
between S. pet-susu and S. sachalinensis in the number of stems and number of browsed stems and the
percentage of browsed stems per plant were analyzed by a Mann–Whitney U test using the wilcox.test
function in R, and the differences in actual yield, estimated non-browsed yield, and estimated yield loss
from browsing were analyzed by a Student t-test using the t.test function in R. The level of statistical
significance was set at p = 0.05.

3. Results

3.1. Deer Browsing and Willow Yield across Clones

Yezo-sika deer typically browsed the tips of willow stems (Figure 2a). In addition, deer broke
some stems in order to access the tips (Figure 2b). The number of sprouting stems, the extent of deer
browsing, and actual willow yield varied largely among clones. Clonal means for the number of stems
per plant ranged from 4.8 for P.I.81 to 8.1 for S.I.27, across clones (Figure 3a). The clonal means of the
number of stems browsed by deer per plant ranged from 0.61 for S.T.27 to 8.1 for S.I.27 across clones
(Figure 3b). The clonal means of the percentage of browsed stems per plant ranged from 11% for P.C.51
to 99% for S.I.27, across clones (Figure 3c). The actual yield of each clone ranged from 1.05 odt ha−1 yr−1

for clone S.T.27 to 4.26 odt ha−1 yr−1 for P.I.82 (Figure 3). There was no significant relationship
observed between actual yield and the number of stems per plant, number of browsed stems per plant,
and percentage of browsed stems per plant across clones (Figure 3). There were no significant
interspecific differences in the number of stems per plant (Mann–Whitney U test; p = 0.53), browsed stems
per plant (p = 0.53), percentage of browsed stems per plant (p = 0.34), and actual yield (t-test; p = 0.08).
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Figure 3. Relationships of the means of number of stems per plant (a), number of browsed stems
per plant (b), and percentage of browsed stems per plant (c) to actual willow yield across 12 willow
clones. Clone names, coefficients of determination (r2), and level of significance (p) of the standardized
major axis regression are shown in each panel. Circles represent Salix pet-susu clones and triangles
S. sachalinensis clones; odt, oven dry ton. Error bars represent standard errors of the mean (n = 34–108).
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3.2. Estimation of Yield Loss Caused by Deer Browsing

A simple GLM incorporating the number of stems and number of browsed stems could accurately
estimate actual willow yields with deer browsing (Table 1, Figure 4a). In the GLM calculated for
all 12 clones including an outlier, r2

GLM was 0.43, indicating a moderate predictive power (Table 1).
When we removed the outlier clone from the analysis (Figure S1), r2

GLM increased to 0.74, indicating
substantial predictive power (Table 1). In addition, for the model excluding an outlier, the r2

value in the SMA regression between the actual and estimated yield was 0.74 (p < 0.001), and the
regression line almost overlapped the 1:1 relationship line (Figure 4a). Yield was underestimated for the
outlier clone P.I.82. Clone P.I.82, which had the highest actual yield among the willow clones studied,
was estimated by the GLM to have a predicted yield of more than 1 odt ha−1 yr−1 lower than actual yield.
The numbers of stems and browsed stems per plant had a significantly positive (approximately 1.5-fold)
and negative (approximately 0.8-fold) effect on yield for each clone in both models, including and
excluding an outlier clone (Table 1). The GLM simulation excluding an outlier clone predicted that
yields increased with increasing number of stems per plant, but decreased significantly with the
percentage of browsed stems per plant (Figure 4b). The effect of browsing damage on the yield was
large; for example, even if 25% of the number of stems per plant were browsed, yield decreased to
at least 61% of the non-browsed yield (Figure 4b). The GLM simulation also predicted that yield
loss by deer browsing increases with the estimated yield and percentage of browsed stems per plant.
For example, with a standard target yield of 10 odt ha−1 yr−1 for SRC willow, yield losses caused by
deer browsing were estimated at approximately 4, 6, 7, and 8 odt ha−1 yr−1 if 25%, 50%, 75%, and 100%
of the stems per plant were browsed (Figure 4c).

Table 1. A summary of the generalized linear models (GLMs) of estimated willow yield under deer
browsing conditions for each clone. A gamma distribution with a log-link function was used for the
models. One model includes all 12 clones studied, and another model comprised 11 clones, excluding an
outlier. The models incorporate the number of stems and browsed stems per plant as explanatory
variables. The numbers in parentheses in the “Estimate” column represent the exponential value of the
estimate. SE is the standard error.

Factor Estimate SE t Value p Value

GLM for 12 clones (including an outlier) 1

Intercept −1.113 (0.33) 0.616 −1.808 0.104

Number of stems per plant 0.411 (1.51) 0.118 3.488 0.007

Number of browsed stems per plant −0.223 (0.80) 0.055 −4.037 0.003

GLM for 9 clones (excluding an outlier) 2

Intercept −1.009 (0.36) 0.519 −1.943 0.088

Number of stems per plant 0.373 (1.45) 0.100 3.724 0.006

Number of browsed stems per plant −0.199 (0.82) 0.048 −4.186 0.003
1 Residual deviance: 0.891 on 9 degrees of freedom, r2

GLM = 0.43; 2 Residual deviance: 0.619 on 8 degrees of freedom,
r2

GLM = 0.74.

When the GLM was applied to actual data from the experimental plantation, willow yield
was estimated to increase to 2.2–7.5 odt ha−1 yr−1, assuming an absence of deer browsing,
from 1.1–4.3 odt ha−1 yr−1 with deer browsing (Figure 5a). The estimated yield without deer browsing
was not significantly correlated with actual yield across clones. The yield loss due to deer browsing was
estimated to range from 0.1 odt ha−1 yr−1 for S.T.27 to 6.0 odt ha−1 yr−1 for S.I.27, and was significantly
correlated with estimated yield under non-browsing conditions across clones (Figure 5b) and the
percentage of browsed stems per plant (Figure 5c). There was no significant interspecific difference in
the estimated yield without browsing (p = 0.27) and estimated yield loss due to browsing (p = 0.15).
In P.I.82, with the maximum actual yield among the clones studied, although an average of 1.7 stems
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(i.e., 30% of the average 6.1 sprouting stems per individual) were subject to browsing, the potential
yield without browsing was estimated to be approximately 4 odt ha−1 yr−1, which was almost the
same as the actual yield with browsing (Figure 5a).
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(b) and estimated yield loss due to browsing (c), assuming 0%, 25%, 50%, 75%, and 100% of browsed 

stems per plant. In panel (a), circles and triangles represent Salix pet-susu and S. sachalinensi clones, 
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the GLM residuals. Clone names are shown. The coefficient of determination (r2), level of significance 

(p), and regression line of the standardized major axis analysis for 11 clones excluding an outlier clone 

Figure 4. Relationship between actual and estimated willow yield with reference to deer browsing,
using a generalized linear model (GLM) (a), and GLM simulations for estimated yield with browsing
(b) and estimated yield loss due to browsing (c), assuming 0%, 25%, 50%, 75%, and 100% of browsed
stems per plant. In panel (a), circles and triangles represent Salix pet-susu and S. sachalinensi clones,
respectively; and an open symbol represents the clone that were determined to be an outlier based on the
GLM residuals. Clone names are shown. The coefficient of determination (r2), level of significance (p),
and regression line of the standardized major axis analysis for 11 clones excluding an outlier clone are
also shown in panel (a). The dotted line represents a 1:1 relationship. Loess regressions were applied in
panels (b) and (c). odt, oven dry ton.
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Figure 5. Relationships between actual and estimated yield without deer browsing (a),
between estimated yield without browsing and estimated yield loss due to browsing (b), and the
percentage of browsed stems per plant and estimated yield loss due to browsing (c) across willow
clones. An open symbol represents the clone that was determined to be an outlier based on the GLM
residuals. Clone names are shown. The coefficient of determination (r2), level of significance (p),
and significant regression line of the standardized major axis analyses for the 11 clones excluding an
outlier clone are shown. The dotted line in panel (a) represents a 1:1 relationship. odt, oven dry ton.

4. Discussion

4.1. Yield Loss Caused by Deer Browsing

Although the actual willow yield with browsing could not be estimated by a single stem parameter
(Figure 3), we were able to estimate the yield for 11 out of 12 clones using a simple GLM that incorporated
both the number of sprouting stems and browsed stems as explanatory variables (Figure 4a). The high
predictive accuracy of this model, despite the lack of stem diameter and/or height data, suggests that
growth in each browsed or unbrowsed stem was comparable among the 11 clones during three years
of rotation. As a result, it was possible to predict the yield only by the data on the numbers of
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stems. These results suggest that when an SRC willow plantation is damaged by deer browsing,
the biomass loss can be easily estimated using a GLM by counting the number of browsed and
unbrowsed stems per plant and measuring the yield in places where the degree of browsing damage is
different in the plantation. This approach will be particularly useful in areas where SRC willow is in
the developmental stage and standard yields are unknown. In addition, the fact that the number of
browsed stems in the first year of rotation significantly explained yield in the final year of rotation in
the GLM (Table 1) would indicate that browsing damage, which occurred only once in the first year of
rotation, affected biomass increase during the three-year harvest intervals and was not offset during
that period. Although the influence of deer on the SRC willow has sometimes been underestimated [21],
these results indicate that deer-browsing control can be very important for the success of the SRC
willow plantation. On the other hand, yield of P.I.82, which had the highest actual yield among the
12 clones studied, was greatly underestimated by the GLM (Figure 4a). This could possibly result
from greater biomass per stem and/or a smaller reduction in biomass per browsed stem in this clone
than in the other clones. The stem of P.I.82 might be taller than that of the other clones at the time
of browsing damage and thus be less affected by browsing damage per stem, although we did not
measure the height.

The model simulation showed that a single browsing event (which occurred during the first
summer of our study period) resulted in a significant yield loss over three years of a harvest cycle;
the potential for willow yield to be halved if 25% of the number of stems per plant that were browsed
by deer was also shown (Figures 4 and 5). This high percentage of yield loss, even when the percentage
of browsed stems per plant was small, is attributable not only to direct biomass loss due to deer
browsing, but also to the indirect negative effects of browsing damage on biomass increase. In a conifer
crop tree, Pseudotsuga menziesii, deer browsing and weed overgrowth inhibited the crop tree height
growth, whereas deer browsing on broadleaf competitors resulted in a slightly higher tree height in
comparison with that in the plot which excluded deer under high weed suppression by herbicides,
indicating potential interaction between competing vegetation and browsing [36]. Because willow
growth is very susceptible to weeds [24,37], and willow had a higher preference for deer than weeds at
the present study site [33], the reason for the indirect negative effect of deer browsing on willow biomass
in this study could be that deer browsing damage delayed the closure of the willow canopy, resulting in
weed overgrowth, thus suppressing the growth of the willow susceptible to weeds [24,38]. Because our
results are based on only one browsing event that occurred on a small plantation, future studies need
to examine how the results of the simulation vary depending on various conditions and situations
of SRC willow plantation, such as the extent of weed growth, plantation size, browsing frequency,
browsing timing, etc.

4.2. Potential Yield of Studied Willow Clones

Only two of the 12 clones studied have a known potential yield in the absence of browsing damage
in the study area. The two clones, S.I.27 and S.I.67, yielded approximately 5–11 odt ha−1 yr−1 in the
first harvest rotation (average of approximately 8 odt ha−1 yr−1) with no deer browsing at the same
plantation in this study [24]. We estimated the potential yield to be 7.5 and 7.3 odt ha−1 yr−1 for S.I.27
and S.I.67, respectively, in the second rotation using the GLM (Figure 5a). SRC willow yields are
generally greater in the second than in the first rotation [39–41], but, in our study, more yield data
from the second rotation for these clones were included for areas not weeded between mulches and
therefore with potentially reduced yields compared with the first rotation [24]; therefore, the potential
GLM yield estimates for these two clones would be reasonable in comparison to the first rotation yield.
It might therefore be reasonable to assume that the estimated potential yields by the GLM of the other
nine clones other than the outlier are also probably close to their actual potential yield in the absence of
browsing, although we were not able to compare the estimated potential yield with the first rotation
yield due to the lack of the first rotation data. Future verification with actual potential yield that was
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reliably protected against deer browsing will allow us to clarify the accuracy of the estimated potential
yield from the model in this study.

In this study, clones with the highest estimated yield tended to show results of greater yield
loss due to deer browsing (Figure 5b). In general, there is a trade-off between plant growth and
defense against herbivory because of limited resources [42,43]. Therefore, it would be difficult and
time consuming to search for and breed super willow clones that achieve both high-yielding and
low damage from deer browsing; though susceptibility to browsing animals has already been used
as one of the traits for selecting willow commercial variety in Europe [29]. Compared with Europe
and North America, hunting is less popular in Japan, where hunters are aging and decreasing in
number [44]. Therefore, it will be potentially difficult to use deer hunting as a major management
tool for maintaining deer browsing at low levels in SRC willow plantations in Hokkaido, Japan.
The potential yields of most clones were estimated to be low (<5 odt ha−1 yr−1), even considering that
the overgrowth of weeds among mulches could have negatively affected willow yields. If commercial
SRC willow plantations are to be promoted in Hokkaido, Japan, the selection of high-yielding clones
that are less susceptible to deer browsing, together with the development of inexpensive measures
protecting against deer entry to plantations, will therefore be desirable. Further research about various
protective measures against deer browsing, including the introduction of physical barriers such as
fencing and/or repellents, establishment of large plantations, and deer population management in
cooperation with local hunters [20,21,45,46], should lead to a higher willow yield by reducing yield
loss due to deer browsing and improved profit forecasts at SRC willow plantations for the studied
willow clones in the study site area.

5. Conclusions

This study demonstrated that the GLM analysis, which incorporates two easily measured
parameters—the number of stems per plant and the number of browsed stems by deer—can estimate
the biomass loss due to deer browsing in an SRC willow plantation, which cannot be estimated by
a single parameter. The GLM also can be used to predict yield in the absence of browsing damage,
although it needs further validation in the future. In the 12 clones studied, there was a trade-off between
potential biomass yield and susceptibility to browsing damage, suggesting that the importance of
preventing deer browsing to obtain adequate biomass yield in an SRC willow plantation.
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Table S1. Akaike’s Information Criterions (AICs) of the generalized linear models predict willow yield with deer
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Abstract: Because they generate more wood per area and time, short rotation plantations are likely
to play an increasing role in meeting the global increase in the demand for wood fiber. To be
successful, high-yield plantations require costly intensive silviculture regimes to ensure the survival
and maximize yields. While hybrid poplar (Populus spp.) is frequently used in intensive, short rotation
forestry, it is particularly sensitive to competition and resource levels. Mechanical site preparation
is thus of great importance to create microsites that provide sufficient light levels and adequate
soil water and nutrient availability. We conducted an experiment in Québec (Canada) to compare
two intensive site preparation treatments commonly used to establish hybrid poplar. We compared
the effects of double-blade site preparation (V-blade), mounding and a control on hybrid poplar
growth and nutritional status four growing seasons after planting on recently harvested forested sites.
We also evaluated the effects of site preparation and planted poplar on inorganic soil N. Our results
confirmed general positive effects of site preparation on the early growth of hybrid poplar clones.
After four growing seasons, survival was higher in the mounding treatment (99%) than in the V-blade
(91%) and the control (48%). Saplings planted in the V-blade and in the mounding treatments had
mean diameters that were respectively 91% and 155% larger than saplings planted in the control plots.
Saplings were 68% taller in the mounding treatment than the control plots, but differences between
the V-blade and controls were not significant. We did not detect significant effects of site preparation
or the presence of planted hybrid poplar on soil inorganic N. Sapling foliar nutrient concentrations
were not influenced by the site preparation treatments. Based on these results, mounding appears
to be a good management approach to establish hybrid poplar plantations under the ecological
conditions we have studied, as it is less likely to cause erosion because of the localized nature of
the treatment. However, these environmental benefits need to be balanced against economic and
social considerations.

Keywords: intensive silviculture; Populus maximowiczii × P. deltoides × P. trichocarpa; fast-growing tree
species; severe soil disturbance; foliar nutrition; soil inorganic N
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1. Introduction

Fast-growing plantations established using performant plant material and managed over short
rotations are increasingly being considered as a solution to meet the global increase in the demand
for wood fiber. Moreover, when integrated into functional zoning, high-yield plantations contribute
to offsetting timber production losses related to extensive management and conservation areas [1].
They also provide an opportunity to produce wood fiber over shorter periods of time than in natural
forests or less intensively-managed plantations, thus reducing the time crop trees are exposed to biotic
and abiotic risk factors. The annual increase in area of planted forests worldwide was 1.2% between
2010–2015, which is half of the rate estimated to be needed to meet the six billion cubic meters of the
global wood demand in 2050 [2,3].

To be successful and meet their production objectives, high-yield plantations require intensive
silviculture regimes to ensure the survival and maximize the growth of planted seedlings.
After harvesting of boreal and sub-boreal forest ecosystems, thick soil organic horizons and competition
for resources by fast-growing herb and shrub species limit root growth of planted seedlings or cuttings
and jeopardize successful establishment [4]. Mechanical site preparation is thus frequently used to
create a sufficient number of suitable planting microsites that provide adequate light levels as well as
proper soil water and nutrient availability, while limiting waterlogged conditions [5]. Hybrid poplar
(Populus spp.) is frequently used in intensive, short rotation forestry [6–12]; this species offers fast
growth rates and high productivity [13]. However, adequate site preparation is mandatory to ensure
survival and promote early growth, as the species is particularly sensitive to competition and resource
levels [14,15].

We conducted an experiment in Québec, a Canadian province characterized by the abundance of its
forest resources, which extend over 760,000 km2 and represent 2% of the world’s forests. With 40% of the
world’s certified forest area within its border, Canada has the largest area of third-party independently
certified forests in the world [16], and provincial forest acts, including the one in force in Québec, are
based on the principles of sustainable forest management [17]. Forestry activities must thus protect
ecosystem functions. For example, management activities have to ensure that site productivity is
maintained over the long-term with minimal or no impacts on soil and water quality, even under
intensive silviculture regimes. Additionally, in Québec, herbicide use is restricted on private lands
and prohibited on public lands [18], which creates a further challenge for the establishment of hybrid
poplar, a species known to be highly sensitive to root competition [19].

In this context, we compared two intensive mechanical site preparation treatments commonly
used to establish hybrid poplar in Québec, namely double-blade site preparation and mounding.
Blading creates series of ~3 m-wide furrows oriented parallel to each other, in which the mineral soil is
entirely exposed. This technique displaces a large volume of soil and reduces competing vegetation but
might negatively affect soil physical and microbial characteristics [20] and favor N leaching from the
site. Mounding, on the other hand, creates ~0.7 m3 mounds composed of bare mineral soil deposited
on top of inverted organic material; mounds are dispersed on the site, approx. 3 m from each other.
This technique generates greater cost than blading (~1500 CAN$ ha−1 for mounding vs. ~1200 CAN$
ha−1 for blading), because it requires more costly equipment and more machine time. Mounding is
generally effective in enhancing soil drainage and aeration and in increasing soil temperature, thus
favoring high survival and early growth of planted seedlings [21,22], including for fast growing species
like hybrid poplar [19]. Although both blading and mounding create a severe soil disturbance at the
microsite scale, blading results in greater site disturbance when considered at the stand scale [23–25].
The use of this technique is thus raising concerns as it can promote soil erosion, especially at the early
stages of plantation establishment [26]. However, because of its fast growth rates and high nutritional
needs, hybrid poplar can significantly influence soil nutrient dynamics [27] and potentially act as a
buffer of site preparation effects on soils.

Our objective was to compare the effects of two site preparation treatments (plus a control) on
hybrid poplar growth and nutritional status four growing seasons after planting on recently harvested
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forested sites. We also compared site preparation and planted poplar effects on inorganic soil N as an
indicator of site potential productivity. We predicted that sapling height and diameter at breast height
would be greater in site prepared plots compared to control conditions, but that blading and mounding
would result in similar sapling dimensions. We however posited that blading would result in lower
concentrations of soil inorganic N, compared to the other treatments, with correspondingly lower foliar
macronutrient concentrations in saplings planted in these plots than in the other treatments. Finally,
we also tested the effect planting hybrid poplar on soil inorganic N, and expected that the presence
of hybrid poplars would have a positive effect on soil inorganic N by buffering out the negative site
preparation impact (significant site preparation × plantation interaction).

2. Materials and Methods

2.1. Study Site and Experimental Design

The experiment was implemented between September 2012 and June 2013 at four sites located
approximately 11 km east of the municipality of Saint-Pascal, Québec (Canada) and 4 km south
of the municipality of Rivière-Bleue, Québec (Canada). More specifically, the four sites were
located at 47◦5048200 N, 69◦6610600 W; 47◦4801800 N, 69◦6539300 W; 47◦4714900 N, 69◦0555400 W;
and 47◦4728400 N, 69◦0535300 W, respectively. The study sites are within the balsam fir (Abies balsamea
L. [Mill])–yellow birch (Betula alleghaniensis Britt.) bioclimatic domain as described in the Québec
ecological classification system [28]. In this region, climate is humid-continental with a mean annual
temperature of 3.1 ◦C (± 0.9 ◦C) and total annual precipitation of 1012 mm (28% fall as snow) [29].
The altitude varies between 240–360 m above sea level. Based on the Canadian System of Soil
Classification [30], soils are Gleysolic Podzols and were formed from a moderate (0.5–1 m) to deep
(>1 m) coarse glacial till deposit (47% sand, 34% silt, 19% clay; pH = 5.2). After harvesting, mesic sites
in this region are typically invaded by fast growing, light demanding shrub and tree species such as
Rubus idaeus L., Prunus pensylvanica L., Acer spicatum Lam., and Populus tremuloides Michx [31].

We established a complete block 3 × 2 split-plot design with four replicated blocks (one block
per site). Each block was divided into three main plots of approx. 700 m2, each of which was
randomly selected to receive one of three site preparation treatments: Two mechanical site preparation
treatments plus a control. The first treatment, performed between September and November 2012,
was a double-blade scarification as described and illustrated in Hébert et al. [24]: A first scarification
pass was executed by a “V-blade” attached in front of a bulldozer that created a 2.7 m wide × 0.47 m
deep furrow that exposed the mineral soil. Then, a second pass with a smaller “V-blade” (back hoe)
mounted on the back of the same bulldozer was done to increase furrow depth at its center. Furrows
were laid out in parallel strips within the plots (Figure 1a). The second treatment was mounding site
preparation performed with a 0.8 m3 bucket mounted on an excavator that dug the soil to collect the
mineral layers. Afterwards, the content of the bucket was inverted next to the hole, and created a 0.3 m
high × 1.5 m wide × 1.5 m long mound (Figure 1b). Mounds were positioned at about 3 m from each
other within each treated main plot. The third main plot of each block was left unprepared to serve as
a control (Figure 1c).

After site preparation, each main plot was divided into two sub-plots, each of which was randomly
selected to be either planted with a hybrid poplar clone or left unplanted. Following provincial
guidelines, we selected a clone of Populus maximowiczii × P. deltoides × P. trichocarpa [32] for plantation
in the selected sub-plots. Planting was performed in May 2013, as described by Hébert et al. [24].
In summary, we planted one-year-old unrooted cuttings of approximately 100 cm in height, 30 cm
deep in the soil at a spacing of approx. 4 m × 3 m (~833 stems ha−1) using a metallic rod to create
a planting hole. In the double-blade scarification treatment, the cuttings were planted at the hinge
position of the scarification furrows [24]. In the mounding treatment, we planted cuttings at the top of
the mound. Based on operational practices in this region, we fertilized all planted cuttings in May 2014
with 460 g of a 15–30–5 NH4–NO3 granular fertilizer, within a radius of 50 cm around the cutting base.
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Granular fertilizer was also applied in the unplanted sub-plots so that the presence of hybrid poplars
was the only factor differentiating the planted from the unplanted treatment. The resulting design was
a 3 × 2 split-plot with three levels of site preparation (V-blade, Mounding, Control), and two levels of
plantation (with plantation, without plantation), replicated four times (i.e., on four different sites).Forests 2020, 11, x FOR PEER REVIEW 4 of 10 
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Figure 1. Example of main plots with the site preparation treatments that were tested in the study.
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Mounding site preparation consisted in 0.3 m high × 1.5 m wide × 1.5 m long inverted mounds adjacent
to the holes created by the excavator (b). Control plots consisted in unprepared soil conditions (c).

2.2. Sapling Measurements

Cuttings were identified and mapped following planting. In September 2016, we measured
diameter at breast height (DBH, at 1.3 m) of all saplings, and measured total height on trees selected
for foliar analyses (see below). We assessed tree survival based on initial measurements.

2.3. Foliar and Soil Nutrients

In each planted sub-plot of every block, we selected five planted trees for foliar sampling in
September 2016 (end of the fourth growing season since planting). The selected trees were located in
the four corners and near the centre of the sub-plot, respecting a buffer of one planted tree from the
sub-plot borders. On each selected tree, we collected 10 leaves that we grouped to form one composite
sample per tree. Leaves were collected randomly from the base of the tree crown up to a maximum
height of about 2 m. Samples were kept cold until further analyzes. They were then oven-dried at 60 ◦C
and ground to pass a 0.5 mm mesh. Using 200 mg sub-samples, we analyzed concentration of total N
through direct combustion at 1350 ◦C and analysis using a TruMac CN Elemental Analyzer (LECO
Corporation, St-Joseph, MI, USA). We used sub-samples of 90–110 mg for H2SO4–H2O2 digestion [33]
(6 mL 18 M H2SO4; 4 mL 9.8 M H2O2), and measured P, K, Ca, and Mg concentrations by inductively
coupled plasma analysis (Thermo Jarrel-Ash-ICAP 61E, Thermo Fisher Scientific, Waltham, MA, USA).
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In each sub-plot, we collected four soil cores at the end of the 2016 growing season using a
4.8 cm diameter metal cylinder inserted down to the first 15 cm of mineral soil. In planted sub-plots,
sampling spots were located at the base of the four corner-saplings that were sampled for foliar analyses.
In unplanted sub-plots, we collected samples in the four corners in microsites that would have been
adequate for planting. Soil samples were dried to 5% mass based moisture content and sieved at 2 mm.
Five grams of soil (±0.02 g) were extracted with 50 mL 2M KCl solution [34] and inorganic N (NH4–N
and NO3–N) was analysed by spectrophotometry (QuikChem R8500 Series 2, Lachat Instruments,
Milwaukee, WI, USA) after 30 min. agitation and filtration.

2.4. Statistical Analyses

Data regarding DBH, height and foliar nutrients were analyzed using linear mixed models with
site preparation as a fixed effect and the block as a random effect following a fully randomized block
design. Results regarding inorganic soil N were analyzed using a linear mixed model with site
preparation, plantation, and site preparation × plantation interaction as fixed effects and the block as a
random effect following a split-plot design. An α threshold of 0.05 was used to identify significant
effects. Normality and homoscedasticity were verified for all data using visual distribution of data and
by analysis of residues. Natural logarithmic transformations were made when necessary. Comparisons
between site preparation treatments were assessed with Tukey’s a posteriori mean comparison tests.
All statistical analyses were performed with the nlme and emmeans packages of R, version 3.5.3 [35–37].

3. Results

We found a significant effect of treatments on height and DBH as measured 4 growing seasons
after planting (p ≤ 0.006; Figure 2). Saplings were 68% taller in the mounding treatment than the
control plots (p = 0.005), but height in V-blade treated plots was not different from height in control
conditions (p = 0.116; Figure 2a). Sapling height was statistically equivalent in plots treated with
mounding and V-blade (p = 0.065). Saplings in the V-blade and in the mounding treated plots had a
DBH that was respectively 91% and 155% larger than saplings planted in the control plots (p ≤ 0.021;
Figure 2b). DBH was equivalent between the mounding and V-blade treatments (p = 0.195). Survival
was higher in the mounding (99%), compared to 91% in the V-blade and 48% in the control treatments.Forests 2020, 11, x FOR PEER REVIEW 6 of 10 
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a Presented as F (numerator degrees of freedom, denominator degrees of freedom). b p-values for the random 
block effect varied from <0.001 to 0.048, depending on variables. 
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Our results confirm the global positive effects of site preparation on the survival and the early 
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competition by vegetation after planting, especially on forested sites [15,18]. Previous studies in 
temperate and boreal regions have reported positive effects of mechanical site preparation on species 
like Populus spp., Pine spp., and Picea spp. [38–41]. The objective of mechanical site preparation is to 
create adequate microsites for seedling rooting and early growth. Soil disturbance affects substrate 
temperature, moisture and density (porosity), and ultimately nutrient availability and light exposure 
([20] and references therein). The advantages of mounding over blading might be related to the 
microtopography created by the treatment. Mounding is not recommended on drought-prone sites 
because mounds are susceptible to drying, which might compromise cutting survival, particularly 
during the first season after planting. However, soil elevation creates a well-drained, aerated and 
uncompact substrate that provides better rooting conditions, an advantage given the high annual 
precipitation regime in our study region (1012 mm). On the other hand, cuttings planted in furrows 
created by blading might suffer from soil water saturation and root hypoxia, particularly if the water 
table is high [39,42]. Site preparation can indeed modify rooting patterns; root distribution is more 
even on mounds than in furrows created by disc trenching [43]. 

Site preparation such as soil inversion or ploughing has been reported to increase [18,44] or 
decrease [45,46] soil N pool or mineralized N concentration. In our study, conducted on relatively 
rich boreal mixedwood sites of Eastern Canada, we did not measure any significant effect of site 
preparation on soil inorganic N. Similarly, sapling foliar nutrient concentrations were not influenced by 

Figure 2. Effects of mechanical site preparation treatments on hybrid poplar sapling height (a) and
diameter at breast height (DBH) (b) after four growing seasons, along with results from the linear
mixed models (values in parentheses are the numerator and denominator degrees of freedom). p-value
for the random block effect was <0.001 for both variables. For a given variable, values with similar
letters are not significantly different at α = 0.05 based on Tukey HSD pairwise comparisons. Data are
presented as means ± standard error.

None of the foliar nutrient concentrations differed between site preparation treatments four
growing seasons after planting (Table 1). Soil inorganic N was equivalent between site preparation
treatments and was not influenced by the presence/absence of planted hybrid poplars (Table 1).
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Table 1. Synthesis of the linear mixed model results for hybrid poplar foliar nutrition and soil inorganic
N, as measured four growing seasons after planting.

Variable Mean (SE)
Site Preparation (SP) Plantation (P) SP × P

F (2,6) a p-Value b F (1,9) a p-Value b F (2,9) a p-Value b

Foliar N (g·kg−1) 12.4 ± 0.7 3.2 0.112 – – – –
Foliar P (g·kg−1) 2.0 ± 0.2 4.7 0.058 – – – –
Foliar K (g·kg−1) 15.3 ± 10.3 0.0 0.993 – – – –
Foliar Ca (g·kg−1) 14.0 ± 2.3 2.3 0.183 – – – –
Foliar Mg (g·kg−1) 2.2 ± 0.4 0.2 0.815 – – – –

Soil inorganic N (mg·kg−1) 3.1 ± 0.2 2.6 0.155 3.9 0.080 2.6 0.132
a Presented as F (numerator degrees of freedom, denominator degrees of freedom). b p-values for the random block effect
varied from < 0.001 to 0.048, depending on variables.

4. Discussion

Our results confirm the global positive effects of site preparation on the survival and the early
growth of hybrid poplar clones, a fast growing species that is sensitive to nutrient deficiencies and
competition by vegetation after planting, especially on forested sites [15,18]. Previous studies in
temperate and boreal regions have reported positive effects of mechanical site preparation on species
like Populus spp., Pine spp., and Picea spp. [38–41]. The objective of mechanical site preparation is to
create adequate microsites for seedling rooting and early growth. Soil disturbance affects substrate
temperature, moisture and density (porosity), and ultimately nutrient availability and light exposure
([20] and references therein). The advantages of mounding over blading might be related to the
microtopography created by the treatment. Mounding is not recommended on drought-prone sites
because mounds are susceptible to drying, which might compromise cutting survival, particularly
during the first season after planting. However, soil elevation creates a well-drained, aerated and
uncompact substrate that provides better rooting conditions, an advantage given the high annual
precipitation regime in our study region (1012 mm). On the other hand, cuttings planted in furrows
created by blading might suffer from soil water saturation and root hypoxia, particularly if the water
table is high [39,42]. Site preparation can indeed modify rooting patterns; root distribution is more
even on mounds than in furrows created by disc trenching [43].

Site preparation such as soil inversion or ploughing has been reported to increase [18,44] or
decrease [45,46] soil N pool or mineralized N concentration. In our study, conducted on relatively
rich boreal mixedwood sites of Eastern Canada, we did not measure any significant effect of site
preparation on soil inorganic N. Similarly, sapling foliar nutrient concentrations were not influenced
by the treatments either, although foliar nutrient concentrations suggest that N is below the optimum
range while other nutrients appeared to be near the optimum [47]. The effects of site preparation are
highly dependent on soil characteristics, including management history, surficial deposit and climate.
Benefits from site preparation on nutrient availability and subsequently, on planted cutting nutritional
status, are less likely to occur on sites with thin humus relative to boreal forest sites with thick humus
layers [48,49]. We expected that the presence of hybrid poplar would, by itself, influence soil inorganic
N. Indeed, because of the quality of its litter, the presence of Populus tremuloides in boreal stands has
been shown to improve cation exchangeable capacity and pH of the forest floor [50]. We posit that
we have not detected these effects on the sites we have studied because litter input is still too low
to influence soil physical and chemical properties and because tree growth appears to be mainly N
limited. Longer-term monitoring of the planted/unplanted plots of this experiment will allow testing
the impacts of hybrid poplar on soil properties and disentangle them from those of site preparation.

5. Conclusions

Both of the mechanical site preparation treatments we have tested in this study significantly increased
the radial growth of planted hybrid poplar, but only mounding had a significant effect on sapling height
growth relative to control conditions. These effects could not be explained by improved soil nutrient
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availability or foliar nutritional status and might be the results of improved root growth, water status or
abiotic or biotic interactions not studied here. Based on these results, mounding, with a higher survival
rate, appears as a good management approach to establish hybrid poplar plantations under the ecological
conditions studied here. Although the differences with V-blading were small in terms of sapling growth,
mounding is less likely to cause erosion and nutrient lixiviation than blading because of the localized
nature of the treatment. These environmental benefits need, however, to be balanced against economic and
social considerations in the context of sustainable forest management. For example, apart for being more
costly, the mounding treatment creates a rough microtopography that can be a challenge for vegetation
management operations using motor-manual brushsaws as an alternative to chemical herbicides [51],
contrary to V-blading that creates regular corridors in which workers can easily circulate.
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Abstract: This study aims to quantify the potential contribution of nutrients derived from leaf
litter in a short rotation coppice plantation which includes monocultures of the species Populus alba
(PA) and Robina pseudoacacia (RP) as well as a mixture of 50PA:50RP, in the middle of the rotation.
The P. alba monoculture was that which provided the most leaf litter (3.37 mg ha−1 yr−1), followed by the
50PA:50RP mixture (2.82 mg ha−1 yr−1) and finally the R. pseudoacacia monoculture (2.55 mg ha−1 yr−1).
In addition to producing more litterfall, leaves were shed later in the P. alba monoculture later
(December) than in the R. pseudoacacia monoculture (October) or the mix (throughout the fall).
In terms of macronutrient supply per hectare, the contributions derived from leaf litter were higher
for K, P and Mg in the case of P. alba and for N in R. pseudoacacia, the mix presenting the highest Ca
content and intermediate concentrations for the rest of the nutrients. In addition, other factors such
as C:N or N:MO ratios, as well as the specific characteristics of the soil, can have an important impact
on the final contribution of these inputs. The carbon contribution derived from leaf fall was higher in
the P. alba monoculture (1.5 mg ha−1 yr−1), intermediate in the mixed plot (1.3 mg ha−1 yr−1) and
slightly lower for the R. pseudoacacia monoculture (1.3 mg ha−1 yr−1). Given these different strategies
of monocultures with regard to the dynamism of the main nutrients, species mixing would appear to
be suitable option to achieve a potential reduction in mineral fertilization in these plantations.

Keywords: short rotation coppice (SRC); biomass; white poplar; black locust; monocultures; mixture;
leaf litter

1. Introduction

Forest plantations of fast-growing species under a short rotation coppice system (SRC) can
contribute to the supply of biomass for use in bioenergy and bioproducts within the context of the
bioeconomy [1]. Salicaceae (poplars and willows) are suitable species for this purpose due to their
high productivity, ease of vegetative multiplication and ample availability of genetic material [2],
resulting in crops of this family of genotypes being common in many areas of the world [3]. To a lesser
extent, other species have been considered for SRC [4,5]. Among the latter, Robinia pseudoacacia L.,
of de Fabaceae family, is also a fast-growing species, with a certain degree of drought tolerance, capable
of sprouting from the stumps and with a high nitrogen fixing capacity [6]. For these reasons, Robinia is
considered suitable for cultivation in SRC in some areas of Europe [7,8], although it is also considered
an invasive species introduced into Europe in the 17th century [9].

Most SRC plantations are established as monocultures with a single species, although the possibility
of mixed stands has also been explored [10–12]. Mixed plantations, in addition to increasing genetic
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variability and favoring tolerance to certain stresses, can also provide productive benefits based on
complementary or facilitation strategies [13].

One of the main internal flows of the continuous vegetation–soil–fauna dynamic in forestry
or agroforestry ecosystems is leaf litter, the subsequent decomposition process, and the consequent
incorporation of organic matter and nutrients, needed for growth, into the soil [14–16]. Leaf litter is
therefore part of a key mechanism of recycling and redistribution of nutrients. Litterfall quantification
allows the potentiality as regards the degree of annual return of nutrients to the soil to be assessed.
The quantity of litterfall will depend on different factors such as the genotype, the climatic factors such
as temperature and light, fertility and degree of soil moisture, type of management or age of the plot,
among others [17–20].

In plantations with fast-growing species, the leaf litter plays an important role within the nutrient
cycle, allowing the replacement of a high percentage of mineral nutrients to the soil [21–24]. Soil fertility
and nutrient recycling is one of the main concerns in relation to sustainability [25] and the assessment
of forest plantations on agricultural soils is therefore pertinent. In the specific case of deciduous
Populus spp., it is estimated that around 88% of N, 83% P and 78% K are returned through leaf litter in
mature plantations [26]. Other authors, however, report lower return rates of between 20 and 40%
and suggest that the rate depends highly on the genotype [27]. In general, nutrient cycling in poplar
stands is considered efficient, with no significant loss of nutrients according to Meiresonne et al. [28]
and returns via leaf litter are also often rich in basic cations [29,30]. Data on these nutrient returns in
the specific case of poplar growing in short rotation coppice point to between 60–80% of the nutrients
absorbed being returned annually through litterfall [31]. However, in SRC plantations with another
fast-growing species such as eucalyptus, Guo et al. [32] reported rates of return of around 24% for N,
although in this case it is an evergreen species.

Leaf litter decomposition rate is also important for determining how nutrients enter the soil
and will also determine the amount of organic matter which accumulates. This rate is controlled by
both biotic and abiotic factors, with the chemical composition of the leaf litter (especially N and P
concentration and C:N ratio) being one of the main influencing factors [33–35]. The variability of the
chemical composition of the leaf litter will be determined, among other factors, by the efficiency of the
reabsorption and relocation of nutrients at species level and by their interspecific variation [36].

Additionally, to quantify the contribution of SRC to carbon content it is necessary to determine
the sources of variation in C concentration and to address potential sequestration in these farming
systems [37]. In recent years, studies have pointed to the high potential contribution of plantations
with fast-growing species to the global carbon budget [38,39]. Moreover, such plantations have been
proposed as part of a strategy to mitigate global warming in the short term [40,41].

In forest plantations with fast-growing species, and specifically in the case of high density,
short rotation plantations for biomass production, this evaluation is necessary not only to promote
more sustainable management, but also in order to value the ecosystem services associated with them.
Furthermore, it is necessary to evaluate the potential adverse effects on forest soils associated with
the implementation of intensive plantations [42–44] on highly managed agricultural land, since these
plantations are established on this type of land in many countries. Hence, the aims of this work are
(i) to quantify the annual production of leaf litter and its composition in pure and mixed plots of
high density, short rotation coppice (SRC) under Mediterranean conditions; and (ii) to determine the
nutrient dynamics in this type of plantation and the potential impact on the soil. We hypothesized that
mixed plantations improve the quality of the leaf litter with respect to monocultures, and consequently
increase soil fertility.
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2. Material and Methods

2.1. Study Area

The experimental plantation is located in the center of the Iberian Peninsula (40◦28′ N, 3◦22′ W)
at an elevation of 595 m, average mean temperature 15.3 ◦C (mean absolute maximum 28.8 ◦C and
mean absolute minimum of 3.1 ◦C), with annual precipitation of 281 mm. The main edaphic features
are detailed in Table 1.

Table 1. Average values ± standard deviation of physical-chemical parameters and concentrations of
assimilable Phosphorus and interchangeable elements (Potassium, Calcium, Magnesium and Sodium)
on the surface horizon of the soil (0–30 cm).

Parameters Before Plantation

Texture Sandy-loam
pH H2O 8.65 ± 0.10

EC mS cm−1 0.59 ± 0.24
Carbonates % 10.08 ± 1.00

N g kg−1 0.81 ± 0.08
OM % 0.68 ± 0.08
C:N 23.77 ± 1.97

P mg kg−1 <4
K cmol kg−1 0.30 ± 0.05
Ca cmol kg−1 38.71 ± 0.87
Mg cmol kg−1 4.71 ± 0.44
Na cmol kg−1 0.73 ± 0.30

Granulometric analysis was recorded by the Bouyoucus method; The pH and electrical conductivity (EC) was
potentiometrically determined; Total nitrogen (N) was calculated according to Kjeldahl modified method; the soil
organic matter (OM) was calculated by Walkley–Black method; carbonates was calculated according to Bernard
calcimeter method; assimilable P was calculated according to Olsen; and the concentrations of exchangeable Ca, Mg,
Na and K were determined by extracting with ammonium acetate (1N) and subsequently analyzing using ICP-OES
(Optima 5300 DV, Perkin-Elmer, Massachusetts, MA, USA).

The plantation was established in 2012 with the aim of evaluating biomass yield under different
species compositions. Different mixing ratios of two fast-growing species were tested under a
high-density (10,000 trees ha−1, spacing 2.5 m × 0.40 m) short rotation coppice system. The two species
were Populus alba L., genotype ‘111PK’, and Robinia pseudoacacia L., genotype ‘Nyirsegy’, and the trial
included P. alba monoculture (PA), R. pseudoacacia monoculture (RP) and a mixture of both at a ratio of
50PA:50RP. The 50PA:50RP mix of both species was done tree by tree within the row and between rows.
The figure design and the results of this research are described in Oliveira et al. [12]. The plantation
was established using stem cuttings (unrooted in the case of P. alba and rooted for R. pseudoacacia)
having followed the standard soil preparation procedure described for SRC plantations [45]. Since the
Mediterranean climate is characterized by severe summer drought, the plantation was irrigated from
June to September using a drip application system. No fertilization treatment was applied.

The experimental design included three blocks, each containing the P. alba and R. pseudoacacia
monocultures as well as the 50PA:50RP mix of both species. Each block and plot contained 64 trees in
total. Further details on the experimental design are given in Oliveira et al. [12].

2.2. Litterfall Collection

Litterfall samples were collected from September to December in the 1st vegetative period of the
2nd rotation (R4S1, where R is the root age and S is the stool age), being the value of basal area of basal
diameters (BA) and the height (H) of the species the following: the P. alba monoculture (BA = 23.94 cm2

and H = 5.46 m); the R. pseudoacacia monoculture (BA = 11.73 cm2 and H = 3.92 m) and the mix
(BA = 20.75 cm2 and H = 4.89 m for PA and BA = 14.80 cm2 and H = 4.50 m for RP). Twelve litterfall
traps (perforated plastic boxes with a surface area of 0.17 m2 and a height of 23 cm) were randomly
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placed in the rows of each block and plot and within the row, equidistant between two trees. The final
number of traps was thirty-six.

The monthly accumulated litterfall was taken to the laboratory where leaves were separated
from the rest, which included twigs, bark, seeds, shoots, and other released components. The leaves
were then dried at 65 ◦C to constant weight and finally weighed. The leaf litter contribution in each
subplot was calculated by adding the results for the different traps. The calculation per unit area was
performed by dividing the sum of the total dry weight of the different fractions by the area of the trap,
extrapolating the result obtained to one hectare. The unit to express the contribution of leaf litter is
therefore mg ha−1 yr−1 in dry matter.

Prior to the abscission of the leaf (end of August), when it was probable that the translocation of
nutrients from the leaves to the reserve organs had not yet begun [2,46], fresh green leaves were collected
from the trees in the same blocks and plots where the traps had been placed for further analysis.

2.3. Foliar Nutrient Analysis

The following analyses were performed on both the green leaves and senescent leaves collected
over 3 months: Total C and N by dry combustion using an elemental analyzer (CNS-2000, LECO,
St Joseph, MI, USA); and P, K, Ca and Mg were determined by optical emission spectroscopy using
ICP-OES (Optima 5300 DV, Perkin-Elmer, Massachusetts, MA, USA) after wet digestion of the sample
with nitric acid in a closed microwave system (Ethos plus, Milestone, Sorisole, Italy).

The percentage of nutrient resorption efficiency (NRE; hereafter retranslocation) between the two
types of leaves (green and senescent) was calculated according to the following Equation [47]:

NRE = (Nugreen − Nusenescent)/Nugreen × 100 (1)

where Nugreen is the nutrient concentration in the green leaf and Nusenescent is the concentration in
senescent leaf.

The nutrient use efficiency index was determined according to Vitousek [48], through the
relationship between dry mass and nutrient concentration ratio of leaf litter.

2.4. Data Analysis

A multivariate analysis of variance was performed to assess the effect of the treatments (plot type
and sampling time) on leaf litter production and the chemical composition. A one-way ANOVA was
performed when evaluating the effect of a single factor. Fisher’s Least Significant Difference (LSD) test
was used to establish those means that are significantly different.

A non-parametric analysis was performed when the assumptions of the one-way ANOVA test
were not met, using the Kruskal–Wallis test in these cases.

We worked with weighted annual averages according to weight fraction at subplot level when
analyzing data related to leaf nutrients due to the variability in both concentration and input over the
sampling period. The software package used was the R statistical program.

3. Results and Discussion

3.1. Leaf Litter Supply

The most representative fraction of litterfall in all plots of the plantation (both monocultures and
50PA:50RP mixture) corresponded to leaves (around 98%); therefore, we will refer to this component
from now on, with leaf litter being understood as all the leaves falling into the litterfall traps. However,
according to Medina-Villar et al. [49], the leaf percentages for both species growing in the riparian
ecosystem were lower (69%), probably because the litterfall trap contents comprised the entire annuity.

Leaf detachment in deciduous species mainly takes place throughout the fall. Abscission can
occur at any time during this period, depending on various factors such as weather and edaphic
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conditions (water stress and soil fertility) but also on the species [50]. In our study, under the same soil
and climate conditions, the maximum leaf litter values for the P. alba monoculture were reached in
December, while leaf shedding in the R. pseudoacacia monoculture occurred earlier, reaching maximum
values in October (Figure 1). This fact is in accordance with observed differences in phenology,
as winter buds are formed earlier in R. pseudoacacia (early September) and later in P. alba (late October).
This finding has previously been reported by Medina-Villar et al. [49] for natural stands in a study area
proximate to that of the present study and supports previous findings by González-Muñoz et al. [51]
and Castro-Díez et al. [52]. Furthermore, it may be attributable to differences in the strategies for
minimizing the energy expenditure required to keep tissues alive when the temperatures fall [53].
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Since a greater amount of the leaves in the total leaf litter of the mixture corresponded to P. alba
(60 % PA to 40% RP) (Figure 2), and as this species sheds most of its leaves in December (82%), this was
the month in which leaf litter in the mixture reached a maximum.
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The total leaf litter expressed in Mg per hectare in the different plots is shown in Table 2. Although
the amounts of leaf litter among plots were not significantly different (p-value = 0.2160), the annual
inflow of leaves was more than 20% higher in the P. alba monoculture compared to R. pseudoacacia
and the 50PA:50RP mixture. This trend contrasts with that described by Medina-Villar et al. [49],
who reported greater leaf litter for R. pseudoacacia and pointed to generally higher growth rates due to
the invasive character of this species compared to native species [51,52]. These conflicting findings
may be due to the rapid growth rate of the P. alba genotype in our case compared to R. pseudoacacia
over two rotations of 3 years [12,54,55].

Table 2. Leaf litter total annual weight in P. alba or R. pseudoacacia monocultures and 50PA:50RP
mixture plantations.

Plots
Leaf Litterfall

(mg ha−1 yr−1)

P. alba monoculture 3.37 ± 0.79
50PA:50RP mixture 2.82 ± 0.37

R. pseudoacacia monoculture 2.55 ± 0.16

In contrast, the leaf litter production recorded in the P. alba monoculture (3.37 mg ha−1 yr−1) was
similar to that obtained by Guenon et al. [56], who reported 3.1 mg ha−1 yr−1 in SRC plantations
of Populus deltoides × P. nigra, although in that case the planting density was lower (7200 tree ha−1).
However, other authors have reported higher values for the same species growing in SRC plantations
(5.3 mg ha−1 yr−1) [57]. The amount of leaf litter was much lower for both species (0.77 mg ha−1 yr−1

in P. alba and 1.02 mg ha−1 yr−1 in R. pseudoacacia) in the riparian ecosystems described by
Medina-Villar et al. [49], which is probably because of the lower tree density and the lower growth rate.
The leaf litter in R. pseudoacacia plantations found by Tateno et al. [58] was around 3.8 mg ha−1 yr−1,
which is higher than the amounts obtained in the present study (2.55 mg ha−1 yr−1), despite having a
lower planting density. In the mixed plantation, leaf litter accounted for 2.82 mg ha−1 yr−1, with this
value being between that of the two monocultures although closer to that for the R. pseudoacacia
monoculture, despite the greater contribution P. alba leaves.

3.2. Foliar Nutrient Concentration and Retranslocation Rate in Green Leaves and Senescent Leaves

3.2.1. Macronutrients and C

Leaf N concentration was significantly higher in green leaves compared to senescent leaves in
all test plots (p-value = 0.0002 for PA; p-value = 0.0001 for 50PA:50RP and p-value = 0.0004 for RP)
(Figure 3). This result was expected, since nitrogen resorption from senescent leaves at the end of the
growing season is a key function in plants [59].

In green leaves, the concentration of N did not differ significantly between the different plots
(p-value = 0.217). However, in absolute terms, the N concentration was higher in the R. pseudoacacia
monoculture, the values for the mixed plantation being intermediate and the lowest values being those
for P. alba, although still greater than 25 g kg−1, which is considered the threshold for nutrient-demanding
broadleaves [60]. A higher concentration of N in the green leaves of a P. deltoides L.—Alnus glutinosa (L).
Gaertn mixture in comparison to the monoculture of P. deltoides was also observed by Koupar et al. [61].

The N efficiency index showed non-significant differences (p-value = 0.0582), although a higher
mean efficiency value was observed for P. alba (357.36) in relation to that of R. pseudoacacia (171.38).
The 50PA:50RP mixture showed an intermediate ratio (240.27) that did not differ significantly from
monocultures. The low efficiency of R. pseudoacacia, which may be attributable to its N2-fixing character,
has been previously reported by González -Muñoz et al. [51].

The average concentration of N in senescent leaves was also significantly higher in the
R. pseudoacacia monoculture and the 50PA:50RP mixture in comparison to the P. alba monoculture
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(p-value = 0.0258), with the 50PA:50RP mixture presenting intermediate concentrations (Figure 3).
The concentrations detected in senescent leaves are in line with those described by Lee et al. [62] for
R. pseudoacacia leaf litter (19.9 g kg−1), Cotrufo et al. [57] in relation to P. alba (9.6 g kg−1) or Das and
Chaturvedi [26] for P. deltoides (11.4 g kg−1). Similar trends, although with notably higher concentrations,
are mentioned by Medina-Villar et al. [49]. However, Koupar et al. [61] found higher concentrations of
N in senescent leaves in mixed Populus and Alnus plantations than in their respective monocultures.
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Figure 3. Weighted annual averages according to weight fraction and their standard deviation for
macronutrients and C in green and senescent leaves of P. alba (PA) and R. pseudoacacia (RP) monocultures
and 50PA:50RP mixture. The significance between plot types for green leaves, and also for senescent
leaves, is shown by letters; and the significance between green and senescent leaves within the same
plot (PA, 50PA:50RP and RP respectively) is shown with asterisks. Both letters and asterisks are only
shown when significant differences were found.

Similarly, in relation to P, the concentration in green leaves was significantly higher than in senescent
leaves in all plots (p-value < 0.0001 for PA; p-value = 0.0091 for 50PA:50RP; and p-value = 0.0002 for RP)
(Figure 3). In the case of green leaves (50PA:50RP mixture and monocultures) no significant differences
among species were observed for P concentration (p-value = 0.6340), although absolute values were
higher in P. alba. In senescent leaves, no significant differences were detected (p-value = 0.613),
the highest concentrations corresponding to the 50PA:50RP mixture and the lowest to the R. pseudoacacia
monoculture (Figure 3).

There were no significant differences in P use efficiency (p-value = 0.2881), with P. alba presenting the
highest absolute value (6801), followed by R. pseudoacacia (5585) and finally the mixed plantation (5078).

In this study, the P concentrations in senescent leaves were lower than those detected in other
studies. Lee et al. [62] obtained mean values of 0.63 g kg−1 in R. pseudoacacia or ranges from 1.14 g kg−1

to 1.37 g kg−1 in Populus spp. [26,63].
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The stoichiometric N:P ratio in green leaves, widely used as an indicator of probable N:P deficiency,
showed values above 16 in our study, which is the upper threshold identified by Aerts and Chapin [64]
to indicate P deficiency, meaning that both species are far from displaying N deficiency. The leaves in
our plots showed ratios close to normality in the P. alba monoculture (17.02). However, this proportion
was 19.67 in the 50PA:50RP mixture and 21.34 in the case of the R. pseudoacacia monoculture, which could
imply a progressive loss of fertility as regards P in these soils, since the leaf decomposition provides
the main supply of this nutrient [65,66].

N2-fixing species such as R. pseudoacacia may have more demand for P than non-fixing species
and this element may be the most limiting for its growth [62]. Cao and Chen [67] also reported that P
was more limiting than N for mature R. pseudoacacia plantations.

Regarding K concentration, even though the concentration in green leaves is always higher than
that of senescent leaves in absolute terms, significant differences were only found in the R. pseudoacacia
monoculture (p-value = 0.0004) (Figure 3), whereas no significant differences were found in the P. alba
monoculture (p-value = 0.08) or the 50PA:50RP mixture (p-value = 0.132). No significant differences
were detected among the plots (monocultures and 50PA:50RP mixture) (green leaves: p-value = 0.352;
and senescent leaves: p-value = 0.311). This may be because K is a highly mobile element, both in
plants and in the soil [68], which is reflected in a high variability of the concentration detected in the
leaves in all plots.

K concentration in senescent leaves reported in the literature for Populus spp. ranges widely from
1.2 to 10.8 g kg−1 [26,27,63,69,70], the K concentration found in this study presenting intermediate
values. Less information appears to be available for K concentration in senescent R. pseudoacacia leaves,
although Lee et al. [62] report levels of around 10.97 g kg−1, which is more than twice our values.

The greater difference in K detected between senescent and green leaves of R. pseudoacacia
(7.22 mg g−1) in comparison to P. alba (3.77 mg g−1) could indicate greater importance of retranslocation
as compared to recirculation via leaf litter.

According to the literature, the optimal range of NPK in green leaves for Populus species is
17–30 g kg−1 for N, 1.0–4.4 g kg−1 for P and 7–20 g kg−1 for K [71–76]. Narrower optimal ranges
are established for site-demanding broadleaved [60] and more specifically for Populus [77] species,
with 18–25 g kg−1 for N, 1.8–3.0 g kg−1 for P and 12–20 g kg−1 for K. The concentrations of N obtained
in the green leaves of all our plots were above the optimal range, while in the case of P, they were
very close to the lower limit. In the case of K, the levels indicate deficiency. Sardans et al. [78] found
green-leaf NPK ranges for P. alba at 41 different study points of 26.8–31.2, 1.96–2.08 and 4.8–26.5 g kg−1

respectively. The values for the P. alba monoculture plots were within this range for N and K in our
study, although in the case of P, the concentrations were lower.

The green-leaf NPK concentration reported by Ozbucak et al. [36] for R. pseudoacacia ranged
from 20.0–44.2, 0.60–2.47 and 2.1–12 g kg−1, the concentrations detected in our plots being within
these ranges. For the same species, Sardans et al. [78] reported N and P ranges within those defined
by Ozbucak et al. [36] (35.2–44.2 and 1.94–2.48 g kg−1, respectively), although much higher for K
(14.3–20.1 g kg−1), the values obtained in this study being below those ranges for P and K, and very
close to the lower limit in the case of N. However, if we take into account the ranges for optimum
nutrition of demanding broadleaves [60,77], the concentrations obtained in this study for R. pseudoacacia
are below the critical levels for P and K. In contrast, in the case of N, the concentrations obtained were
above the optimal range, as expected, since R. pseudoacacia is an N2-fixing species.

The low concentrations of K obtained in green leaves in this study could be due to the antagonistic
relationship between Ca and K, given the high concentrations of interchangeable Ca in the soil
(38.71 cmol kg−1) (Table 1). This could cause less absorption of K by the plant due to a lower presence of
this element in the soil solution as both elements compete for plasma membrane absorption sites [77,79].

As regards Ca, the absolute values of the mean concentrations were higher in senescent leaves
than in green leaves in the monocultures. However, the differences between the two types of leaves
were only significant in the 50PA:50RP mixture (p-value = 0.0877 for PA; p-value = 0.0018 for 50PA:50RP
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and p-value = 0.263 for RP) (Figure 3), which would indicate that a greater amount of Ca is returned
to the soil in the mixed plot in comparison to the monocultures plots. This finding is consistent
with that of Sayyad et al. [80] in pure and mixed stands of Populus deltoides and Alnus subcordata.
The increase in the concentration in the senescent leaf is due to the low mobility of Ca, which is not an
element retranslocated by plants. This low mobility causes Ca to be immobilized once assimilated,
accumulating in structural components of the leaf such as membranes, cell walls and vacuoles [77].
Tzvetkova and Petkova [81] also found that Ca concentrations for R. pseudoacacia increased in the
leaves that fall later.

In senescent leaves, no significant differences were observed between the different plots
(both monocultures and the mixture) (p-value = 0.287), while significant differences were found
in green leaves between the R. pseudoacacia monoculture and both the P. alba monoculture and the
mixture (p-value = 0.0017).

Although no significant differences were detected in the Ca use-efficiency index (p-value = 0.1479),
higher values were observed in the P. alba monoculture (132.87) than in the R. pseudoacacia monoculture
(71.06), with mixed plots presenting an intermediate value (87.18).

In the case of Mg, as for Ca, the concentrations in absolute values were higher in senescent leaves
than in green leaves for the P. alba monoculture and 50PA:50RP plots, these differences being significant
for the mixture (p-value = 0.538 for PA and p-value = 0.0378 for 50PA:50PR) (Figure 3). However,
in the R. pseudoacacia monoculture, despite no significant differences being detected (p-value = 0.437),
the mean concentration of Mg was slightly higher in green leaves than in senescent leaves. This may be
because Mg is an element with partial mobility, which, in addition to its involvement in photosynthesis,
is a cofactor of numerous enzymatic activities, among which is the nitrogenase activity involved in
the fixation of N2 [82], and therefore this N2-fixing species, with a higher photosynthetic activity [83],
may have a greater requirement for this element. Sayyad et al. [80] found no significant differences
in Mg concentrations between green and senescent leaves for the monoculture and Populus and
Alnus mixture plantations. However, in R. pseudoacacia plantations, Tzvetkova and Petkova [81]
observed a slight decrease in Mg concentrations in leaves that fall later, in agreement with our findings
(from 5.15 g kg−1 in October to 2.37 g kg−1 in December).

No significant differences were found in the concentration of Mg between the different plots
either for green leaves (p-value = 0.390) or senescent leaves (p-value = 0.132), although in terms of
absolute values, the mean concentration of Mg was lower in the senescent leaves in the R. pseudoacacia
monoculture. As in this study, Sayyad et al. [80] found lower Mg concentrations, both in green and
senescent leaves in the N2-fixing species.

Harvey and Van den Driessche [63] also reported higher concentrations of Ca and Mg in
senescent leaves than in green leaves for Populus (15.80 and 4.78 g kg−1 vs. 9.65 and 3.14 g kg−1),
these concentrations being lower than those obtained in this study.

Laganière et al. [70] and Yanai et al. [69] found ranges of between 10.8 and 18.9 g kg−1 for Ca and
between 1.8 and 2.7 g kg−1 for Mg in senescent leaves of Populus, both of which are lower than the
amounts found in this study.

In the case of green leaves, Sardans et al. [78] reported a range of between 21.3–48.5 g kg−1 for Ca
and between 1.9–7.2 g kg−1 for Mg in P. alba and Martín-García et al. [84] reported values for the ‘I-214’
genotype of more than 26.4 g kg−1 for Ca and lower than 3.6 g kg−1 for Mg. However, Elferjani [85]
reported values for hybrid poplar genotypes of between 7.9–12 g kg−1 for Ca and 2.0–2.8 g kg−1 for
Mg, these values again being lower than those obtained in this study.

According to the literature, the optimal Ca and Mg in green leaves of Populus species ranges from
3–17 g kg−1 for Ca and 1.4–4.0 g kg−1 for Mg [71–76]. However, Bergmann [77] established narrower
optimal ranges for Populus of 3–15 g kg−1 for Ca and of 2.0–3.0 g kg−1 for Mg. Hence, our Ca values for
Populus are at the upper limit of the optimal range and above the optimal range in the case of Mg.

As regards R. pseudoacacia, Sardans et al. [78] reported concentration ranges in green leaves of
12.3–22.7 g kg−1 for Ca and 2.09–2.69 g kg−1 for Mg, the mean concentrations found in this study being
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above those ranges for both Ca and Mg. With respect to other demanding broadleaved species such as
Fraxinus excelsior, Bergmann [77] established optimal ranges of 3.0–15.0 g kg−1 for Ca and 2.0–4.0 g kg−1

for Mg. As for less demanding broadleaved species such as beech, Stefan et al. [86] established ranges
of 4–8 g kg−1 for Ca and 1–1.5 g kg−1 for Mg. In our study, the R. pseudoacacia monoculture presents
concentrations above the optimal nutritional range.

The high levels of Ca and Mg measured in this study may be due to the high concentrations of these
elements in the exchange complex, which, together with the basic pH, would facilitate the absorption
of these nutrients by the plant (Table 1). To this fact, it should be added that high concentrations of
Mg can be caused by low levels of K according to Kirkby and Mengel [87], a circumstance that would
occur in the studied plantations.

The mean C values in green and senescent leaves were not significantly different between plots
(p-value = 0.863 and p-value = 0.136, respectively) (Figure 3), nor were there significant differences
between green and senescent leaves in the R. pseudoacacia monoculture (p-value = 0.0122 for PA;
p-value = 0.0007 for 50PA:50RP and p-value = 0.0659 for RP). These values were very similar to those
described for senescent poplar leaves by Cotrufo et al. [57] of around 435 g kg−1 or to the C values in
green leaves of R. pseudoacacia reported by Cao and Chen [67] of around 480 g kg−1. Leaves account for
an important fraction soil C contribution [88].

3.2.2. Retranslocation

Regarding retranslocation, as expected, there was a significant reduction in NPK concentrations
in senescent leaves compared to green leaves in all plots, which indicates significant internal recycling
of nutrients. Figure 4 shows the percentage of retranslocation using the weighted annual averages
according to weight fraction value for senescent leaves as there are three harvesting dates.
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Figure 4. Average values and standard deviation of the percentage of efficient retranslocation of
nitrogen, phosphorus and potassium in P. alba (PA) and R. pseudoacacia (RP) monocultures and
50PA:50RP mixture.

The rate of N retranslocation (N-re) was significantly lower in the R. pseudoacacia monoculture
compared to the P. alba monoculture (p-value = 0.05). Higher green leaf nutrient content is normally
assumed to be associated with lower retranslocation efficiency [89,90]. No significant differences
were detected for P and K in the different plots (p-value = 0.5866 and p-value = 0.2521, respectively).
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However, in absolute values, the rate of P retranslocation (P-re) was higher in P. alba and higher for
K-re in R. pseudoacacia. Ozbucak et al. [36] reported similar trends in the retranslocation of P and K in
R. pseudoacacia, but found the opposite for N. The higher rate of P-re (71.36%) with respect to the rate
of N-re (67.87%) in all plots could indicate, as suggested by Ozbucak et al. [36], that P is a limiting
nutrient in the study area. In fact, the values detected in the soil at the time of plantation were below
4 mg kg−1, which would indicate deficiency according to Andrades and Martínez [91].

Aerts [59] states that for deciduous species in general, efficient retranslocation ranges from 40 to
75% in the case of N and from 30 to 70% for P. Hence, the rates of N-re and P-re in the three studied
plots (monocultures and 50PA:50RP mixture) would be within those ranges or proximate to them.
However, in the case of R. pseudoacacia, lower NPK retranslocation values (45, 45 and 60% respectively)
were reported by Ozbucak et al. [36]. According to Salehi et al. [27], NPK in poplar hybrids ranges
were 12–19%, 32–40% and 21–24%, respectively, while Das and Chaturvedi [26] detected higher limits
for P. deltoides of around 52–54%, 40–46% and 46–47% for NPK, respectively. In the present study,
the retranslocation percentage in P. alba was higher than 50% for all nutrients except for K.

This variability in the retranslocation rates could be due to the influence of the physical-chemical
properties of the soil, as well as to the specific nutritional requirements of the plant in the retranslocation
process, as suggested by Fife et al. [92]. Low percentages of retranslocation suggest a less conservative
strategy, which implies a greater dependence on the circulation of nutrients from the soil [93]. In this
study, where the soil has high levels of N, Ca and Mg fertility (Table 1), the retranslocation values
obtained would therefore indicate a more conservative strategy as regards P in both species, as well as
for K in the case of R. pseudoacacia, the plants being less dependent on the nutrient dynamics of the soil.
Moreover, with the soil pH levels found in this study (around 8.65), formation of insoluble CaHPO4

and P fixation could be expected.

3.3. Temporal Variability of Nutrients in Senescent Leaves

Table 3 shows the evolution over time of the NPK, Ca and Mg concentrations over the months
in which leaf shedding occurred. The N concentration of P. alba senescent leaves was greater in
October than in November or December (p-value = 0.0134). However, in R. pseudoacacia, the opposite
trend was observed, with no significant differences being detected (p-value = 0.103). In the case
of the 50PA:50RP mixture, although there were no significant differences (p-value = 0.0792), the N
concentration decreased as the sampling period progressed. This may be due to the lower percentage of
R. pseudoacacia leaves as the sampling period progressed, caused by differences in the time of abscission
of each leaf. With regard to P, no significant variation was observed over the months (p-value = 0.302
for PA, p-value = 0.966 for 50PA:50RP and p-value = 0.304 for RP). K concentration did not vary
significantly in any of the plots as the sampling period progressed (p-value = 0.6 for PA, p-value = 0.21
for the 50PA:50RP mixture and p-value = 0.0514 for RP).

As for Ca and Mg, which are less mobile nutrients that tend to accumulate in the leaves,
the variation in the concentrations in senescent leaves in all plots in the case of Mg and in R. pseudoacacia
for Ca, followed the opposite pattern to that of more mobile nutrients which are retranslocated,
with concentrations being higher in the months of greatest leaf fall. In the P. alba monoculture,
Ca concentrations were very similar between the fall months of leaf shedding, while in the case of the
mixture, the concentrations were significantly lower in the month with the highest litterfall production
(p-value = 0.0007).

The different phenology of leaf fall can influence the loss of nutrients in senescent leaves and
therefore modify the chemical composition. Thus, species with earlier leaf fall tend to retranslocate
nutrients more quickly to compensate for the greater amount of initial leaf loss, especially in the case
of N [94]. These authors found lower nutrient contents coinciding with the period of greatest leaf fall.
This finding is in agreement with our observations in the case of N, which showed lower concentrations
in the period of greatest leaf-fall (October in the case of the R. pseudoacacia monoculture, November
and December for the P. alba monoculture and December for the 50PA:50RP mixture). However, in the
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subsequent months, we observed a decrease in retranslocation in R. pseudoacacia, coinciding with an
increase in leaf concentration (Figure 4). This may be due to the higher rates of N-fixation in autumn
and spring reported for this species [95]. The increase in N concentration with leaf age has also been
reported by López et al. [96] for another N2-fixing species, Alnus glutinosa.

Table 3. Monthly averages ± standard deviation of NPK concentrations in senescent leaves collected
in October, November and December in P. alba and R. pseudoacacia monoculture plots and mixed
(50PA:50RP) plots.

Nutrient Sampling Month P. alba Monoculture 50PA:50RP Mixture R. pseudoacacia Monoculture

N g kg−1
October 12.87 ± 1.18 * 14.63 ± 0.79 * 14.57 ± 3.91

November 8.45 ± 1.65 c ** 11.64 ± 1.85 b *; ** 14.86 ± 1.10 a

December 9.33 ± 1.00 b ** 11.01 ± 2.09 b ** 19.11 ± 0.75 a

P g kg−1
October 0.65 ± 0.20 0.56 ± 0.07 0.56 ± 0.19

November 0.56 ± 0.01 a 0.55 ± 0.06 a 0.40 ± 0.07 b

December 0.45 ± 0.14 0.56 ± 0.06 0.45 ± 0.04

K g kg−1
October 4.81 ± 1.42 6.37 ± 2.03 4.54 ± 1.76

November 5.40 ± 0.40 5.59 ± 0.28 4.60 ± 1.01
December 4.12 ± 2.11 4.40 ± 0.39 1.91 ± 0.28

Ca g kg−1
October 32.75 ± 15.42 38.81 ± 0.89 * 40.77 ± 10.04

November 28.74 ± 0.64 32.16 ± 2.29 ** 34.06 ± 10.92
December 24.02 ± 8.87 29.73 ± 0.70 ** 25.86 ± 5.93

Mg g kg−1
October 4.82 ± 1.91 5.54 ± 0.91 5.15 ± 0.51 *

November 6.40 ± 0.13 a 6.16 ± 0.30 a 4.09 ± 1.27 b *
December 5.65 ± 1.92 a 6.63 ± 0.64 a 2.37 ± 0.17 b **

The significance between plots for each sampling month is shown by letters, and the comparison of means between
samples for the same plot is represented by asterisks. Both letters and asterisks are only shown when significant
differences were found.

In relation to P and K, the lowest concentrations also coincided with the period of greatest leaf fall
in the P. alba monoculture. However, in the R. pseudoacacia monoculture, the lowest concentrations
of P and K do not coincide with the time of greatest leaf fall. Specifically, the low concentrations of
K obtained in the month of December could also be the result of leachate of this extremely mobile
nutrient in leaves that have remained longer on the tree.

The decrease in NPK rates with leaf age has also been reported by other authors in deciduous
species [97].

3.4. Stoichiometric C:N Ratio in Senescent Leaves

The average C:N ratio values (Table 4) were significantly higher in the P. alba monoculture
compared to the R. pseudoacacia monoculture (p-value = 0.0390). The increase in the ratio was greater
in November and December compared to October, both in the P. alba monoculture (p-value = 0.0665) as
well as in the 50PA:50RP mixture (p-value = 0.0665), although it was not significantly different among
months. The opposite was observed for R. pseudoacacia, although again there were no significant
differences (p-value = 0.3012), probably due to the different monthly contribution of leaf fall and
therefore of the organic matter, which was higher in October for this species, unlike P. alba and the
50PA:50RP mixture, both of which present the highest leaf fall in December.

Table 4. Average values ± standard deviation of C:N ratio in the three months of leaf litter harvesting
for the plots studied.

Sampling Month P. alba Monoculture 50PA:50RPMixture R. pseudoacacia Monoculture

C:N

October 35.35 ± 3.73 31.17 ± 1.35 32.67 ± 7.57
November 50.76 ± 3.47 40.46 ± 6.70 31.50 ± 1.74
December 49.33 ± 5.27 42.58 ± 7.71 25.69 ± 0.98

Weighted mean 47.20 ± 2.38 a 38.83 ± 5.19 ab 31.20 ± 4.36 b

Significant differences between plots are shown by letters. Letters are only shown when significant differences
were found.
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N and P are important elements of the litter and have a strong influence on the decomposition
rate due to the high demand for them by decomposer microorganisms [98–100], with the initial
stoichiometric C:N being a good predictor of the initial decomposition rate [101,102].

Leaf litter with a high C:N ratio normally displays a slower decomposition rate and immobilizes
more N [57,103,104]. The lower average total values of C:N in the leaf litter of the R. pseudoacacia
monoculture and in the 50PA:50RP mixed plots reflects a greater amount of N mobilized in the leaf
litter, which may be evidenced by a higher initial decomposition rate than that of the leaf litter of the
P. alba monoculture. Hirschfeld et al. [105] reported significantly lower C:N ratios in R. pseudoacacia
(24.2) than in other North American broadleaves, such as white ash and sugar maple (43.8 and 83.2
respectively). In a P. alba short rotation plantation, Cotrufo et al. [57] reported an average C:N value of
43, similar to that found in this study.

The leaf litter of mixed plantations decomposes more rapidly than that of monocultures as the leaf
litter mixture leads to massive decomposition by increasing the loss of mass as well as by promoting
the abundance and quality of soil decomposers [106]. This statement is partially supported by the
results obtained in this study, in which the 50PA:50RP mixture showed a higher initial decomposition
rate than that of the P. alba monoculture, but not of the R. pseudoacacia monoculture, suggesting that
species could be an influential factor. Lee et al. [62] found a higher rate of leaf litter decomposition in a
mixed plot of Quercus mongolica and R. pseudoacacia than in a monoculture of Q. mongolica.

3.5. Nutrient Supply to the Soil Derived from Leaf Litter

The return to the soil of C, P and K derived from the leaf litter, expressed in kg per ha, was greater
in the P. alba monoculture and in the 50PA:50RP mixture (Table 5), mainly because of the greater
production of foliar biomass in these plots. The R. pseudoacacia monoculture, however, despite lower
leaf litter production, presented the highest N contributions as a result of the higher N concentrations
in senescent leaves.

Table 5. Carbon, Nitrogen, Phosphorus, Potassium, Calcium and Magnesium total annual weighted
average contributions in leaf litter for P. alba and R. pseudoacacia monocultures, and 50PA:50RP
mixture plantations.

Plot
C N P K Ca Mg

kg ha−1 yr−1

P. alba monoculture 1507.39 ± 312.62 31.97 ± 6.46 1.71 ± 0.69 15.84 ± 9.12 90.29 ± 34.98 19.76 ± 8.07
50PA:50RP mixture 1296.91 ± 174.66 33.62 ± 4.41 1.58 ± 0.23 14.58 ± 1.63 91.53 ± 10.13 17.62 ± 2.37

R. pseudoacacia monoculture 1186.66 ± 63.74 38.56 ± 5.83 1.22 ± 0.27 9.66 ± 0.95 90.72 ± 26.38 10.97 ± 2.61

Das and Chaturvedi [26] found N contributions of 30.8–41.9 kg ha−1 yr−1, P of 4.3–5 kg ha−1 yr−1

and K of 19.4–20.1 kg ha−1 yr−1 in two 3-year-old poplar plantations. These values are similar to those
obtained in our study for N, but higher than those for P and K.

In a P. deltoides × P. nigra plantation of the same age, Guénon et al. [56] found NPK contributions
of 48.0, 6.2 and 10.8 kg ha−1 yr−1, respectively, which are greater than our values for N and P but lower
for K. The higher P contributions might be explained by the higher P content of the soil and greater
availability due to a strongly alkaline pH. The low P contributions in all the plots in our study will
probably be reflected in a low availability of this nutrient in the soil.

In a study conducted in a riparian stand with the same species composition, P. alba and
R. pseudoacacia, Medina-Villar et al. [49] reported lower N (8.8 and 15.3 kg ha−1 yr−1) and P (1.06 and
0.49 kg ha−1 yr−1) inputs, which is probably due to a much lower level of litter production compared
to the levels found in our study.

Although the contribution of leaf litter was greater in P. alba monocultures, the 50PA:50RP mixture
contributed the most in terms of Ca, which reflects the higher mean concentration of Ca in senescent
leaves. In the case of Mg, the R. pseudoacacia monoculture presented the lowest returns because of the
lower amount of leaf litter coupled with the lower concentration of Mg in senescent leaves.

191



Forests 2020, 11, 1133

In poplar SRC plantations, Guénon et al. [56] measured Ca and Mg contributions of 80 and
22 kg ha−1, respectively, consistent with the findings of this study, although with slightly lower Ca.
However, Perala and Alban [107] reported lower contributions of Ca and Mg for P. tremuloides (60 and
8 kg ha−1, respectively).

The total C content was higher in the P. alba monoculture due to the greater content of leaf
litter. Therefore, the greatest contribution of C returned to the soil through leaf litter was measured
in this plot (1507 kg C ha−1 yr−1), followed by the 50PA:50RP mixture (1297 kg C ha−1 yr−1),
and finally the R. pseudoacacia monoculture contributed the least amount (1187 kg C ha−1 yr−1). In a
P. deltoides × P. nigra plantation of the same age as that of this study, Guénon et al. [56] measured C
contributions of 1400 kg ha−1 yr−1, similar to those found in this study.

4. Conclusions

Different patterns in the amount and time of leaf fall were observed among the P. alba and the
R. pseudoacacia monocultures and the mixed plantation. The soil conditions at the study site are
representative of areas with high Ca and Mg availability, relatively poor in organic matter and total N,
and strongly alkaline pH. As the P. alba monoculture provides the highest amount of litter and obtained
the highest K, P and Mg from the litter, a mixed design is advantageous for the species R. pseudoacacia
in relation to these nutrients. Even so, P. alba could also benefit from a mixed design derived from
the higher concentration of N that R. pseudoacacia provides. Therefore, the mixed planting seems
advantageous as a result of the different strategies shown by the two species in terms of the amount
of litter and the dynamics of the main nutrients. The contribution of N derived from leaf fall in the
P. alba monoculture is dependent on a high rate of N mineralization, which could be affected in the
medium term by the higher C:N rates. The lower rates of total N and soil OM, lower N concentrations
in green leaves and higher N resorption in poplar may indicate less stability in N nutrition. However,
as a N2-fixing species, R. pseudoacacia shows less N resorption, more N returned to the soil in the
form of litterfall, and a lower C:N rate. The most limiting nutrients were P and K. Both species
showed high retranslocation ratios for P, but poplar relied more on internal cycling for P and N,
whereas R. pseudoacacia had higher rates of K resorption and therefore more internal cycling is required.

Although mixing the species does not increase biomass yield or net contribution of nutrients,
it may be a good strategy to reduce future needs for mineral fertilization, that it is a common practice
in SRC plantations, given the differences between the two monocultures in terms of processing the
main nutrients. Determining the potential foliar contribution to the pool of nutrients in the soil as well
as the dynamics would appear to be of importance for the sustainable management of plantations in
short rotation. However, more conclusive results would require the study of leaf litter decomposition
dynamics and the final incorporation of nutrients into the soil.
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Abstract: Developing a circular bioeconomy based on the sustainable use of biological resources,
such as biomass, seems to be the best way of responding to the challenges associated with global
change. Among the many sources, short rotation forest crops are an essential instrument for obtaining
quality biomass with a predictable periodicity and yield, according to the areas of cultivation.
This review aims to provide an overview of available knowledge on short rotation coppice Populus spp.
plantations under Mediterranean conditions and specifically in Spain, in order to identify not only
the status, but also the future prospects, for this type of biomass production. The analysis of available
information was conducted by taking into consideration the following aspects: Genetic plant material;
plantation design, including densities, rotation lengths and the number of rotations, and mixtures;
management activities, including irrigation, fertilization, and weed control; yield prediction; biomass
characterization; and finally, an evaluation of the sustainability of the plantation and ecosystem
services provided. Despite advances, there is still much to be done if these plantations are to become
a commercial reality in some Mediterranean areas. To achieve this aim, different aspects need to
be reconsidered, such as irrigation, bearing in mind that water restrictions represent a real threat;
the specific adaptation of genetic material to these conditions, in order to obtain a greater efficiency in
resource use, as well as a greater resistance to pests and diseases or tolerance to abiotic stresses such
as drought and salinity; rationalizing fertilization; quantifying and valuing the ecosystem services;
the advance of more reliable predictive models based on ecophysiology; the specific characterization
of biomass for its final use (bioenergy/bioproducts); technological improvements in management and
harvesting; and finally, improving the critical aspects detected in environmental, energy, and economic
analyses to achieve profitable and sustainable plantations under Mediterranean conditions.

Keywords: biomass; Populus; SRC (Short Rotation Coppice); short rotation woody crops; sustainability;
Mediterranean conditions; management; review

1. Introduction

The challenges associated with climate change, along with the changing paradigm for both
economic development and the energy model, have been crystallized into a Green Deal for Europe [1].
In this context, the use, production, and utilization of biomass are undoubtedly some of the main
issues, very much related to the need to redirect the linear economy towards a circular bioeconomy
based on the use of sustainable biological resources [2]. The Innovation Strategy for Sustainable
Growth: A Bioeconomy for Europe [3] and its later revision [4] establish the bioeconomy as the general
framework and key factor for achieving green, sustainable growth in Europe. In harmony with the
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European strategy, while also taking into account the national possibilities, the Spanish Strategy for
the Bioeconomy [5] and the current draft Law on Climate Change and Energy Transition [6] have
been published.

Development in this area must take into consideration the potential of natural resources, including
biomass. The options of using existing biomass in forests, agricultural residues, or the production of new
biomass from crops planted specifically for this purpose are all seen as key to the development of the
bioeconomy [3], not only for economic reasons, but also with environmental and social considerations
in mind. In Spain, the Strategic Research and Innovation Agenda in relation to biomass has also recently
been presented [7]. In this context, biomass is a highly valued resource for both bioenergy production
and bioproducts, thus contributing towards addressing the abovementioned global challenges.

There are various sources of forest biomass, which can be differentiated into the following:
(i) That derived from forest management activities associated with timber exploitation; (ii) residues
resulting from silvicultural operations apart from timber exploitation; (iii) biomass derived from the
forestry industry; and lastly, (iv) dedicated forest crops specifically designed for the production of
woody biomass.

The first category includes logging residues and small diameter or crooked logs which are used
for energy production (pellets, wood chips, or firewood). The first and third categories are the type
of biomass mainly used in Spain today. The Spanish Renewable Energy Association (APPA) has
repeatedly pointed to the underutilization of wood resources at a national level, as only 41% of the
annual wood increment is currently being used, which is notably below the average of 60–70% for
Europe [8].

However, if the amount of wood resources has been constantly increasing since the 1960′s,
what is the point of developing specific forestry crops? Firstly, these crops are seen as being of
particular importance in terms of their potential contribution to the efficient diversification of biomass
sources [9–11]. Secondly, of all biomass sources, forest crops specifically designed for woody biomass
production are those most readily managed in terms of both time and space, with a predictable
periodicity and yield. Thirdly, biomass from forest crops can contribute to generating and stabilizing
the biomass market.

The aim of this study is to assess the advances made in poplar short rotation coppice (SRC)
plantations over recent years, focusing on specific advances in Mediterranean conditions under
irrigation (Spain) within the global context and to identify the areas of research where progress
still needs to be made. The current state-of-the-art in biomass production from poplar SRC under
Mediterranean conditions is addressed, highlighting both the strengths and weaknesses.

Therefore, this paper is structured around the following: (i) A global vision of SRC plantations
focusing on poplar as one of the most suitable species in Mediterranean areas; (ii) the state-of-the-art
of these plantations at a global level, while focusing on the progress made in Spain; and finally,
(iii) conclusions drawn under Mediterranean conditions, with a particular emphasis on the weaknesses
identified and the short- and long-term lines of research needed to address them.

2. Short Rotation Forest Crops for the Production of Biomass: The Populus Genus

Despite the different dedicated energy crops, the current agenda [7] only considers herbaceous
and woody lignocellulosic crops for more diverse uses, which also include bioproducts.

Fast growing species are used in SRC, employing intensive or semi-intensive techniques [12],
with coppicing cycles of between 2 and 8 years until stool productivity declines, which normally occurs
after 15 years [13,14], depending on the site quality.

Biomass from SRC may become essential as an addition to the biomass provided by forests,
contributing towards meeting the demands of European industry and assuring market stability [15].
This is probably linked to the need to find spatiotemporal complementarity in biomass resources,
contributing to matching the supply with the demand; this circumstance is already a commercial
reality in many parts of the world [16]. The suitability of such biomass is also linked to the
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intrinsic characteristics of its production and management [17], such as the abundance of improved,
highly adaptable genetic material; high rate of successful rooting; good juvenile growth; and its
resprouting capacity, among others [18–20]. Other traits associated with its end use are also deemed
to be important, such as a low chlorine (Cl) and sulfur (S) content, low ash content, and high lignin
content [21–24], among others.

SRC have been found to provide ecosystem services seldom sufficiently quantified and contrasted,
such as air cleaning; the control of erosion or flooding in certain areas [25–27]; mitigation of the effects
of climate change through carbon fixing in foliar or root biomass fractions [14,28,29]; increases of the
biodiversity in agricultural environments [30–33]; and even soil decontamination [34–36], including
mining reclamation [37,38]. From a social perspective, woody crops contribute towards the creation
of employment in rural areas, given that these crops provide an opportunity to make use of poor,
marginal, or surplus agricultural land [39]. Finally, the use of biomass from SRC helps to reduce the
pressure on natural forests by providing a raw material much demanded by society and therefore
by industry.

Despite this, to achieve sustainability in the implementation of SRC, it is important to consider the
impact of land use changes in areas where these plantations compete with agricultural crops for land,
as well as aspects related to water consumption in areas with limited water resources. Therefore, it is
necessary to define the limitations in order to guarantee the sustainability of these crops [40]. Many of
these aspects can probably be dealt with through the use of biotechnology to achieve improvements,
or by using circular economy techniques such as wastewater reuse [41–43].

In Spain, the interest in producing biomass from SRC dates back to the mid-80’s [44–46], coinciding
to a large extent with the crisis in the oil sector. However, it was around 2000 when initiatives to
increase sources of renewable energy at a global scale, particularly in Europe, provided the impetus
to explore possibilities for the production of biomass as a renewable resource. The climatic, edaphic,
and demographic characteristics of some parts of the country are suitable for the cultivation of SRC,
with an expected high productivity [47] exceeding that obtained in other European countries. However,
because of the Mediterranean climatic conditions, such plantations are only viable with the use of
irrigation. In areas with an Atlantic climate, the conditions for SRC are also suitable, with limitations
such as the orographic characteristics, which may complicate the intensive silviculture applied in this
type of plantation, or the limitations associated with certain species due to soil acidity.

Although many studies have focused on the selection of vegetal material best adapted to given
areas of Spain, there is still a long way to go with regards to identifying the interaction between the
genotype and the environment, which is a determining factor in the success or failure of SRC.

There are many woody species potentially cultivable for biomass production. In general, they are
fast growing broadleaf species with a high re-sprouting capacity.

In Europe, the Salicaceae family (Populus spp. and Salix spp.) presents the greatest developments
on an industrial level. Plantations based on species and hybrids of Populus are well-established in both
central and southern Europe, with examples in Germany [48], the United Kingdom [13], the Czech
Republic [49], Bulgaria [50], Serbia [51], Poland [52], and France [53], as well as in Mediterranean
regions, mainly Italy [54] and Spain [55]. In northern Europe, where Salix spp. has been the predominant
species for this purpose, poplar cultivation is beginning to attract interest, with different trials being
established to evaluate its potential [56,57].

To a large extent, Populus species are at the forefront of biomass production because of the
highly efficient breeding programs in different countries, many of which are located in Europe [58].
These programs are favored due to the very broad genetic base with which to work in terms of
traits linked to cultivation and wood properties [59,60], but also due to knowledge of the genome
sequence [61] and the relatively short breeding cycles. Other factors include a high capacity for
vegetative reproduction and their rapid growth rate.

The importance of cultivating Salicaceae for biomass production at a global scale is reflected by
the abundance of information gathered over the last decade by the International Poplar Commission
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(statutory body within the FAO), which has specifically covered the subject in one of its working
groups [62]. The International Catalogue of Base Materials of Populus for obtaining forest reproductive
material contains 358 entries, among which several are specifically referenced for biomass production
(‘Boiano-4’, ‘Baldo’, ‘Hunneghem’, and ‘Raspalje’). Many more are at preliminary stages for inclusion
and have been put forward for this use (‘AF2’, ‘AF8’, ‘A4A’, ‘Monviso’, ‘Muur’, ‘Orion’, ‘Oudenberg’,
‘Sirio’, and ‘Vesten’). Within the framework of the EU-POP project, more than 17 genotypes are
currently being characterized as biomass producers in a multi-environment trial in which ten European
countries are taking part, including Spain [63].

In addition to the genotypes that have been catalogued (or are in the cataloguing phase) for this
purpose, there are others that have been identified for their wood production, but which also seem to
possess suitable characteristics for the production of biomass. Figure 1 shows the main genotypes that
are being tested or planted for commercial purposes in some European countries.
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Figure 1. Some of the main genotypes planted for biomass purposes in each country are represented
on a European map.

In Spain, the main species of interest at a commercial or pre-commercial level are those belonging
to the genera Populus spp. and Eucalyptus spp. The cultivation of species and hybrids of Populus
for industrial wood (veneer) is well-established in many areas of the country [64]. Although poplar
production plantations in Spain represent less than 1% of the tree-covered forest area (approximately
100,000 ha), in some provinces, these plantations account for more than 50% of the harvested wood,
which is around 40% of the economic value of roundwood cuttings. In the province of Castilla y
Leon, for example, poplar is the forest species with the highest economic value [65,66]. However,
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regarding poplar in SRC, there is only a token presence in Spain, with it occupying around 50 ha at its
peak. The potential land at a national level corresponds to irrigated agricultural marginal land for
food production with the edaphoclimatic requirements for the species [47]. Currently, the irrigated
agricultural land in Spain is 3.8 Mha [67].

The genotypes for planting should be included in the European Catalogue of Base Material
for Populus reproductive material. There is also a Spanish National Catalogue of Base Material for
forest reproductive material of the Populus genus in qualified and controlled categories comprising
24 commercial quality genotypes (Table 1). Some of this material, which is well-adapted to the specific
Spanish Mediterranean conditions, could also be of interest for biomass production. Most of the
genotypes already tested or currently being tested are listed in Figure 1, and include materials from
both the European and Spanish lists, as well as some that have not yet been catalogued. The potential
of Populus is explained to a large degree by the availability of material adapted to existing conditions,
along with appropriate knowledge relating to the management of the species in many parts of the
country [68,69].

Table 1. Genotypes included in the National Catalogue of Base Materials for the production of forest
reproductive materials related to the genus Populus L.

Parentage Section Genotypes

P. × canadensis Mönch D × N Aigeiros

‘2000 Verde’, ‘Agathe F’ a,
‘E-298′ a, ‘Branagesi’, ‘B-1M’,
‘Canadá Blanco’, ‘Dorskamp’,

‘Flevo’, ‘Guardi’, ‘I-214′ b,
‘Campeador’ b, ‘I-454/40′,

‘Luisa Avanzo’, ‘MC’, ‘Triplo’

P. deltoides W. Bartram
ex Marshall D Aigeiros ‘Lux’, ‘Viriato’

P. × generosa Henry T × D Tacamahaca × Aigeiros ‘Beaupre’, ‘Boelare’, ‘Raspalje’,
‘Unal’, ‘USA 49-177’

P. × generosa Henry
× P. alba L. (T × D) × A (Tacamahaca × Aigeiros)

× Populus ‘I-114/69′

P. nigra L. N Aigeiros ‘Tr 56/75’, ‘Bordils’,
‘Lombardo leones’

D is P. deltoides; N is P. nigra; T is P. trichocarpa; A is P. alba; a ‘Agathe F’ = ‘E-298′; and b ‘I-214′ = ‘Campeador’. Order of
24/06/1992, Order APA/544/2003 of 06/032003, Resolution of 07/07/2006 of the Dirección General de Agricultura, and
Resolution of 07/11/2011 of the Dirección General de Recursos Agrícolas y Ganaderos.

In relation to Eucalyptus, the cultivation of some species and hybrids for the production of biomass
has been significant in certain areas of the country, reaching production values of 14.6 Mg ha−1 year−1

in the case of Eucalyptus globulus Labill. and 21.5 Mg ha−1 year−1 for Eucalyptus nitens (Deane and
Maiden) Maiden [70] in Atlantic areas without irrigation, whereas the development of similar yields in
southern Spain would need irrigation.

Some genotypes of Eucalyptus exhibit the additional advantage of presenting an acceptable degree
of tolerance to drought conditions [71,72], although the high levels of production are associated with
scenarios where droughts do not occur or where irrigation is used. One of the main differences with
respect to poplar is that Eucalyptus is an evergreen species, so harvested trees include twigs and even
leaves, yielding biomass with a high ash content.

Furthermore, trials with other potentially usable species have taken place in recent years, leading
to differing results. In this regard, at a Mediterranean scale, there have been experimental trials with
Ulmus pumila L. [73], Robinia pseudoacacia L. [74–77], hybrids of Salix spp. [78–81], Platanus × hispanica
Mill. ex Münchh [77], and different cultivars of Paulownia spp. [82,83], with the latter displaying
severe adaptation problems to the climatic conditions of the Mediterranean area (early frosts and
flooding) [84]. Although some of these may be of interest in terms of adding diversity to the area of
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crop development, perhaps the main limitation of most of these species stems from the fact that there is
a lack of improved genetic material, which is necessary for allowing their use in different environments.

3. Lines of Progress: State of the Art

Sustainable improvement in biomass production from poplar SRC crops requires advances to be
made in different aspects, which have been summarized in Figure 2. An overall vision of the current
situation of each of these aspects is provided in this section.

Forests 2020, 11, x FOR PEER REVIEW 6 of 45 

 

3. Lines of Progress: State of the Art 

Sustainable improvement in biomass production from poplar SRC crops requires advances to 
be made in different aspects, which have been summarized in Figure 2. An overall vision of the 
current situation of each of these aspects is provided in this section. 

Literature searches for the combination of the terms Populus or poplar, and short rotation or 
energy crop, were conducted using Web of Science (WOS, Core collection of Web of Science), which 
is one of the main journal databases. There were no restrictions in terms of the year of publication or 
language. Figure 3 shows the number of documents per country (including only the top 30 countries) 
found in WOS, totaling 2185 documents. From these searches, documents from Spain were filtered 
and it was found that some of them were not properly classified in the database. Out of the 112 
documents relating to Spain (ranked 10th) found in the WOS, only 83 were included. 

 
Figure 2. Lines of action for improving short rotation coppice-managed woody crops. Figure 2. Lines of action for improving short rotation coppice-managed woody crops.

Literature searches for the combination of the terms Populus or poplar, and short rotation or energy
crop, were conducted using Web of Science (WOS, Core collection of Web of Science), which is one of
the main journal databases. There were no restrictions in terms of the year of publication or language.
Figure 3 shows the number of documents per country (including only the top 30 countries) found
in WOS, totaling 2185 documents. From these searches, documents from Spain were filtered and it
was found that some of them were not properly classified in the database. Out of the 112 documents
relating to Spain (ranked 10th) found in the WOS, only 83 were included.

In this review, we took into account not only the documents found in this database, but also
other scientific publications belonging to Journal Citations Report (JCR) indexed journals, as well as
numerous pieces of available gray literature. All this information was identified by tracing back papers
cited in the references of the identified studies and reviewing publications by scientists who have
worked or are currently working on poplar short rotation in Spain. In any case, given the abundance
of existing information and the difficulties associated with the use of diverse terminology, there may
be certain literature that we are not aware of, and therefore has not been considered in this review.
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and short rotation or energy crop, in July 2020.

A classification of all the information available at a national level was performed according
to the six categories detailed in Figure 2. This information was also broken down according to the
availability of literature, separating the so-called gray literature from that contained in science journals
and books (Figure 4). In Spain, biomass characterization and sustainability (mainly energy, economic,
and environmental analysis) are the lines of research which have been explored the most based on
scientific publications, although, if we include gray bibliography, then the most explored lines are
production, modeling, and genetic material. Approximately 50.5% of the information evaluated
corresponds to gray literature, 4.5% to books, and the rest to scientific publications (45%).

3.1. Suitability of Genetic Material

Clonal Selection

Poplar is the model tree for genetic studies and is the furthest ahead in terms of biological
knowledge and genetic resources [58]. Using the best adapted material when developing plantations
helps to ensure the efficient use of site resources and therefore higher levels of production. Phenotypic
plasticity refers to the capacity of an organism to alter its characteristics in response to environmental
conditions [85]. The genotype by environment interaction (G*E) is evidenced by the instability of
phenotypic correlations derived from drastic differences in biomass production found in poplar
plantations [86–88].

The G*E interaction makes poplar clonal recommendations more difficult, although it can also
provide an opportunity to maximize production in these plantations by matching the most suitable
material to specific site conditions. Genotypic stability is understood as the capacity of a cultivar to
produce in accordance with the productive potential of each environment, that is, without straying
from the behavior expected for the average genotypic value [89]. However, the strategies may differ,
and this can be observed in different poplar SRC plantations; these strategies include attempting to
find a broad adaptation or optimizing the adaptation to specific site conditions, hence the necessity to
characterize the material [90–92]. This characterization not only has an impact on crop management,
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but also has repercussions for improvement strategies. In Spain, poplar material destined for biomass
production has been characterized in recent years through the analysis of this interaction [55,77,93–95].Forests 2020, 11, x FOR PEER REVIEW 8 of 45 
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With regards to the biomass, the development of genotypes aimed at achieving increased
production, a greater tolerance to pests and diseases, and specific feedstock properties is ongoing
through breeding programs in the countries spearheading the research, with the most prominent of
these being the USA, Canada, Italy, France, Germany, and Sweden [58].

Traditional approaches based on recurrent selection as a way to increase hybrid vigor [54,96]
are now supported by genomics and phenomic techniques which contribute to accelerating these
processes [97,98]. For example, tools such as genome editing using Crispr/Cas9 technology [99–101],
the development of transgenic plants [102], complete genome association analysis [103], and new
phenotypic tools [104], are now leading to important advances in genetic improvement of the
Populus genus. A relevant review of the progress towards an improved biomass quality and
resilience of production using both traditional approaches and new technology is provided by
Clifton-Brown et al. [58], specifying the breeding programs in which each of these techniques has been
used. New avenues of research have also been opened up through considering epigenetic inheritance,
also termed soft inheritance. This relates to inheritable changes to the gene expression induced by
environmental changes [105,106].

In Spain, although progress in this line of research is limited by the lack of specific breeding
programs, progress has been made in the development and testing of different transformed poplar lines
expressing a pine glutamine synthetase (GS) transgene involved in N assimilation [107]; the CsDML gene
that induces bud formation needed for the survival of the apical meristem under the harsh conditions
of winter [108]; and a gene related to ABI3/VP1 1 (CsRAV1) to increase syllepsis, and consequently
biomass production, in commercial elite trees [109,110]. The biomass potential of the different available
genotypes has also been tested, with multiple clonal trials involving traditional genotypes [95,111–116],
as well as new genotypes specifically selected for biomass [77,117]. The results have revealed hybrids
like ‘Orion’ and ‘AF2’ as site-specific genotypes, while ‘I-214’ and ‘Monviso’ have been demonstrated
to adapt well to a wide variety of scenarios. Likewise, the ability of different genotypes to produce
biomass in areas degraded by mining is also being tested, with some genotypes, such as ‘Raspalje’
and ‘AF2’, displaying acceptable yields [118]. In general, a strong correlation has been identified
between the response to environmental variables and the taxonomic background, with the euramerican
genotypes such as ‘2000 Verde’ responding better to lower latitudes, higher mean temperatures of the
vegetative period, and a lower sandy soil content, unlike interamerican genotypes such as ‘Unal’ [93].

3.2. Plantation Design

The design of a plantation is also a highly influential factor in stand management and the
optimization of production [119]. Many different types of design have been tested in Spain, combining
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different plantation densities [120], tree distributions [121], and rotation lengths [122]. The possibility
of mixing different species or different varieties of the same species has also been put forward as a way
to optimize production.

3.2.1. Densities

A broad range of initial stocking rates have been employed to define the optimum plantation
density, from 1000 cuttings ha−1 up to more than 40,000 cuttings ha−1 [123,124]. Even higher densities
have been contemplated, albeit less frequently, as in the case of DeBell et al. [125]. In Spain, a wide range
of densities in multiple environments have been tested [46,126,127]. In terms of the yield, densities
of around 20,000–25,000 cuttings ha−1 were the most productive in the first year, but the effect of
competition reduced the differences between these and less stocked plantations as rotation approached
three years [120]. Other factors, such as the costs associated with the higher densities due to the greater
number of cuttings, increased demand for water, and increased consumption of consumables and time
required for operations such as irrigation or harvesting [128], along with impediments to mechanization
of the plantation, mean that densities in excess of 15,000 cuttings ha−1 are not recommended [120].

Furthermore, the position of the stools for a given density is also a matter of debate. Therefore, it is
common for trials to include both single-row layouts [78,92] and double rows [13,129]. No significant
differences in yield were found between the two layouts [130], although single-row designs tend to
facilitate management operations. In Spain, both layouts have been tested [77,131], although a single
row is more commonly used.

The density and distribution of stools should be directly linked to the rotation lengths applied,
along with the maintenance and harvesting processes, always attempting to keep the production cost
per biomass unit obtained as low as possible.

3.2.2. Rotation Lengths and Number of Coppices

The rotation is a factor closely linked to the density, as well as being influenced by the environment.
Different rotations have been employed in the management of poplar SRC, from yearly to longer
rotations for other productive objectives [132–135]. In recent years, rotations of 2 to 4 years have been
the most frequently employed, with the final harvesting age depending on the genotype and site
conditions [90,129,136].

In Spain, rotations from 2 to 9 years have been tested [110,117,128,137], although few studies have
compared different rotation lengths. Hernández Garasa et al. [138] determined that the maximum
volume production occurred between 3 and 4 years, depending on the genotype planted. The suitability
of a 3- or 4-year rotation length for different genotypes under poor site conditions was evaluated
by Oliveira et al. [139], who noted that biomass production increases in most genotypes from 74%
to 166% when the rotation length is extended by 1 year. However, some genotypes, such as ‘AF2’
and ‘Dorskamp’, presented no significant differences. These results are consistent with those obtained
under average site conditions, where the maximum volume production was not reached with a
3-year rotation length, except in the cases of certain genotypes, such as ‘A2A’, ‘A4A’, and ‘Lombardo
Leones’ [140]. Therefore, the rotation length chosen clearly depends on both the genotype and the
site conditions, with longer rotation lengths being advisable when the conditions are not optimal.
Further studies are needed in order to optimize the rotation length for specific sites, genotypes,
and management conditions.

Another question that has sparked controversy is whether or not to coppice after the first
establishment year to encourage multiple shoot growth [141,142]. This is a common practice in some
countries, such as England [143]. In Spain, the use of management techniques both with or without
coppicing after the first establishment year has also been studied [144–146], although no apparent
advantage was found with regard to the additional coppice after the first establishment year, either in
terms of biomass yield or quality.
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Opinions also vary regarding how many times coppicing should take place [129,135], given that
the lifecycle is clearly related not only to the rotation length, but also to the genotype and its interaction
with the environment and the cultural practices applied, with all of these factors conditioning the
useful life of the stool [68]. However, studies such as Štochlová et al. [147] suggest that five or six 3-year
rotations are possible, although only one commercial clone—an interspecific hybrid of P. maximowiczii
Rupr. × P. trichocarpa Torr & A. Gray—was capable of biomass productivity compatible with the
economic feasibility of cultivation. Therefore, it is important to take into account the factors limiting
the duration of SRC crops. In Spain, several studies carried out over three successive rotations of
3 years each point to a decrease in biomass production during the third rotation cycle, suggesting the
end of its productive cycle [148,149]. However, not all genotypes show the same behavior, with the
genotypes ‘I-214’ and ‘Monviso’ presenting the highest yields during the third rotation [150].

3.2.3. Species Mixtures

There has been a sharp rise of interest in mixed forest plantations over recent decades because
of the perceived benefits, not only for the environment and ecology, but also, although not always,
for the yield, as a result of resource-use efficiency and facilitation. Although applying these designs
in SRC plantations has attracted interest, there is still little information about it. Few examples exist
of mixed plantations of poplar with other species in SRC. Some are mixtures of Populus spp. with
Alnus spp. [151,152], the euramerican genotype ‘AF2’ with Ulmus spp. and Platanus × hispanica [153],
and Populus spp. with Robinia spp. [154–156]. The mixture of Populus alba L.-Robinia pseudoacacia in SRC
under Mediterranean conditions showed encouraging results in the first rotation [76], but they were
not as promising in the second [157]. A similar design mixing R. pseudoacacia with the euramerican
genotype ‘Dorskamp’ in central France demonstrated interspecific competition in the mixture as the
preponderant interaction, resulting in higher mortality and lower biomass production than the two
monocultures [155]. However, this mixture would appear to be advantageous given the different
strategies shown by the two species in terms of the amount of litter and the dynamics of the main
nutrients [158]. Therefore, although mixing the species does not increase the biomass yield, it may
provide a good strategy for reducing future requirements for nitrogen addition (with the consequent
ecological and economic implications), given the differences between the two monocultures in terms
of processing the main nutrients [158]. Furthermore, both species—P. alba and R. pseudoacacia—are
considered to be relatively tolerant to possible drought scenarios [111,159].

In any case, the current plantations are only experimental and their implementation on a
commercial scale would involve restrictions in the spatial distribution as a result of the complex
establishment and the harvesting requirements [76]. These difficulties often lead to mixing the species
in lines or groups, thus losing the facilitation effect, although other benefits, such as the reduction of
biotic and abiotic damage, landscape effects, and other environmental benefits, are retained.

Apart from mixtures of different species, complementarity is also explored in mixtures of
varieties within the same genus [160,161]. Some examples in this regard include plurivarietal
plantations of P. × generosa Henry [162], other hybrid groups of Populus [163], and different varieties of
Salix spp. [164,165], where the aim is to attain a greater tolerance to biotic and abiotic stresses while
also increasing productivity.

3.3. Management: Cultural Treatments

There are many aspects of plantation management which have an impact on production.

3.3.1. Control of Competing Vegetation

Competition from weeds in the initial crop establishment stage is one of the main reasons for
plantation failure. It is not only competition for water and nutrients, but also for light and space,
which is crucial in the establishment stage. Deficits of these requirements can render the plantation
unviable [68]. Therefore, weed control is considered a necessary practice, with treatments also being
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necessary during the first establishment year and after each coppicing. These treatments may involve
both chemical and/or mechanical techniques [166–168].

Currently, the application of specific herbicides for poplar cultivation is very limited due to
the European regulation on the sustainable use of pesticides and their commercialization (Directive
2009/128/CE of the European parliament; Regulation (CE) n◦ 1107/2009 of the European parliament).
In Spain, only six formulations are registered for use with hardwoods (RD 971/2014), but only one of
them is specific for Populus.

3.3.2. Fertilization

The use of fertilizer in SRC plantations is a subject which attracts debate. There are many examples
where fertilization provides no benefits [59,90,169–171] and others where there are positive effects on
production [145,172–177].

The lack of response to fertilization may be due to the fact that soil fertility is optimal or to an
inadequate assessment of the limiting nutrients. The high N requirements of poplar [178,179] mean
that in locations where the soil is poor in organic matter, it is beneficial to apply fertilizer to increase
the yield [180]. However, the excessive use of nitrogen fertilizers as part of conventional practice
is increasingly being questioned because of environmental risks [181–183] and the high economic
costs. Therefore, the use of alternatives to improve the nutritional status, such as designs with mixed
plantations that include nitrogen fixing species [155] or alternative fertilization through the use of
sewage sludge or waste water, have gained prominence in recent years [184–186]. Besides not having
to use traditional fertilizers, these materials are purified and/or reused and the plantations thus act as
phytoremediators [187]. All these alternative fertilization techniques have also been tested in poplar
SRC plantations in Spain in recent years, although all in experimental plantations [42,188,189].

In all cases, it is recommended that soil analysis be conducted prior to planting in order to optimize
the use, where required, of fertilizers [190].

3.3.3. Control of Pests and Diseases

Newly emerging pests and diseases are one of the main problems facing agriculture in the 21st
century due to the presence of extreme climatic conditions [191]. In poplar plantations, this risk has
increased sharply as a result of the expansion of monoclonal plantations, with only a small number of
different genotypes planted. There has been clear progress made in this area and it continues to be one
of the main objectives in the breeding programs of the genus.

Examples of the most serious pests and diseases affecting the leaves are those caused by
Melampsora spp. (rusts), Marssonina brunnea (Ell. et Ev.) Magn., Phloeomyzus passerinii Sign. (woolly poplar
aphid), Venturia populina (Vuill.) Fabr., Chrysomela populi L. (red poplar leaf beetle), and Leucoma salicis L.
(white satin moth), whilst those affecting the stems and trunks are Mycosphaerella populorum Peck
(stem canker), Cryptorhynchus lapathi L. (poplar and willow borer), Paranthrene tabaniformis Rott.
(dusky clearwing), and Sesia apiformis L., among others, although these are not as relevant to the SRC
crop [192–197].

In Spain, although phytosanitary problems in SRC crops have not occurred very frequently,
the presence of rust has been observed in rust-prone genotypes when grown for timber production.
Chrysomela populi L. has been detected in plantations in the northern half of the country, as well
as Corythucha ciliata (Say) in the center of the peninsula, necessitating the timely application of
phytosanitary products.

In any case, the sustainability of these plantations depends on the use of genetic material which is
tolerant or resistant to these types of stress [68,198], as well as resorting to biological control in the case
of certain pests.
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3.3.4. Irrigation

Given the marked hygrophilic nature of the Populus genus [199], the availability of water in the
soil is one of the limiting factors for its cultivation [200]. Due to the Mediterranean climatic conditions,
it is necessary to irrigate SRC plantations in Spain during the summer drought season [201–203].
Due to limitations on water use at a global scale [204], the irrigation of SRC crops is viewed with
caution in areas where this practice is necessary. This has led to changes in the way irrigation is
applied, moving away from flood irrigation towards more efficient systems such as drip irrigation,
although much more can still be done to increase the technical efficiency [205].

Water restrictions generally lead to production losses [206,207], although a high variability has been
found in response to drought conditions. For this reason, the identification of genotypes with a greater
water-use efficiency through different methodological approaches is undoubtedly of interest [208],
seeking to combine materials with a high productivity and greater water-use efficiency [209]. This is
especially true in the Mediterranean area [77,210–213], although accepting a certain loss of production
may be advisable in these scenarios [205].

Highly productive genotypes such as ‘AF2’ and ‘Monviso’ have exhibited the greatest water-use
efficiency under optimal conditions, although under restrictive water conditions, they have presented
a similar water-use efficiency to that of the less productive genotypes. The strategy followed by all of
them to improve the intrinsic water-use efficiency seems to be linked to stomatal control, rather than
differences in the rate of photosynthesis [205].

In addition to the implications in terms of sustainability, the economic implications must also be
taken into account, bearing in mind that irrigation is one of the limiting factors when assessing the
profitability of these plantations under Mediterranean conditions. It has been calculated that the costs
associated with irrigation, which include the irrigation system, maintenance, and the annual costs of
water and electricity, account for 30% of the total costs over a whole cycle of 12 years [214].

The reusing of water from different sources represents a new approach in the context of
SRC [187,188], with a solid background in the past [215,216]. In any case, it is necessary to increase the
amount of research into the breeding of plants for production under conditions of water scarcity at a
global level, especially in regions that suffer from water restrictions.

These alternatives, together with the improvement in irrigation techniques, could provide solutions
to ensure that viable production is attained in areas where water use must be minimized, such as in
Mediterranean environments.

3.4. Production

Short rotation coppice plantations (SRC) provide a viable alternative for the production of quality
lignocellulosic biomass [217]. The biomass produced in SRC is characterized by a predictable periodicity
and yield, depending on the area of cultivation. The main challenge with regard to these crops is to
achieve a high level of sustainable production while maximizing benefits; that is, combining economic
viability with environmental sustainability.

According to a review by Sixto et al. [68] concerning biomass production in this type of plantation
using poplar genotypes, a large quantity of literature exists on the different clonal productivity under a
range of environments. Table 2 presents some examples of biomass production obtained in different
European countries, ranging widely from 1 to 24 Mg dm (dry matter) ha−1 year−1, depending on the
site characteristics, the genetic material, the design, and the management scheme. Table 3 presents the
production obtained in Spain under Mediterranean conditions, ranging widely from 1 to 37 Mg dm ha−1

year−1. The largest reported productions appear to be those associated with Mediterranean irrigated
environments. Despite this, the average potential production at a national level in Spain is estimated to
be around 15.3 Mg dm ha−1 year−1 for plantations with standard management schemes [47], although
there is also high variability, depending on the previously mentioned factors [46,55,77,145,218].
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Modeling of Growth, Production, and Biometric Relationships in SRC Poplar Plantations

The use of estimation models to predict available biomass is becoming more frequent as research
into this type of plantation progresses, not only because of the costs involved in carrying out direct
estimates [240], but also due to the greater flexibility and the possibility of extrapolating the results to
larger scales when the models are based on a wide range of empirical data.

Allometric models which relate the tree diameter or another easily measurable variable to
the biomass are those most commonly used in forest inventories or ecological studies [241,242].
These models have also been employed in SRC plantations to estimate the available biomass [243–245].
These predictions are particularly important when evaluating the economic viability of a crop [47,246].
Apart from the choice of regression model, the assumptions that underlie the regression procedures, and
the data transformations used during the procedures [247], we are confronted with a large number of
factors which create uncertainty and may affect the final results [248]. Simple equations which are valid
for a wide range of conditions and plant material are usually preferred. There are several examples
used for poplar SRC plantations [18,30,78,136,171,226,249–253]. The precision of such allometric
equations is generally sufficient for stem biomass components [254]. However, other examples of
equations exist that include more predictive variables in the models, which can improve the precision
of the estimations [11,47,205,255–258]. Although specific genotype-level models provide the greatest
precision, in cases where genotype identification is complicated, models for genotypes which are
taxonomically close or taxonomic-specific models are often used. However, under Mediterranean
conditions at least, Oliveira et al. [252] proves that the genetic origin does not explain the similarities in
biomass allometry among genotypes, so these approaches are not always advisable.

Over the last decade, considerable advances have been made with regards to modeling to estimate
biomass from SRC poplar plantations. Not only have advances been made in allometric models,
but also much effort has been channeled towards modeling other aspects of growth in these plantations,
such as the leaf architecture [259], root production [260–262], and the use of process models with this
aim [263–267], in addition to other management tools derived from models [47,268–270].

In recent years, considerable progress has been made in the development of specific predictive
models for SRC plantations under Mediterranean conditions. Improvements in the model development
methodology to achieve more robust biomass predictions have been made [248,271], and the suitability
of biomass models for local populations, as well as their performance for different sample sizes, have also
been evaluated [253]. Different models have been developed, including a dynamic, whole-stand model
for ‘I-214’ poplar genotype plantations in the northern and central plateau in Spain [272], along with
individual tree models and general models for estimating both the above- and below-ground biomass
in poplar SRC plantations under Mediterranean conditions [252,262].

Othermanagementtoolsderivedfrommodels, suchasmapsofpossiblezonesof production [47,273,274],
estimations derived from the use of new technologies [270,275,276], and tools such as reference diagrams,
which are particularly useful for both planning and managing this type of crop [277], have also been
developed in recent years.

3.5. Biomass Characterization

The use of lignocellulosic biomass is not limited to the production of bioenergy. In recent years,
a wide range of bioproduct-related options have sprung up, such as biopolymers, bioplastics, and sugar
fermentation bioproducts, among others [278–280].

Poplar lignocellulosic biomass is mainly composed of cellulose (42–49%), hemicellulose (16–23%),
and lignin (21–29%) [22,233,279]. Its biomass can supply raw material for processes of thermochemical
or microbiological conversion. Worthy of note among the former is combustion, either for domestic or
agro-industrial applications, but also for industrial cogeneration or co-firing [281,282]. Thermochemical
processes also include gasification in downdraft gasifiers or fluidized beds [283], slow pyrolysis for
the production of biochar [284], and fast pyrolysis to produce biocrude oil [285]. With regards
to the biochemical processes, the conversion to second-generation bioethanol is the most studied
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process [286–288], although lignocellulosic biomass can also be a source of biobutanol [289,290] and
other second-generation biofuels [22,279,291].

In Spain, several studies have addressed the characterization of poplar biomass for thermal
use [148,231,292,293] as biofuels [294–297] or for new bioproducts [298,299]. The lower heating value,
which is used to calculated the available energy, is usually around 18–20 MJ kg−1 in poplar wood
on a dry basis [300,301]. Values found in Spain are within a range very similar to those obtained for
other European countries, although the characteristics vary, depending on the genotype and the age,
ranging from 17.61 to 18.74 MJ kg−1 [137,302,303].

The humidity content can be as high as 48–50% at winter harvesting [231,303], but poplar biomass
has shown a good ability for air drying [303]. The specific density is known to be low [304–307],
thus deriving in low bulk density chips (150–260 kg m−3, [231]), corresponding to low energy densities.
Densification to produce pellets is therefore an option.

The ash content, which is negatively related to the energy value and associated with
the risk of boiler corrosion [308], varies broadly (1–4%), depending on genotype and site
conditions [117,137,231,303]. The fouling and slagging risk derived from ash compositions are known
to be very low [308–310]. The presence of nitrogen (N), which is related to NOx emissions, is low (0.5%)
in poplar biomass [148,231,311], along with chlorine (Cl, <0.02%) and sulfur (S, <0.04%), which are
corrosive [145,312,313].

The combination of a high volatile matter content (much higher than 80%, [137,303,314]), softness of
the wood (which is easy to grind), and a low lignin content makes poplar from SRC a promissory
feedstock for gasifiers. It can also be used for the generation of bioethanol [287,315].

Lignocellulosic biomass has many other uses in the context of the bioeconomy. For example,
cellulose is used in the manufacturing of cosmetics, textiles, and pharmaceutical products,
among others [291,297]. Lignin can potentially be used as a raw material in the manufacturing
of products with high value added, such as vanillin, biopolymers in petrochemistry, and biopesticides,
as well as a material for soil enrichment [291]. Hyd-Poplar lignin could be used for the production
of flame-retardant materials [299]. For example, Martín-Sampedro et al. [234] and Ibarra et al. [233]
identified the genotype ‘Viriato’ as being very promising for use in the production of biofuels, as well as
in other value-added products, all of which point to the suitability of poplar raw material for different
uses in the context of the bioeconomy.

3.6. Sustainability and Ecosystem Services

The importance of the sustainability of crops destined for biomass production has been highlighted
when evaluating their future development. During the last decade, the European Commission has
carried out different analyses and much effort has been dedicated to defining criteria and indicators of
sustainability (EC, Directive 2009/28/EC, 2009; EU Parliament Resolution 2013; Directive 2018/2001/EC;
European Parliament 2017). The World Bioenergy Association [40] has drawn up a document which
includes 24 voluntary sustainability indicators related to bioenergy in general. This document is
particularly important since it represents the only multilateral initiative with a broad consensus among
the different governments and international organizations, providing a framework for future policy
development. Spain has been part of this association since 2008 through the Institute for Diversification
and Energy Saving (IDAE). Despite this consensus, there are many different approaches to tackling
these studies, sometimes because of geographical differences, which often leads to approaches that
are not always homogeneous. Examples of these initiatives include the analyses conducted by
Dallemand et al. [316] and Dimitriou and Rutz [317], among many others.

In any case, the criteria and indicators must be based on scientific evidence and contain
specifications for each production model or source of biomass, as these vary considerably. In this
regard, there are numerous aspects which need to be addressed, such as life cycle and water cycle
analyses, soil quality, and erosion control, among many others [318]. The environmental impacts of
establishment, harvesting, and transportation have been considered negligible when the crop is grown
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on marginal land in central Europe [319]. Sustainability is also necessary from economic and energetic
perspectives. With regards to the latter, the adaptation would appear to be favorable. However, this may
not be the case with regard to the economic viability given the current prices of biomass and absence
of subsidies [320,321]. In Spain, several life cycle analyses including not only environmental, but also
energetic and even economic, issues [128,237,322–325] have been carried out in order to identify the
most relevant factors for these crops under Mediterranean conditions. These analyses concluded
that fertilization, transport, and irrigation are some of the most influential factors [237,288,326,327].
The price of biomass, the price of land rent, harvesting, and irrigation have been identified as the
most influential factors from an economic perspective in Mediterranean environments [214,237,328].
The economic viability of poplar SRC under irrigated Mediterranean conditions can be achieved
either by ensuring optimum productivity or through an increase in the market prices, associated
with more diversified energy use or bioproducts, along with the quantification of ecosystem services,
which currently do not have a market price [214]. In addition to this, improvements in clonal selection
and irrigation technology, as well as the employment of other irrigation methods, such as making use
of reused water, will be essential if these plantations are to be profitable.

A review by Li et al. [329] highlights the necessity to identify sustainable sources of bioenergy.
With this purpose in mind, the authors identified poplar crops among the five lignocellulosic crops
with the greatest future potential. They compiled and described biomass yield information across a
whole range of locations and countries, and concluded that these crops, which only account for 3% of
the bioenergy in Europe [330], can be grown under a wide range of climatic conditions, thus allowing
direct competition with food crops to be avoided. Moreover, it has been determined that woody crops
cultivated in short rotation and herbaceous lignocellulosic crops emit between 40% and 99% less NO2

than traditional crops and consequently have lower fertilization requirements and a greater N use
efficiency. They also sequester carbon in the biomass that remains in the soil (0.44 Mg C ha−1 year−1)
when they are planted on disused agricultural land, although the balance is not positive when they are
planted on former pastureland. Other associated ecosystem benefits include an increased biodiversity
(phytodiversity and zoological diversity) [32,331], erosion control and soil conservation [332],
improvements in the water quality [333], and the role of the crop in phytoremediation [334–336].
In the case of Spain, the potential of the genus in the phytoremediation of soils has been evaluated
through examples of the restoration of coal mining areas in northern Spain [131,337,338], or water
phytodepuration [42,187,216,339]. Research has also focused on nutrient fluxes, evaluating the role
of annual leaf litter in soil fertility throughout the rotation [340]; the quantification of accumulated
carbon in both above- and below-ground fractions (reaching values of around 6.5 Mg C ha−1 year−1 in
the above-ground woody biomass, around 1.0 Mg C ha−1 year−1 in the below-ground biomass [262],
and around 2.5 Mg C ha−1 year−1 in the case of the litter [341]), as well as the economic implications of
CO2 capture [342]. The impact of these forestry crops on the landscape of the agricultural environments
where they are grown has not yet been evaluated in our country. Their effects on soil, biodiversity,
and its function of mitigating diffuse pollution are examples of aspects that should be considered.

Among the main concerns in Europe in terms of the sustainability of crops destined for biomass
production and therefore SRC plantations, are those linked to land use change. According to some
studies, the balance of greenhouse gases and C in the soil indicates that bioenergy as a whole plays a
role in the mitigation of climate change [343]. However, other studies question this affirmation [330],
or point to a minimum cultivation period, beyond which the C balance becomes positive [344–347].

The impact on water resources must also be rigorously assessed [332,348]. In the Mediterranean
area, the need for irrigation is perceived as one of the main weaknesses of these plantations. Different
options aimed at minimizing or achieving more efficient irrigation in Mediterranean environments
have been mentioned in Section 3.3.4. The application of wastewater in poplar plantations not only
constitutes an attractive method for producing biomass through the regeneration of wastewater,
but also implies a reduction or suspension of fertilizer application [42,187,188]. Hence, this approach
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not only provides a sustainable way to minimize water use, but also takes advantage of the ability of
these plantations as vegetation filters.

Improving the sustainability of SRC crops as contributors to the biomass pool will probably
require global decisions that take into account local specifications.

4. Current Status and Future Prospects in Spain

The availability of abandoned agricultural land, the lack of economic alternatives in rural areas,
and the possibilities for complementarity afforded by SRC crops in terms of supply along with the
ecosystem services associated with their establishment on agriculture land, are factors favoring the
implementation of SRC forest crops [349–351]. As with other sources of biomass, it is important to
analyse the biomass produced from forest crops and assess its sustainability and the best methods
for producing it. However, the positive and negative aspects of this type of biomass production,
indeed of biomass production in general, must always be taken into account and there will always be a
certain degree of controversy surrounding its viability. Biomass from forest crops in short rotation has
attracted a lot of interest in Spain, probably due to the regulations regarding electricity production
in 2004 (RD 436/2004) and later in 2007 (RD 661/2007). At that time, many large and medium-sized
companies considered establishing forest crops in SRC. However, the amendment to this regulation in
2013 removed the incentives at a time when many aspects associated with the establishment of crops in
Mediterranean environments had still not been clarified, the ecosystem services had not been assessed,
and the economic viability was far from guaranteed. This situation resulted in a declining interest in
the sector, which continues today.

Despite the expected gradual increase in the contribution of renewable energy to the final gross
energy consumption, in 2017, Spain was still 2.5% points from its 2020 national target [352]. Of the
total contribution of renewable energy, biomass accounts for 13% [353]. With regards to the amount
of biomass destined for bioproducts, as far as we know, there are no statistics for the country given
that there are only a residual number of biorefineries producing such bioproducts [280]. Therefore,
many aspects must still be resolved before the economic viability of renewable biomass resources can
be determined. For example, the price of biomass in Spain is lower than in neighboring countries,
so part of the biomass is exported. This would appear to be problematic in terms of sustainability.
Moreover, no stable, predictable market for biomass exists in Spain.

In relation to biomass from forest crops in short rotation, many advances have been made
in Spain over recent years, which have been described in this article. These advances include the
following: (i) Increased knowledge of the genetic material in relation to the environment, with a better
understanding of the adaptability of genotypes, including their water-use efficiency; (ii) maximizing
production based on densities, genotypes, and management practices; (iii) evaluating the sustainability
of plantations from different perspectives (environmental, energetic, and economic); (iv) exploring
alternative designs, such as mixed plantations; (v) implementing plantations in marginal areas
previously used for mining; (vi) quantifying accumulated carbon; (vii) specific predictive models
and management tools for SRC plantations under Mediterranean conditions; (viii) physiological and
molecular characterization of attributes, mainly those that are relevant to cultivation in marginal zones;
(ix) chemical composition and pyrolytic behavior; and (x) the use of biotechnology to develop new
materials, which should lead to increased production in the future. The role of these forest crops in
water purification has also recently emerged as a matter of interest.

Despite these advances, we still have a long way to go to make SRC plantations a commercial
reality in Spain. It is also known that biomass, including dedicated crops, would generate significant
economic returns in rural areas [354]. This may be especially relevant in a country like Spain, where a
large part of the country suffers from high levels of depopulation, although some aspects that hinder the
short-term economic viability have also been identified, such as those previously mentioned regarding
land rental, the need for irrigation, and the technological development of harvesting machinery at
reasonable local prices. However, other issues need to be addressed in relation to crop management,
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such as (i) the use of irrigation, which should only be resorted to in areas where it is sustainable,
by modernizing the systems, using more water-use efficient plant material or by using recycled
water; (ii) the continual updating of genetic material adaptations to the site, testing of new materials,
and making use of new technologies (genome editing, linkage maps, etc.), in order to produce material
that is resistant to pests and diseases, tolerant to drought or a high salinity, or can adapt more effectively
to specific soil and climate conditions; (iii) exploring new plantation designs; although the preliminary
results of using mixtures are not particularly encouraging, many different alternatives remain to be
explored; and (iv) rationalizing fertilization by evaluating the inputs derived from leaf litter and the
exports of nutrients from wood, as well as by using alternative fertilizer inputs, such as those derived
from sewage sludge.

Other questions should be explored based on the need to (v) quantify and value ecosystem
services in terms of increased biodiversity in the agricultural landscape; carbon accumulation in each
of the biomass fractions, both those that are extracted, as well as those that remain in the soil, such as
foliar and root biomass; and their additional role in phytoremediation, or (vi) advance predictive
modeling for Mediterranean conditions by combining the best features of empirical and process models,
the advantages of which have been well-documented. The inclusion of ecophysiological variables
enabling the prediction of individual tree-level biometry under different conditions, along with
improvements in determining the most important variables, are some of the future objectives of
modeling SRC plantations under Mediterranean conditions. In addition, as water restrictions represent
a real threat, this factor is also being considered in the development of models that enable the simulation
of different climate change scenarios. Regarding (vii) the characterization of biomass, although many
studies have already addressed this aspect, a more in-depth knowledge will be required as the final
products and their intended uses become more defined. Identifying the requirements of each of
the final products will be essential in order to determine the most suitable genotypes for each crop.
Given that Spain is a diverse country, it is also necessary (viii) to analyse where and how this biomass
is produced at a national scale.

Improving the critical aspects detected in environmental, energetic, and economic analyses is
essential for achieving profitable and sustainable plantations under Mediterranean conditions. Biomass
produced ad hoc through plantations under SRC systems may be of interest in many areas of the
Mediterranean, providing a further option which could contribute to the development of a circular
bioeconomy while also generating important environmental services.
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Abstract: A total of 37 different poplar varieties were grown in a randomized mini-rotation short
rotation coppice (SRC) (harvest every three years) on a light sandy soil under continental climatic
conditions in the south of the Federal State of Brandenburg, Germany. Along with well-known poplar
varieties, newly bred ones that have not yet been approved for commercial use were selected for this
study. Survival rates were determined after the first growing season in 2013 as well as at the first and
second harvests in 2015 and 2018. Furthermore, the number of shoots, plant height, diameter at breast
height, dry matter content and biomass yield of the varieties were recorded. After the second rotation
period, only seven poplar varieties yielded more than 11 tadm ha−1 y−1 and can be recommended
for commercial use. However, many varieties only reached about 8 tadm ha−1 y−1, and six varieties
even had less than 4 tadm ha−1 y−1, among them newly bred varieties. Given the changing climate
conditions, the cultivation of these varieties in SRC is not recommended. Our data also show that the
biomass yield of several varieties decreased from the first to the second harvests. Since the survival
rates were high and no damage by pest species was observed, the site-specific yield capacities of the
individual clones are assumed to be the cause for this.

Keywords: bioenergy plantation; woody biomass; Populus; renewable energy

1. Introduction

The use of renewable raw materials is a sustainable and regionally sensible alternative to the
continuing use of fossil raw materials. Thus, the European Union supports the transition to a low-carbon
energy economy and has set a 27% target for the total share of energy from renewable sources by
2030 [1]. Fast-growing tree species play a particularly important and sustainable role as renewable raw
materials in different land use systems, e.g., short rotation coppices (SRC) and agroforestry systems
(AFS) [2–6]. They help reduce CO2 emissions by substituting fossil fuels or the production of biofuels
and thereby help to mitigate climate change [7].

SRC crops are defined as high-density plantations of fast-growing trees, managed in different
rotation times. Commonly, three different types of rotation periods are distinguished: mini-rotation
represents an interval of 2–4 years, midi-rotation of 5–10 years and maxi-rotation of 11–20 years [1,8–10].
Depending on the production target and the associated rotation variant, as well as the particular site
conditions, different tree species are used in Europe. From a legal point of view, several species that
are capable of resprouting can be grown in the aforementioned farming systems [11]. For a successful
management of these types of plantations on a commercial scale, it is essential to maximize the benefits
by combining economic viability with environmental sustainability. Over time, three tree species
have become the most common ones used for the fast production of woody biomass. Black locust
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(Robinia pseudoacacia L.) is mainly grown on poor, sandy sites with little rainfall in southern regions of
Europe [12–14], whereas willow (Salix spec.) and its varieties are preferred in the north, in much more
humid and colder regions [15–17]. However, the most common tree species in European SRC and AFS
is poplar (Populus spec.) and its varieties. There are numerous examples of scientific studies, but their
practical and commercial use in different rotation types has also been examined in many different
regions in Europe [2,18–22].

In Germany, farmers mainly use sites with low yield expectations to establish SRC and AFS.
Such sites are especially abundant in the Federal State of Brandenburg, in which 2000 ha, that is about
one third of Germany’s SRC, are located [23]. In recent years, the interest in fast-growing tree species,
especially in poplar, has increased and new varieties have been brought onto the market. However,
these often originated from Southern Europe, e.g., Italy, where climatic and site conditions are more
favorable than in Germany, for example, due to higher temperatures, a longer vegetation period, less or
no frost periods and a better water supply. For this reason, it was of particular interest to study the
growth of the new Italian AF poplar varieties, as well as the new Matrix poplar varieties from Germany
under the specific conditions occurring in the Federal State of Brandenburg, and compare them to
older varieties.

The aim of this study was to record and compare the major growth parameters of 37 poplar
varieties over a period of six years, including two harvests. These included (I) the survival rate, (II) the
resprouting capacity, (III) the plant height, (IV) the diameter at breast height, (V) the dry matter content
and (VI) the biomass yield. Finally, the suitability of these varieties for SRC and AFS was evaluated.

2. Materials and Methods

2.1. Site Description, Experimental Design and Plant Material

The study site is located near Großthiemig in the northeastern part of Germany (latitude N
51◦23′52.9′′, longitude 13◦40′11.6′′ E, 43 m a. s. l.). The local climate is mainly a typical inland climate
but with a noticeable transition to the continental climate. The mean annual temperature is 8.6 ◦C with
an average annual precipitation of 561 mm [24]. The soil has a sandy texture and consists of 4.8% of
clay, 2.9% of silt and 92.3% of sand with a lightly acidic to neutral pH of 5.9 and an organic matter
content of about 1.5%. According to Hartmann [25], the soil type is a Gleyic Cambisol.

In the spring of 2012, a randomized field trial including the 37 poplar varieties was established.
Most varieties were typical varieties available on the German market in 2012 and bought from the
P & P forest nursery (Eitelborn, Germany [E 7◦42′ N 50◦22′]). Newly bred varieties were obtained
from the Italian breeder Alasia Franco Vivai (AFV) (Savigliano, Italy [E 7◦38′ N 44◦36′]), and the
Thünen Institute (TI) (Großhansdorf, Germany [E 10◦15′ N 53◦39′]; 4 × Göttingen variety bred by the
University of Göttingen, Germany, with material originating from INRA Bordeaux, France). Table 1
provides an overview of all poplar varieties included in this study.

Except for the varieties from TI, unrooted cuttings with a length of 20 cm and a minimal diameter
of 1 cm were used and placed into the soil manually and evenly with the ground. The three TI varieties
(P1, 4 × Göttingen and Esch 5) were delivered as rooted plants in pots, which were removed before
planting. Every poplar variety was established in three plots with 33 individuals each, with a random
distribution of plots. In total, 32 rows with a row spacing of 1.5 m were created. The distance between
plants within a row was 0.5 m. Thus, a theoretical number of 13.333 poplars per hectare were planted.
To ensure the success of the establishment, two mechanical weed control measures were carried out
during the first growing season.
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Table 1. Poplar varieties included in this study and, if known, their parentage (n = 99 per variety).

Variety Parentage Sex Source

Androscoggin P. maximowiczii × P. trichocarpa m

P & P

Fritzi Pauley P. trichocarpa f
Harff P. × euramericana f

Heidemij P. × euramericana m
I 214 P. deltoides × P. nigra f

Isières P. × euramericana m
Jacometti 78 B P. × euramericana f

Koltay P. × euramericana m
Kopecky P. × euramericana m
Matrix 24 P. maximowiczii × P. trichocarpa
Matrix 49 P. maximowiczii × P. trichocarpa

Max 1 P. nigra × P. maximowiczii f
Max 3 P. nigra × P. maximowiczii f
Max 4 P. nigra × P. maximowiczii f

Monviso P. generosa × P. nigra f
Muhle Larsen P. trichocarpa f

NE 42 * P. maximowiczii × P. trichocarpa m
Pannonia P. × euramericana f
Rochester P. maximowicii × P. nigra f
Robusta P. × euramericana m
Weser 6 P. trichocarpa

AF 2 P. × canadensis Moench m

AFV

AF 6 P. generosa × P. nigra A. Henry f
AF 8 P. trichocarpa × P. × generosa f

AF 13 P. × canadensis
AF 15 P. deltoides × P. nigra
AF 16 P. × canadensis
AF 17 P. deltoides × P. nigra
AF 18 P. deltoides × P. nigra
AF 19 P. deltoides × P. nigra
AF 20 P. deltoides × P. nigra
AF 24 P. deltoides × P. nigra
AF 27 P. deltoides × P. nigra
AF 28 P. deltoides × P. nigra

P1 P. × canescens TI
(UG/INRA
717-1B4)

4 × Göttingen P. × canescens (tetraploid)
Esch 5 P. tremula × P. tremuloides

* syn. Hybride 275.

2.2. Determination of Growth Parameters

After the first growing season, the survival rate was determined for all poplar varieties in January
2013. This was repeated at the time of the first harvest in January 2015 and the second harvest in January
2018. At each harvest, the number of shoots per stool was counted, and plant height and diameter at
breast height (DBH) were measured with a diameter measurement tape at a height of 1.3 m on each
individual shoot. The dry matter content (DMC) of each variety was determined by harvesting three
trees of each plot, that is nine trees per variety in total. A sample was taken from each of these trees
from the lower, middle and upper sections. These samples were grounded and weighed. Fresh weight
after harvest and dry weight after dehydration were measured using an electronic scale with a spring
balance (precision ± 1 g). Dry weight was determined by taking a representative, plot-based subsample
of each sample and drying it for 48 h in the laboratory at 103.5 ◦C (DIN 52183 [24]) until a constant
weight was reached [25,26]. This subsample was used to estimate the total value of dry woody biomass
for each sample by creating a power function for each poplar variety [27] and calculating the dry
woody biomass per shoot by means of the DBH. The Y = axˆb power function best fit the curve when
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using the method of least squares. Once the biomass of each shoot was calculated, we were able to
estimate the biomass of each plot. The biomass of each tree is the sum of the biomass of all its shoots,
and the plot biomass is therefore the sum of the biomass of all its trees. Thus, the survival rate of each
plot was also taken into account. Using the number of trees per hectare, we converted the average total
biomass per plot into the biomass per hectare (tons absolute dry biomass, tadm ha−1). The dry matter
biomass yield (DBY) (tadm ha−1 y−1) resulted from dividing the biomass per hectare by the number of
years between each harvest.

2.3. Data Analysis

The collected data were analyzed for normality using the Shapiro–Wilk test (α = 0.05). None of
the data of the growth parameters followed a Gaussian distribution, so the differences between
poplar varieties were analyzed using the non-parametric Kruskal–Wallis test (α = 0.05). Fisher’s least
significant difference procedure was used as post hoc test. Correlation between the six variables was
tested using Pearson’s product moment coefficient (α = 0.05). In addition, we tested the correlation
between parameters and the actual plot position. No evidence for spatial autocorrelation was found.
All analyses were carried out using R 3.6.3 [28] and the packages tidyverse [29] and ggcorrplot [30].

3. Results

3.1. Survival Rate

Out of the 37 poplar varieties, 26 varieties had a survival rate of ≥90% and 33 varieties of ≥80%.
Thus, the overall survival rate after the first growing season was very high (Table 2). Understandably,
the three TI varieties, which came in pots, did particularly well with survival rates between 93% and
100%. However, with up to 98%, for Max 4, similar survival rates were also achieved with unrooted
cuttings. With 56% and 57%, the AF 20 and AF 19 varieties had particularly low survival rates. At the
first harvest in January 2015, the survival rate of some varieties had drastically decreased. The reduction
was most severe for AF 2, AF 24 and AF 15 with a decrease of 53%, 49% and 42%. Even though not as
many AF 19 and AF 20 individuals had died, the survival rate was nevertheless reduced to a very low
37% and 17%, respectively. For other varieties, the decrease in individuals was not as drastic but still
remarkable. For example, the survival rate of the Hungarian varieties Kopecky, Koltay and Pannonia
was reduced by 35%, and 29% for the latter. In contrast, Isières, Max 1 and Max 4 performed very well
with a decrease in the survival rate of only 1%, 2% and 3%. In comparison to the first rotation period,
there were only marginal decreases in the survival rate of a few varieties.

Table 2. Survival rate of the poplar varieties at the end of the first growing season (2013), after three
years (2015) and after six years (2018).

Survival Rate [%]
Variety 2013 2015 2018

Max 4 98 95 95
Fritzi Pauley 84 80 80

Max 3 95 83 83
AF 18 96 84 84
AF 16 77 72 72
AF 17 95 86 86

Matrix 24 91 72 67
Isières 98 97 97
Max 1 97 95 95
AF 28 81 52 52
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Table 2. Cont.

Survival Rate [%]
Variety 2013 2015 2018

AF 13 90 54 54
Weser 6 96 87 87

Matrix 49 89 81 81
AF 27 95 62 62

Pannonia 93 64 63
Monviso 93 61 61
Rochester 95 82 82

Koltay 91 56 52
P1 100 96 96

Heidemij 94 61 61
AF 24 94 45 45
NE 42 96 87 87
AF 8 83 52 52
Harff 94 80 76

Robusta 90 75 75
AF 19 57 37 37

Kopecky 96 61 60
Jacometti 78 B 88 72 72

AF 2 96 43 43
AF 6 85 46 46

4 × Göttingen 98 85 85
Androscoggin 83 59 59

I 214 96 62 62
AF 15 91 49 48

Muhle Larsen 73 52 52
Esch 5 93 74 74
AF 20 56 17 17

3.2. Resprouting Capacity

In the first rotation period from 2012 to 2015, about 99% of the established poplars had only one
shoot. After the first harvest, the number of shoots per stool increased and averaged 1.59 shoots for
all poplar varieties (Figure 1). The highest median with 2.59 shoots per stool was recorded for Max
3, followed by Max 4 (2.46) and Heidemij (2.12). While these three varieties did not show any peak
values regarding the number of shoots per stool, AF 17 had a maximum number of 13 shoots, followed
by Matrix 24 with 11 shoots and Rochester, Isières, Weser 6 and I 214 with 10 shoots. The statistical
analysis highlights the high number of shoots of Max 3 and Max 4, whereas, in general, no distinct
significant differences were recorded for individual varieties or groups of varieties.
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Figure 1. Average (±standard error) number of shoots of the poplar varieties in the winter of 2018,
six years after planting and three years after the first harvest. Statistical analysis was carried out using
the non-parametric Kruskal–Wallis test (α = 0.05, n ∈ [17;95]) paired with Fisher’s least significant
difference procedure to highlight statistically different varieties; the letters on the right-hand side of the
figure represent the statistical groups to which each variety belongs.

3.3. Plant Height

At the end of the first growing season, the 37 poplar varieties reached an average height of 1.60 m.
The greatest plant heights were achieved by AF 17 with 2.35 m, followed by I 214 (2.20 m) and Max 4
(1.98 m). In contrast, Jacometti 78 B (1.12 m), Rochester (1.11 m) and AF 2 (1.09 m) showed only a weak
height growth in the year of establishment. After three years, in 2015, a median height of 6.29 m was
recorded for all poplar varieties. AF 13 (7.95 m), Weser 6 (7.76 m) and Fritzi Pauley (7.75 m) were the
most successful ones in terms of height gain, while 4 × Göttingen (4.04 m), AF 20 (4.78 m) and Robusta
(5.00 m) had achieved the lowest plant height after three growing seasons (Figure 2). In the second
rotation period from 2015 to 2018, the average height of the poplar varieties only increased by 0.19 m
to 6.48 m. Compared to the first rotation period, 20 varieties showed an increase in height growth at
the end of the second rotation period, and 17 varieties a decrease. AF 19 had the greatest increase in
height, which was 1.83 m higher than at the end of the first rotation period, followed by AF 13 and AF
24. The lowest plant height after two rotation periods was recorded for Esch 5 (4.49 m), Muhle Larsen
(5.12 m) and AF 15 (5.34 m).
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Figure 2. Plant height of the poplar varieties in the winters of 2015 and 2018. For each variety,
the difference between the height in 2015 and in 2018 was analyzed using the non-parametric
Kruskal–Wallis test (α = 0.05, n = 3). Statistically significant differences are marked with an asterisk.

3.4. Diameter at Breast Height (DBH)

The DBH of the 37 poplar varieties reached an average of 1.0 cm after the first growing season.
AF 19 achieved the highest DBH (1.2 cm) followed by AF 13 and AF 17 (both 1.1 cm). Esch 5,
Muhle Larsen and Rochester had the lowest DBH with 0.6 cm. By the end of the first rotation period in
2015, the varieties achieved an average DBH of 3.3 cm. The greatest increases in DBH were recorded
for AF 13 with 4.7 cm, followed by Fritzi Pauley (4.4 cm) and Max 1 with 4.3 cm. After the second
rotation period in 2018, the average DBH decreased by 0.9 cm to 2.4 cm. This decrease applied to all
poplar varieties. The greatest DBH at the end of the second rotation period was reached by Max 1 with
4.7 cm, followed by AF 19 and AF 13 with 4.4 cm. The lowest increase in DBH was 1.1 cm for Esch 5,
followed by Muhle Larsen (1.6 cm) and Androscoggin (1.7 cm) (Figure 3).
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Figure 3. Diameter at breast height of the poplar varieties in the winters of 2015 and 2018. For each
variety, the difference between the diameter in 2015 and in 2018 was analyzed using the non-parametric
Kruskal–Wallis test (α = 0.05, n = 3). Statistically significant differences are marked with an asterisk.

3.5. Dry Matter Content (DMC)

After three years, in 2015, the DMC averaged 45.2%, with large differences among the 37 poplar
varieties. The greatest DMC was recorded for Rochester with 50.7%, followed by NE 42 (49.5%) and
Androscoggin (48.0%). AF 28 had the lowest DMC with 42.2%, followed by Koltay (43.3%) and Max
1 (43.4%). With 44.5%, the average DMC after the second rotation period was similar to that in the
first rotation period. Again, Androscoggin (54.6%), NE 42 (49.5%) and Rochester (50.7%) reached the
highest DMC values. The lowest DMC was recorded for AF 27 with 38.1%, followed by AF 17 (40.5%)
and AF 2 (40.2%).

3.6. Dry Matter Biomass Yield (DBY)

After the first rotation period, in 2015, Fritzi Pauley reached the highest yield with 14.6 tadm ha−1

y−1, followed by Weser 6 (14.3 tadm ha−1 y−1), Max 3 (12.4 tadm ha−1 y−1) and Max 4 (12.0 tadm ha−1 y−1)
(Figure 4). Moderate yields between 6.8 and 6.9 tadm ha−1 y−1 were recorded for Pannonia, AF 27 and
Matrix 49. AF 20 (2.4 tadm ha−1 y−1), 4 × Göttingen (2.8 tadm ha−1 y−1) and AF 19 (3.2 tadm ha−1 y−1)
had the lowest yields. After the second rotation period, in 2018, the highest yield was found for Max
4 with 15.8 tadm ha−1 y−1. Fritzi Pauley (14.5 tadm ha−1 y−1) and Max 3 (13.3 tadm ha−1 y−1) reached
only slightly lower yields. With 8.1 tadm ha−1 y−1, P1, Pannonia and Koltay showed moderate yields.
The lowest yields were recorded for AF 20 (0.8 tadm ha−1 y−1), followed by Esch 5 (1.2 tadm ha−1 y−1)
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and AF 15 (2.5 tadm ha−1 y−1). Between the first and the second rotation periods, 19 varieties were able
to increase their yield, whereas 18 varieties showed a yield reduction. The increases were greatest
for AF 18 (4.8 tadm ha−1 y−1), AF 16 (4.1 tadm ha−1 y−1) and Max 4 (3.8 tadm ha−1 y−1). The greatest
decreases were recorded for Weser 6 (−5.4 tadm ha−1 y−1), Max 1 (−4.1 tadm ha−1 y−1) and Esch 5
(−3.0 tadm ha−1 y−1).

The statistical analysis does not show any distinct significant differences of individual varieties
but allows for dividing the varieties into the groups of high-yielding (a–c) and low-yielding (i–k)
varieties (Figure 5).

Figure 4. Biomass yield of the poplar varieties in the winters of 2015 and 2018. For each variety,
the difference between the biomass yield in 2015 and in 2018 was analyzed using the non-parametric
Kruskal–Wallis test (α = 0.05, n = 3). Statistically significant differences are marked with an asterisk.
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Figure 5. Average (±standard error) biomass yield of the poplar varieties in the winter of 2018, six years
after planting and three years after the first harvest. Statistical analysis was carried out using the
non-parametric Kruskal–Wallis test (α = 0.05, n ∈ [17;95]) paired with Fisher’s least significant difference
procedure to highlight statistically different varieties; the letters on the right-hand side of the figure
represent the statistical groups to which each variety belongs. All presented results are in order of the
biomass yield presented in this figure.

Slightly positive correlations between the survival rate and the number of resprouting shoots (0.27),
as well as the number of resprouting shoots and the dry matter biomass yield (0.38), were calculated
(Figure 6). Furthermore, a strong correlation between plant height and DBH (0.73) was found in
this study. This is also affirmed by the close correlations between DBH and biomass yield (0.75),
and between plant height and biomass yield (0.69) (Figure 6).
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Figure 6. Correlation matrix of all recorded growth parameters of the poplar varieties in the winter of
2018, six years after planting and three years after the first harvest, using Pearson’s product moment
coefficient. Non-significant correlations (α ≥ 0.05) are crossed out.

4. Discussion

The economic success of an SRC is determined by the natural site conditions (e.g., soil texture,
soil nutrient content, precipitation, ground water level, solar radiation and temperature), which are key
factors to be considered during the planning process of an SRC [31], as well as the conditions that arise
from, and can be influenced by, the plantation management itself, in particular during the establishment
of an SRC, such as site preparation (tillage, herbicide application, etc.) [32], timing of planting (weather
conditions, soil water status), planting material (quality of cuttings), planting techniques (setting and
depth of planting) and weed control [1,31,32].

The most important and easily visible factor showing a successful management of these parameters
is the survival rate of the established plants. In general, our data show very high survival rates
at the end of the first growing season when compared with the literature [32]. Since high-quality
propagation material and professional cultivation methods were used, the relatively low survival rates
of AF 20 (56%), AF 19 (57%) and Muhle Larsen (73%) seem to be variety-specific characteristics [33].
The survival rate of all varieties decreased from the end of the first growing season in 2013 to the first
harvest in 2015. The different extent of plant mortality can be assumed to be a reaction of the different
poplar varieties to the specific site conditions, since neither major biotic or abiotic damage events
occurred, and a proper plantation management was ensured. In the second rotation period from 2015
to 2018, there were only marginal decreases in the survival rate of a few varieties (e.g., −5% for Matrix
24 and −4% for Harff). Overall, the survival rates remained at the same level. Thus, it can be concluded
that the variety-specific adaptation to the site is completed at the time of the harvest after the first
rotation period.

The number of resprouting shoots after a harvest depends on the poplar variety, the planting
density of the selected SRC rotation system and the site conditions [23,25,26,34]. The highest-yielding
varieties in this study very often belonged to the most robust species. However, a tripling or quadrupling
of the number of shoots as described by Röhle et al. [23] was not observed. The correlations between
the survival rate and the number of resprouting shoots, as well the number of resprouting shoots and
the dry matter biomass yield, lead to the conclusion that the greater the average number of shoots,
the greater the dry matter biomass yield. This also means that the resprouting capacity of poplars does
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not only compensate the loss of individual plants in SRC but can also increase the yield. These results
are consistent with those of Paris et al. [35].

The productivity of poplars is strongly correlated with various stem and leaf traits such as plant
height, diameter, total leaf area and individual leaf area, and has been studied multiple times [36–41].
The results from our study confirm these literature results. Even the strong correlation between plant
height and DBH found in our study has been described by several authors and ultimately led to various
allometric functions to determine the biomass of an SRC by measuring a few, but crucial, parameters.

Aylott et al. [42,43]), Gielen and Ceulemans [44] and Cochard et al. [45] reported biomass yields
between 2.0 and 9.6 tadm ha−1 yr−1 from 16 poplar varieties in England and Wales. Similar results
were reported from across Europe (e.g., Rae et al. [46]) and North America (e.g., Dillen et al. [47]).
To generate an economically justified income from an SRC, a yield of at least 8 tadm ha−1 y−1 needs to
be achieved [46]. Since the market prices for SRC biomass fluctuate greatly depending on location
and time, a reasonable average financial yield cannot be specified. However, the biomass yield of
the poplar varieties included in this study can be assessed with regard to the specific site conditions,
which also include the occurrence of extreme, climate change-related weather events in recent years.
From the first to the second rotation periods, only approximately 50% of the poplar varieties showed
increases in biomass yield (e.g., Max 4, AF 18, AF 16), whereas varieties such as Weser 6, Max 1 and AF
6 had decreasing yields. This is opposed to various publications, which reported an increasing yield
over the first ten years [48]. Except for Fritzi Pauley, the six highest-yielding varieties increased their
yield from the first to the second rotation periods. With 11.5 to 15.6 tadm ha−1 y−1, these varieties were
able to achieve very good yields under the given site conditions. Many varieties had yields of around
8 tadm ha−1 y−1. Some of these varieties were able to increase their yield in the second rotation period,
others were not. Since no active management measures were carried out during the second rotation
period and no major biotic damage was recorded, it must be assumed that the determined yields
represent the variety-specific yields at the study site. The varieties that had yields below 4 tadm ha−1 y−1

in the first rotation period showed a significant yield decrease in the second rotation period, which can
be attributed to a reduction in all growth parameters described above (survival rate, number of shoots
per stool, plant height, DBH). In conclusion, these varieties are not suitable for SRC in this location.

Looking at the biomass yield of the harvest in 2018, it is noticeable that the poplar varieties can
be divided into two groups, that is into high-yielding and low-yielding varieties. The high-yielding
varieties include breeds with P. deltoides × P. nigra as well as with P. trichocarpa × P. maximowiczii
(i.e., Max 3, Max 4, Matrix 24). The latter is confirmed by other studies [19,49–51]. The very good
performance of the P. deltoides × P. nigra varieties on this low-yield and quite dry site was not expected
and, to our knowledge, has not yet been described in the literature. Benetka et al. [49] reported
below-average yields of P. nigra varieties on low-yielding locations in the Czech Republic. Based on
our study, this can be confirmed for other P. deltoides × P. nigra varieties (e.g., Robusta, Jacometti 78B,
AF 2, AF 6, I 214). These varieties are known to be susceptible to fungal diseases, in particular poplar
leaf rust, which can have a significant negative impact on the growth of these varieties [52,53]. The very
poor performance of the AF 15 and AF 20 varieties was due to a very high plant mortality rate. Since no
biotic damage (neither fungal nor insect damage) was found on either variety, we assume that they
were not able to cope with the specific site conditions.

Furthermore, the poor performance of the three TI varieties was surprising. Despite the advantage
of having been delivered as rooted plants in pots, they did not exhibit a satisfying growth. While P 1
still reached the standard yield with approximately 8 tadm ha−1 y−1 in the second harvest, 4 ×Göttingen
and Esch 5 only achieved below-average results with just under 5 and 1 tadm ha−1 y−1, respectively.
Since the plant mortality rates of these varieties were low and no major biotic damage was noted,
the negative performance is most likely also attributed to the site conditions.
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5. Conclusions

Our data suggest that the selection of poplar varieties based on the particular site is extremely
important for the economic success of an SRC. On the continental-influenced light sandy soil of the
study site, only eight out of 37 poplar varieties showed economically sufficient growth in a mini-rotation
SRC and produced a biomass yield of more than 10 tadm ha−1 y−1. This included older varieties such
as Fritzi Pauley, Max 3 and Max 4, as well as newer breeds from Italy, such as AF 16, AF 17 and
AF 18, and from Germany, such as Matrix 24. These varieties can be recommended for commercial
use in SRC under the specific site conditions. Many varieties had a yield of around 8 tadm ha−1 y−1,
with some varieties increasing and some decreasing their yield from the first to the second rotation
period. Given the current climate change prognosis, we advise against the cultivation of these varieties.
Six varieties did not even reach 4 tadm

ha−1 y−1 in the second harvest. This included the old varieties
Androscoggin and Muhle Larsen, as well as the new AF 15 and AF 20 varieties from Italy and the Esch
5 variety from TI.

Another data collection to verify these conclusions is planned for 2021 at the end of the third
rotation period.
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Abstract: Research Highlights: Despite a long tradition of using poplars as wood source across Central
Asia, recent international breeding developments have not penetrated that region yet. This study
therefore explored growth performance of 30 local and international poplar cultivars. Background and
Objectives: The Central Asian countries are forest poor countries, which need to cover the domestic
wood demand through costly imports. Therefore, fast growing trees, such as poplars, are gaining
increasing attention as option to grow wood domestically. The most common cultivars date back to
Soviet Union times. As recent breeding developments have not reached the region, this study aims
at investigate the growth performance of a number of newly developed poplar cultivars. Materials
and Methods: The investigated cultivars were planted as cuttings across nine sites in Kyrgyzstan,
Kazakhstan, and Tajikistan between 2018 and 2020. Results: Under warm climate conditions, i.e., low
elevations, P. deltoides x nigra hybrids attained highest stem volumes and biomass yields, up to
16.9 t/ha*a after two years, followed by P. nigra x maximoviczii hybrids. One of the P. deltoides x nigra
hybrids reached a tree height of 10.5 m after three years. On higher elevations, e.g., in the Pamirs
and in Naryn, P. maximoviczi x trichocarpa hybrids and P. trichocarpa cultivars grew faster than the
former hybrids. Conclusions: The cultivars explored in this study should be included into plantations
or agroforestry systems that are being established, provided that land users are able to thoroughly
control weeds and ensure nutrient and water supply. If sufficient weed control, nutrient supply, or
water supply cannot be ensured, then land users should opt for local cultivars (e.g., Mirza Terek) or
the P. nigra x maximoviczii hybrids or P. trichocarpa, in order to avoid failure.

Keywords: fast growing trees; poplar hybrids; poplar clones; tree height; DBH; stem volume; yield;
agroforestry; Kyrgyzstan; Kazakhstan; Tajikistan

1. Introduction

Poplars are a major agroforestry tree across Central Asia and increasingly gain at-
tention for fast growing tree woodlots and plantations [1]. Traditionally, poplars were
planted along field borders and irrigation ditches to gain wood as construction material,
without occupying much space of adjacent crop fields. During Soviet Union times, those
poplar rows along field borders were propagated as tree wind breaks to reduce wind speed,
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improve the micro climate, and help to increase crop yields [2–5]. Thereby, the effects on
the microclimate and crop yields were the main target rather than the wood resources
potentially provided from such tree wind breaks [6–8]. After disintegration of the Soviet
Union, a large share of those tree wind breaks was cut down primarily for fuel wood and
secondarily for timber, as the energy supply system had broken down in the course of the
disintegration of the Soviet Union [1]. Now, in parts of Central Asia, e.g., in the Ferghana
Valley, poplars are being planted as tree wind breaks and plantations to gain wood as a
resource and as an additional income source [9]. This is in line with policy programs or
strategies of the Central Asian countries, e.g., the Green Economy Program in Kyrgyzstan,
the recent Strategy to Develop the Agriculture in the Republic of Uzbekistan 2020–2030, or
under the Kazakhstan 2050 strategy as reviewed by [1].

During Soviet Union times, P. bolleana, P. nigra, and P. deltoides cultivars were brought
into Central Asia to be planted in agroforestry systems and plantations [10]. Though,
today the most widely distributed poplar in agroforestry systems and plantations across
Central Asia is Populus nigra var. pyramidalis, in particular the local cultivar Mirza Terek,
according to own field observations and personnel communications across the region.
This Populus nigra var. pyramidalis originated from an area comprising Afghanistan, the
Western Pamirs, and the Western Tianshan. Standardized Mirza Terek planting material
was brought from Sotchi into Central Asia in 1952 [11]. Until today, Mirza Terek is the
typical poplar that is planted across most parts of Central Asia, while only in the northern
part of Kyrgyzstan and SE Kazakhstan, P. alba is planted as well. Starting in the 1980s
and 1990s, the knowledge on the physiology and genetics of poplars has been increasing
(e.g., [12] and further literature there), which resulted in the development of new cultivars.
Globally, a number of new poplar cultivars have been developed and released during the
last decades through public breeding programs and developments by private businesses
as listed by [13] and reviewed by [14]. In Asia, breeding programs have been carried out
and are ongoing in China, India, Japan, Korea, and Kazakhstan. In Russia, poplar research
and breeding are being carried out in a number of institutes in the European part of Russia.
So far, these recent breeding developments of new cultivars have not entered Central Asia
on a larger scale.

Against this background, this study aims at addressing that gap by starting to plant
and monitor the survival and growth rates of a number of poplar cultivars across the
different climates and elevations of Central Asia to take genotype × location interactions
into account [15]. This study sees itself as a first step to explore which of the cultivars or
parentages, which are listed in Table 1 below, might be selected for further more systematic
in-depth field trials. Yet, as a report of work in progress this study is able to report results
on the survival rates after planting, growth rates immediately after planting, and during
the youth development of the planted cultivars.

Table 1. List of poplar cultivars, corresponding parent species, and distribution across sites. Parentages refer to the
following species and hybrids: PN—P. nigra (section Aigeiros), PD—P. deltoides (section Aigeiros), PT—P. trichocarpa (section
Tacamahaca), PA—P. alba (section Populus), Psi—P. simonii (section Tacamahaca), PPa—P. pamirica (section Tacamahaca),
PDN—P. x canadensis (intra-sectional), PMT—P. maximoviczii x trichocarpa (intra-sectional), PNM—P. nigra x maximoviczii
(inter-sectional), and PLfND—P. laurifolia x canadensis (inter-sectional). The geographical location, elevation, and climate
zone are given in Table 2.

Cultivar Parentage Almaty Bishkek
I

Bishkek
II Jalalabad Osh Lavar Tup Khorog Naryn

Mirza Terek PN • • • • • •
Pyramidalis 1 PN •

Samsun PD • • •
89M060 PD • • •

Oudenberg PDN • • • • • • • • •
Orion PDN • • • • • • • • •
H-8 PDN • • • • • • •

H-11 PDN • • • • • • •
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Table 1. Cont.

Cultivar Parentage Almaty Bishkek
I

Bishkek
II Jalalabad Osh Lavar Tup Khorog Naryn

H-17 PDN • • • • • • • • •
H-33 PDN • • • • • • • • •

Tiepolo PDN • • •
Bellini PDN • • •

Veronese PDN • • •
Vesten PDN • • • •

Kazakhstani PLfND • • • • •
Kyzyl-Tan PLfND •

H-275 PMT • • • • • • • •
Matrix-11 PMT • • • • • • • •
Matrix-49 PMT •
Matrix-24 PMT •

Fastwood 1 PMT • • • •
Fastwood 2 PMT • • • •

Max-3 PNM • • • • • • • • •
Max-4 PNM • • • •
Max-1 PNM •

Muhle Larsen PT • • • • •
Fritzi Pauley PT • • • • • • • • •

Trichobel PT • • • • • • • • •
Ozolin PA • • •

P. pamirica PPa •
P. simonii PSi • • •

1 Possibly this is also Mirza Terek.

Table 2. List of sites with their geographical location, elevation, and climate zone.

Site Name Country Geographical Position Elevation [m a.s.l.] Climate Zone 1

Almaty Kazakhstan 43.18◦ N 76.87◦ E 1014 Dfa
Bishkek I and II Kyrgyzstan 42.92◦ N 74.62◦ E 701 Dsa

Jalalabad Kyrgyzstan 40.94◦ N 72.97◦ E 779 Dsa
Osh Kyrgyzstan 40.54◦ N 72.89◦ E 1022 Dsa

Lavar Kazakhstan 43.57◦ N 78.09◦ E 572 BSk
Tup Kyrgyzstan 42.8◦ N 78.49◦ E 1771 Dfb

Khorog Tajikistan 37.46◦ N 71.61◦ E 2183 BSk
Naryn Kyrgyzstan 41.42◦ N 75.74◦ E 1938 BSk

1 Climate zone after www.climate-data.org (accessed on 16 March 2021): Dfa, Dsa, Dfb—humid and hot continental climate, BSk—cold
semiarid climate.

2. Materials and Methods
2.1. Planting Material

In total, 31 cultivars were planted on nine sites in 2018, 2019, and 2020, as listed
in Table 1 underneath. This set of cultivars included P. nigra (PN, section Aigeiros), P.
deltoides (PD, section Aigeiros), P. trichocarpa (PT, section Tacamahaca), P. alba (PA, section
Populus), and P. simonii (Psi, section Tacamahaca), P. pamirica (PPa, section Tacamahaca)
cultivars as well as P. x canadensis (PDN, intra-sectional), P. maximoviczii x trichocarpa (PMT,
intra-sectional), P. nigra x maximoviczii (PNM, inter-sectional) and P. laurifolia x canadensis
(PLfND, inter-sectional) hybrids.

All the PT, PMT, and PNM cultivars were purchased from Wald21, Germany, while
the PDN cultivars H-8, H-11, H-17, H-33, Orion, Oudenberg, and Vesten were purchased
from Biopoplar, Italy. The cultivars Samsun, 89M060, Tiepolo, Bellini, Ozolin, and Veronese
were obtained from the Academy of Sciences in Uzbekistan. The remaining cultivars were
obtained locally from project partners. All the planting material was planted in spring as
cuttings with a length of 20 cm.
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2.2. Study Sites

The study sites were distributed across Central Asia from SE Kazakhstan over Kyr-
gyzstan, including the Ferghana Valley, into Tajikistan (Figure 1), with the aim to capture
different growth rates of the cultivars across the climate zones and elevation range relevant
for the potential use of those poplar cultivars in agroforestry or plantations [15]. The final
selection of the particular sites here and their different management, as explained below,
are partly owed to the availability of sites and resources.
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Figure 1. Location of the poplar testing sites.

The sites Almaty, Bishkek I and II, and Lavar represent the hot continental climate
(Tables 2 and 3) with a pronounced rainy season in spring along the northern slopes of the
Tianshan Mountains with its agricultural areas there. The sites Jalalabad and Osh represent the
Ferghana Valley with a hot continental climate, too, but warmer and with a longer growing
season compared to the former three sites (Tables 2 and 3). The Ferghana Valley is the area
with the highest population density and a major agricultural region of whole Central Asia. The
three latter sites, Tup, Khorog, and Naryn, represent higher elevations with colder climates
and a shorter growing season compared to the former sites (Tables 2 and 3). Khorog and
Naryn, in addition to their high elevation, are considered semiarid (Tables 2 and 3).

Table 3. Climate features at the sites (www.weatherbase.com, accessed on 16 March 2021).

Site Average January
Temperature [◦C]

Average July
Temperature

[◦C]

Annual Pre-
cipitation

[mm]

First Month of the
Year with >5 ◦C

Almaty −4.7 23.8 570 April: 11.5 ◦C
Bishkek −2.6 24.9 452 March: 5.3 ◦C

Jalalabad −1 25 430 March: 8 ◦C
Osh −3.4 25.1 378 March: 6.9 ◦C

Lavar −9.4 23.1 198 April: 14.9 ◦C
Tup −10.7 18.5 423 April: 7.6 ◦C

Khorog −6 22 260 April: 10 ◦C
Naryn −16 16 300 April: 7 ◦C

On each site, at least one soil profile was drilled down to 100 cm. The soils of all sites
are silt and loam dominated through the first 50 cm of the soil profiles. Below 50 cm, the
soil profiles contain sand and loam in Bishkek I and Jalalabad, but continue with silty
horizons under the other sites. All those sites are well drained. On the site Bishkek I, there
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is a gradient from sandy loam to silty loam with the humus content also increasing along
that gradient. The soil profile of the site Bishkek II is silty clay throughout the first 100 cm,
which is not well drained. The soil in Lavar is slightly saline. According to [13], the former
sites offer good to very good soil properties for poplars, while Bishkek II and Lavar offer
fair to poor conditions due to their soil texture and salinity, respectively.

2.3. Site Management

This planting experiment was started in 2018 with the sites Almaty and Bishkek I.
In 2019, the sites Khorog, Lavar, Bishkek II, Jalalabad, and Tup were started. Finally, in
2020 the sites in Osh and Naryn were added. The planting schemes and site management
differed according to land, water, fertilizer, and labor availability for each of the sites
(Tables 4 and 5). The site area Almaty was part of a nursery, while the two site areas in
Bishkek had been unused land before starting this experiment. The sites in Tup, Jalalabad,
Naryn, and Lavar belong to nursery areas of forestry enterprises and research institutes.
The sites in Khorog and Osh were cropland before using them as sites within this study.

Table 4. Planting dates, planting schemes, and number of cuttings initially planted per site.

Site Planting Date Planting
Scheme

Total Number
of Cuttings

Cuttings
Planted per ha

Almaty 18 April 2018 0.8 m × 0.2 m 242 62,500

Bishkek I 7 April 2018 0.6 m × 0.6 m to
1.2 m × 0.6 m 309 27,700 to 13,800

Bishkek II 6 April 2019 1 m × 0.6 m 743 16,700
Jalalabad 10 April 2019 0.7 m × 1.5 m 580 9500

Osh 27 May 2020 0.7 m × 0.6 m 535 23,800
Lavar 29 March 2019 1.6 m × 0.6 m 284 10,400
Tup 16 April 2019 1.4 m × 0.6 m 828 11,900

Khorog 20 March 2019 0.5 m × 0.2 m 352 100,000
Naryn 9 May 2020 1 m × 0.4 m 379 25,000

Table 5. Water supply, weed control, and plant nutrition by site. Ammophos contained 12% N and 52% P2O5. The NPK
fertilizer contained 25.6% N, 6.6% P2O5, and 21% K2O.

Site Water Supply Weed Control Plant Nutrition

Almaty
Manually by water can: Every 2–3

days from mid-May through
September.

Site was covered with geo-textile. None

Bishkek I

Drip irrigation:
Every 2–3 days from mid-May to

mid-September, 3rd season once per
week from June to mid-September.

Manual:
1st season: every 3 weeks until

July.
2nd season: once in May and

June.

1st season: 3 g Ammophos
and 6 g NPK fertilizer per tree.

2nd season: 16 g NPK
fertilizer per tree.

Bishkek II

Drip irrigation:
1st season every 2–3 days from

mid-May to mid-September, 2nd
season no irrigation.

Manual:
1st season: every 3 weeks until

July.
2nd season: no weed control.

1st season: 16 g NPK fertilizer
per tree. 2nd season: no

fertilizer.

Lavar

Furrow irrigation:
1st season: once in April, once per

week in May, twice per week end of
July to mid-Sep. 2nd season: every

2 weeks.

Manual:
Once per month from April to

July
none

Jalalabad

Furrow irrigation:
1st season: once in April, once per

week in May, twice per week end of
July to mid-September 2nd season:

every 2 weeks during summer.

Once per month from April to
July. Manual in April, May, and

July, herbicide in June.

1st season: 3 g Ammophos
and 6 g NPK fertilizer per tree.

2nd season: none.
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Table 5. Cont.

Site Water Supply Weed Control Plant Nutrition

Osh
Furrow irrigation:

Twice per month from June to
September.

Once per month from April to
June. Manual in April, May,

herbicide in June.

Manure before planting. 3 g
Ammophos and 6 g NPK

fertilizer per tree.

Tup
Furrow irrigation:

Once per week from July to
September

Mowing and manual:
1st season: 22 April and once per

week during July. 2nd season:
once per month.

1st and 2nd season: 3 g
Ammophos and 6 g NPK

fertilizer per tree.

Khorog
Furrow irrigation:

Once per week from June to
August.

Manual:
Twice per week from June to

August.

1st season: 3 g Ammophos per
tree.

Naryn
Flood irrigation:

Every 10 days in June, July, and
August.

Manual:
Once per month in June, July, and

August.
None

Leaf beetles (Chrysomela populi) were observed to feed on the leaves of the poplars on
the sites Bishkek I and Tup during their second and third season and were treated once per
season with the pesticide Doxin 100 EC from Dogal Agro, Turkey. With regard to weeds,
the sites in Jalalabad and Osh suffered from a higher weed coverage throughout compared
to the other site, despite the use of herbicides.

On the site Almaty, all trees were cut on October 2019, except for one tree per cultivar.
In Bishkek I, all trees were cut in March 2020, except for three trees per cultivar. Therefore,
Almaty and Bishkek I offer data for two seasons with a higher number of trees per cultivar,
but data for the third season are only based on small numbers per cultivar.

2.4. Data Collection and Analysis

During the first season, the tree heights were measured at least three times during the
season. These tree height measurements were continued through the second season. At the
end of the second season, in addition to heights, the basal diameter, the diameters at 1 m,
at 1.30 m (DBH), and at 2 m were measured to calculate the stem volume and stem biomass
of each individual tree. Thereby, all trees were measured, including those on boundary
rows of the sites.

The stem volumes were calculated as the sum of the volumes of the following stem
sections: basis—1 m, 1 m to 1.30 m, 1.30 m to 2 m, and 2 m to the tip of the stem (or from a
lower cross section to the tip of the stem for trees smaller than 2 m). The tree height was
taken as stem height. The volumes of the former sections were calculated as follows:

Vsection =
Abottom + Atop

2
l

with Vsection—volume of the given section, Abotton and Atop—cross section areas at the
bottom and top of the given section, l – length of the given section.

The volume of the top section was calculated as a cone volume:

Vsection =
1
3

π r2 l

with Vsection—volume of the given section, r—radius of the cross section at the basis of this
section, l – length of the given section.

The yield of dry woody biomass (BM) was calculated as follows:

BM = V δ D
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with V—stem volume, δ—wood density, and D—tree density (number of plants per
hectare).

For data analysis, mean and standard deviations were calculated by site and cultivar
and analyzed by an analysis of variance in SPSS (Tukey-2 post hoc test), α < 0.05; for
significant differences between cultivars by sites.

3. Results

The survival rates at the end of the first season were highest on the site Bishkek I with
rates between 73% to 100%, followed by the sites Almaty, Lavar, and Naryn (Table S1).
Thereby, on the latter three sites most cultivars had high survival rates of 70% and more,
but a limited number of cultivars showed very low survival rates of below 30%, which
reduced the overall survival rates per site compared to Bishkek I. For example, H-17 and
H-33 had survival rates of 60% and more in Lavar and Bishkek I, but only 31% in Almaty.
Also, Fritzi-Pauley had survival rates of 70% and more in Bishkek I, Almaty, and Naryn,
but none of the Fritzi-Pauley cuttings survived in Lavar. On the site Bishkek I, most of the
trees that did not survive were the ones planted in the sandy loam part of the site.

The survival rates on the sites Bishkek II, Jalalabad, and Tup exhibited high variability
between cultivars. On those three sites, while only 10% or less of the cuttings of Orion,
H-8, H-11, H-17, H-33, and Ozolin survived until the end of the first season, the cultivar
Samsun showed a survival rate of 70% and more across those three sites. Other cultivars
showed different survival rates across those three sites, such as Fastwood 2 with survival
rates of 76%, 40%, and 30% in Bishkek II, Jalalabad, and Tup, respectively.

Survival rates by cultivar, when examined among plots, was highest for the cultivars
Samsun, Max-4, and Max-3. The locally used cultivars Mirza Terek, Pyramidalis, and Pamir
Poplar had survival rates of 19–100%, 64%, and 14%, respectively.

Most trees that had survived until end of the first season also survived the winter and
the following second season (Table S2). On the sites Almaty, Bishkek I, Khorog, Lavar, and
Tup the survival rates from the first to the second season were 90% and more by cultivar.
In Jalalabad, none of the H-275, Matrix-11, Fastwood 1, and Oudenberg trees survived
the winter and following second season. Less than 20% of Kazakhstani and Fritzi-Pauley
survived until end of the second season. On the site Bishkek II, less than 10% of H-275,
Matrix-11, Fastwood 1, Fastwood 2, Muhle-Larsen, Trichobel, and Fritzi-Pauley survived
from the end of the first through the end of the second season. In addition, none of the P.
pamirica survived the winter between the first and the second season.

The trees, all cultivars pooled together, grew tallest on the sites Bishkek I and Almaty
at the end of the first and second season (Table 6). The smallest trees at the end of the first
and second season were found in Khorog, Bishkek II, and Lavar.

Table 6. Means ± standard deviations of tree heights [m] of all trees per site at the end of the first
and second growing season. Letters here indicate groups of sites that do not differ significantly at
α < 0.05.

Site Tree Height [m] at the End of the
1st Season

Tree Height [m] at the End of the
2nd Season

Almaty 254 ± 75 a 424 ± 169 b
Bishkek I 260 ± 86 a 550 ± 106 a
Bishkek II 73 ± 43 e 142 ± 55 e
Jalalabad 167 ± 68 b 334 ± 63 c

Osh 104 ± 42 d
Lavar 48 ± 28 f 79 ± 55 f
Tup 131 ± 45 c 281 ± 61 d

Khorog 74 ± 45 e 169 ± 66 e
Naryn 107 ± 35 d

The tree heights at the end of the first season for the sites Bishkek I and Almaty are
shown in Figures 2 and 3 (dark grey bars), where the cultivars grew into the highest trees
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compared across sites. On both sites, P. x canadensis (PDN) hybrids grew highest, followed
by the P. nigra x maximoviczii (PNM) hybrids Max-3 and -4 as well as the P. trichocarpa
(PT) cultivars Fritzi-Pauley and Trichobel. Of the PNM hybrids in Almaty, Max-3 attained
heights comparable with the PDN hybrids. The P. maximoviczii x trichocarpa (PMT) hybrids
ranked lowest regarding tree height at the end of the first season in these two sites.
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At the end of the second season (Figures 2 and 3, light grey bars), the PDN hybrids
continued to grow highest and attained the largest stem volumes, followed by the PNM
hybrids. In contrast to the first season, the PT cultivars ranked lowest with regard with tree
heights and stem volumes on the site Bishkek I and similarly with the PMT hybrids in Almaty.
The DBH values at the end of the second season behaved like the tree heights, with the PDN
hybrids attaining the largest DBH, followed by PNM, PMT, and PT (Figures 4 and 5).
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Among the trees, which were carried on through the third season (2020), H-33, Orion,
and H-17 (all PDN hybrids) clearly reached the largest stem volumes, tree heights, and
DBH in Bishkek I (Figure 6, Table 7) as was already at the end of the second season (Table 8).
At the end of the third season, H-33 had an average stem volume of 47.4 dm3 at an average
tree height of 10.2 m, and DBH 10.5 cm (Table 7). Max-4 and Max-3 attained average stem
volumes of 16.1 dm3 and 12.3 dm3 and average tree heights of 8.1 m and 8 m, respectively,
which placed Max-4 and Max-3 among the PDN hybrids Oudenberg and Vesten (Table 7).
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Figure 6. Mean tree heights by parentage groups, expressed by one cultivar per parentage (H-33—
PDN, H-275—PMT, Max-4—PNM, and Fritzi-Pauley—PT) from planting time in April 2018 to end of
the third season (Oct. 2020) on the site Bishkek I.

Table 7. Means ± standard deviations of tree heights [m], and DBH [cm] and stem volumes [dm3]
at the end of the growing season 2020 for the site Bishkek I. From all cultivars, except for Trichobel,
three trees were measured. Only one Trichobel survived until end of the growing season 2020.

Cultivar Tree Height [m] DBH [cm] Stem Volume [dm3]

Oudenberg 8 ± 0.1 5.2 ± 0.5 9.9 ± 2.3
Orion 9.5 ± 0.05 7.5 ± 0.4 21.4 ± 2.2
H-33 10.2 ± 0.5 10.5 ± 1.5 47.4 ± 12.7
H-17 8.9 ± 0.7 7.2 ± 0.6 20.5 ± 5.1

Vesten 9.3 ± 0.2 6.2 ± 0.2 14.7 ± 1.6
Max-3 8.5 ± 0.4 5.9 ± 0.9 12.6 ± 3.9
Max-4 8.1 ± 0.3 6.8 ± 0.2 16.1 ± 1.3
H-275 5.9 ± 0.9 4.2 ± 1.3 6.1 ± 3.2

Matrix-11 7.1 ± 0.3 4.8 ± 0.5 8.3 ± 2.3
Fritzi-Pauley 7.5 ± 0.3 3.7 ± 0.6 5.7 ± 2

Trichobel 3.8 1.8 0.9
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Table 8. Means ± standard deviations of stem volumes [dm3] after two growing seasons for the sites Bishkek I and II,
Almaty, Jalalabad and Tup. Sample sizes, minima, and maxima are listed in Table S3. Letters indicate groups of values that
do not differ significantly at α < 0.05. The last row contains means ± standard deviations by sites with all cuttings pooled
together by site. Letters here indicate groups of sites that do not differ significantly at α < 0.05.

Cultivar Volume [dm3]. Average ± Standard Deviation

Almaty (2019) Bishkek I (2019) Bishkek II (2020) Jalalabad (2020) Tup (2020)

Mirza Terek 0.14 ± 0.03 a 1.8 ± 1.2 a 0.7 ± 0.5 b

Samsun 0.22 ± 0.31 a 1.7 ± 0.8 a 1.2 ± 1 ab

89M060 0.24 ± 0.15 a 1.7 ± 0.7 a 1.2 ± 0.6 ab

Oudenberg 2.5 ± 1.7 bcd 2.9 ± 1.5 bc 0.18 ± 0.14 a 2.4 ± 0.6 a

Orion 3.4 ± 2.2 abc 4.1 ± 1.1 a

H-8 3.4 ± 2.5 abc

H-11 2.2 ± 1.2 bcd 1.4 ± 0.3 a

H-17 4.1 ± 4 ab 3.7 ± 1.3 ab 0.07 ± 0.03 a

H-33 5.6 ± 3.4 a 4.6 ± 2.6 a 0.06 ± 0.01 a 0.6 ± 0.06 a

Tiepolo 0.07 ± 0.01a 0.9 ± 0.3 a

Bellini 0.19 ± 0.17 a

Veronese 0.14 ± 0.11 a 1.5 ± 0.8 ab

Vesten 5.1 ± 2 a 2.7 ± 1.3 bc

Kazakhstani 1.4 ± 0.6 ab

H-275 0.7 ± 0.4 d 1.8 ± 0.7 cd 1.7 ± 0.8 ab

Matrix-11 0.3 ± 0.2 d 1.4 ± 0.6 d 2.2 ± 1.2 a

Matrix-49 0.3 ± 0.5 d

Matrix-24 0.8 ± 0.5 d

Fastwood 1 1.7 ± 0.7 ab

Fastwood 2 0.9 ± 0.3 a 2.6 ± 0.9 a

Max-3 2.4 ± 1.3 bcd 2.7 ± 1 bc 0.34 ± 0.34 a 2 ± 0.8 a 1.7 ± 0.8 ab

Max-4 1.1 ± 0.9 d 2.7 ± 1.6 bc

Max-1 1.3 ± 0.8 cd

Fritzi-Pauli 0.5 ± 0.3 d 1 ± 0.5 d 0.13 ± 0.05 a 0.6 ± 0.3 a 1.2 ± 0.4 ab

Trichobel 0.3 ± 0.2 d 0.8 ± 0.3 d 1.4 ± 0.7 a 1.2 ± 0.4 ab

Ozolin 0.12 ± 0.12 a

P. simonii 1.6 ± 0.6 ab

All cuttings 1.9 ± 2 b 2.6 ± 1.7 a 0.2 ± 0.2 c 1.5 ± 0.8 b 1.4 ± 0.8 b

In Almaty and Bishkek I, Max-1, Max-3, and Max-4 developed leaves two to three
weeks earlier than the PDN hybrids. In 2019 and 2020, a number of those trees were bent
down by rain or late snow falls, but reverted back to upright trees during summer.

Annual biomass yields extrapolated to a hectare basis are listed for Bishkek I in Table 9.
Only the PDN and PNM hybrids attained biomass values above the threshold of 8 t/ha*a,
which was set for being economically viable. Among the PDN hybrids, H-33 ranked first
with 14.8 t/ha*a (at a wood density of 0.35 t/m3 and tree density of 18,500 per ha), followed
by Orion and H-17. Thereby, survival rates of 100% were assumed.
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Table 9. Yield expectation table [t/ha*a] for different tree densities between 10,000 and 20,000 trees per hectare and wood
densities between 0.3 to 0.4 t/m3 for each cultivar for the site Bishkek 1. The stem volumes used to calculate yields were
measured at the end of the growing season 2019 as listed in Table 8. The values for wood densities were taken from own
observations and center around the value of 0.35 t/m3, which is given by FAO (http://www.fao.org/3/j2132s/J2132S16.htm,
assessed on 10 January 2021). Grey boxes mark economically viable values of more than 8 t biomass per hectare and year.
The total of 18,500 plants per hectare represents the real planting density of this site. For the calculations here, a survival
rate of 100% was assumed for all cultivars.

Trees per ha 10,000 15,000 18,500 20,000

Wood Density in t/m3 0.3 0.35 0.4 0.3 0.35 0.4 0.3 0.35 0.4 0.3 0.35 0.4

Cultivar
Stem

Volume
[dm3]

Oudenberg 2.9 4.4 5.1 5.9 6.6 7.7 8.8 8.1 9.5 10.9 8.8 10.3 11.7
Orion 4.1 6.2 7.2 8.3 9.3 10.8 12.4 11.5 13.4 15.3 12.4 14.4 16.5
H-33 4.6 6.8 8.0 9.1 10.3 12.0 13.7 12.6 14.8 16.9 13.7 15.9 18.2
H-17 3.7 5.5 6.5 7.4 8.3 9.7 11.1 10.2 12.0 13.7 11.1 12.9 14.8

Vesten 2.7 4.1 4.8 5.5 6.2 7.2 8.2 7.6 8.9 10.2 8.2 9.6 11.0
Max-3 2.7 4.0 4.6 5.3 6.0 7.0 8.0 7.4 8.6 9.8 8.0 9.3 10.6
Max-4 2.7 4.1 4.8 5.4 6.1 7.1 8.2 7.5 8.8 10.1 8.2 9.5 10.9
H-275 1.8 2.7 3.1 3.6 4.0 4.7 5.4 5.0 5.8 6.6 5.4 6.3 7.2

Matrix-11 1.4 2.1 2.5 2.8 3.2 3.7 4.2 3.9 4.6 5.2 4.2 4.9 5.6
Fritzi-

Pauley 1 1.5 1.7 2.0 2.2 2.6 3.0 2.8 3.2 3.7 3.0 3.5 4.0

Trichobel 0.76 1.1 1.3 1.5 1.7 2.0 2.3 2.1 2.5 2.8 2.3 2.7 3.0

In Jalalabad, with a climate warmer than Bishkek and Almaty, also the PDN hybrids
were among the highest trees at the end of the first season, e.g., H-33 with an average tree
height of 2.2 m. The tallest trees, though, were Veronese with an average height of 2.6 m
followed by the P. deltoides cultivar Samsun with an average height of 2.3 m (Table S4). On
the other side, the P. deltoides cultivar 89M060 and the PDN hybrid H-11 only attained 1.2 m
and 1.6 m, respectively, as average tree heights (Table S4). By the end of the second season,
Max-3 (PNM) and Mirza Terek (PN) became the tallest and largest trees with average tree
heights of 3.8 m and 3.5 m and average stem volumes of 2 dm3 and 1.8 dm3, respectively
(Table S5). By end of the second season, the average stem volume of Max-3 (2 dm3), which
was lower, but still the same range, than the corresponding stem volumes of Max-3 in
Almaty (2.4 dm3) and Bishkek I (2.7 dm3). H-11 only attained an average stem volume of
1.4 dm3, which was only about two thirds of the corresponding stem volume of H-11 in
Almaty at the end of the second season (Table 8 and Table S3).

H-33, which clearly attained the largest stem volume in Bishkek I and Almaty (Table 8)
and was among the tallest in Jalalabad at the end of the first season, yielded the smallest stem
volume in Jalalabad at the end of the second season with only 0.58 dm3 (Tables S3 and S5).

In Osh, which has a similar climate as Jalalabad, the trees remained smaller at the
end of first season compared to Jalalabad (Table S4). In Osh, the PDN hybrids H-8 and
H-17 grew highest at the end of the first season (average tree heights of 1.4 m and 1.3 m,
respectively), while other PDN hybrids were among the smallest with Vesten being the
smallest with 0.7 m. Like in Bishkek I and Almaty, the PMT hybrids H-275 and Matrix-11
were among the smallest cultivars as well. Kazakhstani and the locally used Mirza Terek
grew to average tree heights of 1.2 m and 1.1 m, respectively, which was almost as high as
H-8 and H-17 (Table S4).

The site Lavar, which is saline, trees grew smaller across cultivars compared with
nearby Almaty or Bishkek I, but also compared to Jalalabad and Osh, e.g., H-11, the tallest
cultivar in Lavar in the middle of the second season, grew in average 1.80 m tall, which
falls short more than 1 m compared to H-11 in Almaty already at the end of the first season.
When comparing the different cultivars with each other on the site Lavar, the PDN hybrids
also grew tallest (e.g., H-11 with 1 m average tree height) and the PMT hybrids H-275 and
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Matrix-11 being among the smallest with 52 cm and 26 cm, respectively (Table S4). Max-3,
which was among the tallest cultivars in Bishkek I and Almaty at the end of the second
season, remained among the smallest cultivars in Lavar with an average height of 26 cm at
the end of the second season. The locally developed cultivars Kazakhstani and Kyzyl-Tan
also reached average heights of 26 cm only (Table S5).

On the site Bishkek II, the tree heights at the end of the first season were in a similar
range as in Osh (Table S4), but less than half as tall as on the neighboring Bishkek I site or
in Almaty (Tables 7 and 8). Though, the ranking between the cultivar groups was similar as
in Bishkek I, Almaty, Jalalabad, or Lavar, with PD-cultivar 89M060, and the PDN hybrids
Veronese, Oudenberg, H-33, Tiepolo, Bellini, and H-11 (average tree heights between 1 m
and 1.6 m) being the tallest and Matrix-11, H-275, and the PT cultivars Muhle-Larsen
and Trichobel being the smallest with average tree heights below 51 cm (Table S4). Mirza
Terek, Fritzi-Pauley, Fastwood 1 and Fastwood 2 attained medium average tree heights
with 90 cm, 89 cm, 71 cm, and 67 cm, respectively. In contrast to the other PDN hybrids,
H-17 and H-8 remained small with 70 cm and 51 cm height. During the second season,
Fritzi-Pauley showed the highest increment in terms of height, from 0.5 m to 1.8 m, while
Max-3 attained the largest stem volume at the end of second season (0.34 dm3). With
regard to stem volume, the PD cultivar 89M060 and the PDN hybrids Samsun, Bellini, and
Oudenberg ranked behind Max-3, followed by the locally used Mirza Terek (Table 8). Like
in Jalalabad, but in stark contrast to neighboring Bishkek I, H-33 remained the smallest
with only 0.06 dm3 stem volume (Tables S3 and S5). Most of the trees across all parentages
showed signs of phosphorus deficiency, which became visible through yellowish and partly
reddish leaves at the top of the stems, while basal leaves remained green. These signs did
not completely disappear after fertilizer application. On the neighboring Bishkek I site,
such signs of phosphorus deficiency became visible as well, but disappeared quickly after
fertilizer application.

In contrast to the previous sites, the PMT hybrids (Fastwood 1, Fastwood 2, and Matrix-
11) were the tallest (in Khorog) or among the tallest (in Tup) cultivars on the two sites
Khorog and Tup at the end of the first season. The average tree height of Fastwood 1 was
1.6 m in Tup and 1.3 m in Khorog at the end of the first season. At the end of the second
season, Fastwood 1 and 2 were still the tallest or among the tallest cultivars with 3.2 m and
3.7 m in Tup and 2.4 m and 2.3 m in Khorog, respectively). In Tup, Fastwood 2 attained
the largest stem volume (2.6 dm3), followed by Oudenberg (PDN), Matrix-11 (PMT), and
Max-3 (PNM) as listed in Table 7. The stem volume of Oudenberg of 2.3 dm3 is lower than,
but still in the range of the corresponding stem volumes in Almaty (2.5 dm3) and Bishkek I
(2.9 dm3) at the end of their second seasons (Table S3 and Tables 8 and 9). The other PDN
hybrids that had been planted in Tup had smaller stem volumes and were less tall than
the PMT hybrids in Tup. In Khorog, by end of the second season the PDN hybrid Orion
grew into trees as tall as Fastwood 1 and 2, while the PDN hybrids H-17 and H-11 remained
among the smallest trees. On both sites, the locally used cultivars, Mirza Terek and P. nigra
(pyramidalis) were among the smallest trees by end of the first and second season.

In Naryn, the third site under a cold semiarid climate, the results regarding tree
heights at the end of the first season differed from the two former sites Tup and Khorog,
as Orion, a PDN hybrid, grew highest (1.5 m), followed by Max-4 (PNM) with 1.2 m, and
Fritzi-Pauley (PT) with 1.2 m. The PDN hybrids Oudenberg, Vesten, H-8, and Mirza Terek
remained the shortest trees with average heights of 71 cm, 76 cm, 92 cm, and 60–70 cm,
respectively (Table S4).

4. Discussion

The survival rates at the end of the first season in Bishkek I and Almaty are similar to
survival rates reported by [16] and further literature there. The sites established in 2019
partly showed very low survival rates, in particular the PDN cultivars purchased from
Italy on the sites Jalalabad, Bishkek II, and Tup. That can be explained by the long storage
time between delivery and planting, as survival rates of those cultivars were higher in
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Khorog and Lavar, where planting took place two to three weeks earlier than on the former
sites. The high survival rates from the first season through winter into the second season is
confounded by the findings by [16].

The annual stem biomass yields as calculated in Table 9 for Bishkek I are the same
range as the annual yields published by [17] for a PDN hybrid in the Po Valley in Italy.
The stem biomass yields of the PDN hybrids H-33, Orion, and H-17 after two years in
Bishkek I are in the same range as P. x canadensis with biomass yields of 12.9 to 13.6 t/ha*a
as reported by [18] from Idaho and California, but lower than NPP of 12 to 24 t/ha*a for
P. x canadensis as listed by [13]. The lower values of Bishkek I compared to [13] can be
explained as follows: in this study, stem biomass yields are presented so that branch and
leaf biomass, which are a part of NPP, are ignored here. Secondly, the soil in Bishkek I had
a low nutrient status, in particular with regard to phosphorus, as was visible during the
first season. The fertilizer application listed for Bishkek I in Table 5 met the phosphorus
requirements (20–36 kg P/ha*a), but not the nitrogen (182–246 kg N/ha*a) and potassium
requirements (113–171 kg K/ha*a) as given by [13]. The tree heights and DBH values after
the third season in Bishkek I are in the same range as the tree heights of 8.7–9.7 m and DBH
of 6.3–7.8 cm, which were reported by [19] for PD and PDN cultivars from North Carolina.
In Bishkek I, Max-3 reached an annual biomass yield which was in the same range as the
10.6 t/ha*a as published by [20] for PNM hybrid studied in Quebec, Canada. At the end
of the second season, the hybrid Kazakhstani planted in Tup attained tree heights in the
same range, 1.5–3.2 m, as that hybrid attained after four to five years on a site in northern
Kazakhstan [21]. The slower growth in northern Kazakhstan can be explained by the colder
climate and shorter growing season there compared to Tup. According to [22] local P. nigra
var pyramidalis reached tree heights of 18–20 m and DBH of 11–13 cm after 20 years, while
Max-3 and -4 and the PDN hybrids in Bishkek I reached DBH averages of 5.2 cm and more
after three years. Therefore, it is to expect that the letter cultivars will need a shorter time
to reach those heights and DBH as given for the local P. nigra var pyramidalis.

The finding that PMT and PT cultivars performed better under a colder climate than
most of the PDN cultivars was confirmed by [23] on a site in Poland. There, PMT (H-275)
and Frtzi-Pauley performed better than PDN hybrids. [24] reported much better growth
of PDN cultivars in Italy compared to a site in Northern France. [25] studied growth and
biomass yields of PDN and PNM hybrids along an elevation and climate gradient in
Quebec, Canada. There, the growth and biomass yields decreased with elevation and a
cooler climate across all cultivars, but the PDN hybrids exhibited the steepest decrease.
The PDN hybrid attained almost the same stem volume as PNM on the site on the lowest
elevation, but quickly fell onto the last rank with an increasing elevation. Next to the
elevation, soil fertility impacted more strongly on growth of the PDN hybrids than on the
PNM hybrid [26]. This is in line with the data of this study, as Max-3 performed better
than the PDN hybrids in Jalalabad, where conditions were less favorable (less water was
available and weed prevalence was higher) than in Bishkek I or Almaty.

Max-3 and Max-4 in Bishkek I reached similar tree heights, DBH, and biomass yields
as Max- and Max-4 on a plantation in NE Germany published by [16]. Though, Fritzi-
Pauley performed much better in that study in NE Germany compared to Bishkek I and
also Almaty. Fritzi-Pauley in Almaty and Bishkek I grew slightly higher than the tree
height of 2.1 m as published by [27] for Northern France after the first season. While
Fritzi-Pauley grew taller than the PDN hybrids in Northern France, Fritzi-Pauley was
significantly smaller than the PDN hybrids in Almaty and Bishkek I underlining that PDN
hybrids have a higher potential than PT cultivars under hot continental climates.

The overall smaller tree heights and stem volumes in Lavar, the saline site, are in
line with a study on growth rates of different poplar cultivars on saline soils in North
Dakota [21]. There, the PDN and PNM cultivars were least affected, which reflects the
results of this study regarding the PDN cultivars on the site Lavar. In contrast to [28], the
PNM hybrid Max-3 remained among the smallest in Lavar.
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The tree data from Bishkek II are significantly smaller than from the neighboring site
Bishkek I. This stark difference can be explained by the soil properties, as the clayey texture,
coupled with bad drainage, impacts negatively on poplar growth [13,29]. At the end of the
second season, the pure species Fritzi-Pauley and Mirza Terek showed the largest increments,
while a number of the otherwise high performing PDN hybrids (H-8, H-11, H-33) remained
very small. This is particularly noteworthy, as those two cultivars grew, although the site
was not irrigated throughout the whole second season. This can be explained by the better
root development of the pure species compared to the PDN hybrids [12].

The lower growth performance in Jalalabad and Osh compared to Bishkek I and
Almaty can be explained by the higher weed coverage on the former sites compared to the
latter. This is in line with [30], who found a negative correlation between weed prevalence
and stem wood production for poplars in Saskatchewan, Canada. The weeds outcompete
the cuttings and trees for water, in particular during the first season after planting. Under
such more adverse conditions, Mirza Terek and the PNM hybrids (Max-3) attained average
tree heights in Osh and highest values in Jalalabad, while the otherwise high performing
PDN hybrids (e.g., H-33) perform poorly.

The wide range of tree densities between sites might partly explain the differences
with regard to grow rates between Khorog and Naryn. By end of the first season, trees
in Naryn grew slightly higher compared to Khorog, though Khorog received fertilizer
and weeds were controlled more intensively. The high tree density of 100,000 trees/ha in
Khorog, as opposed to 25,000 trees/ha in Naryn, might have led to competition between
trees, which impacted on their grow. In contrast, tree heights, dbh, and stem volumes were
similar on the two sites Almaty and Bishkek I, despite the huge difference in tree densities,
which were 62,500 in Almaty versus 13,800 to 27,700 trees per hectare in Bishkek I. Possibly
the much better nutrient and water supply on those two sites outweighed effects of tree
density at least in this young stage of tree development.

The leaf beetles did not impact on growth performance, as those beetles were con-
trolled rapidly. Trees in Bishkek I, which was affected by pests, and in Almaty, which was
not affected, attained similarly high growth rates. The two sites in Bishkek and Tup, which
suffered from those beetles, were located close to other woodlands, which according to
field observations harbored those beetles.

The preceding paragraphs described qualitatively relationships between the different
environments of the sites, such as soil properties, climate, and weed prevalence, and
resulting growth rates of the poplar cultivars included in this study. Initially, this study
aimed at addressing genotype x location interactions. Though, different soil properties,
e.g., the higher clay content of Bishkek II in comparison to the neighboring site Bishkek I,
and differences in site management, which resulted in varying degrees of weed prevalence,
water supply, and plant nutrition made it necessary to discuss the results in the light
of genotype x environment interactions [15]. The design of this study, in particular the
absence of control plots and replicates on the sites, e.g., with regard to different fertilizer
doses or water supply, is a clear weakness of this study and needs to be addressed in
further studies on local and promising new cultivars to be able to systematically describe
genotype x environment interactions. These interactions are important for sound cultivar
recommendations, in particular if cultivars are to be recommended under sub-optimal
conditions where land users cannot guarantee optimal site management. Despite its
weakness, this study is able to provide basic information to land users in the region Central
Asia with regard to which group of cultivars has most promising potentials in the lower
elevation versus high elevation areas. Furthermore, this study highlights to land users the
most urgent operations, which are weed control, water supply, and the ability to react to
nutrient deficiencies and pests, that need to be ensured to be able to tap the potentials of
high yielding poplar cultivars.
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5. Conclusions

This study investigated the growth rates of a number of poplar cultivars, P. nigra
(PN), P. deltoides (PD), P. trichocarpa (PT), P. alba (PA), and P. simonii cultivars as well as P. x
canadensis (PDN), P. maximoviczii x trichocarpa (PMT), P. nigra x maximoviczii (PNM), and P.
laurifolia x canadensis (PLfND) hybrids, on experimental sites, ranging from hot continental
climate to cold semiarid climate on higher elevations in Central Asia. The PDN hybrids,
in particular H-33 and H-17, followed by Orion, Vesten, and Oudenberg grew tallest and
yielded the highest biomass on the sites under a hot continental climate, provided that
weeds were controlled thoroughly, sufficient water and plant nutrients were available, and
pests were controlled. If these favorable conditions were not met, those high performing
cultivars would not be able to unfold their potential. Under poor soil and management
conditions, traditional and obviously more robust cultivars, as Fritzi-Pauley, Mirza Terek,
or Max-3 perform better than the high yielding PDN cultivars. This implies that land users
who wish to attain high growth rates and biomass yields from poplars should use high
yielding PDN hybrids, but have to ensure intensive site management through the first and
second season to tap the potential of those cultivars. If such intensive site management
cannot be ensured, the more robust cultivars, as Fritzi-Pauley, Mirza Terek, or Max-3 should
be used to avoid failure. Even if intensive site management can be ensured, Max-3 and
Max-4 could be considered to be included into plantations of agroforestry systems, in order
to reduce the risk of failure.

On sites on higher elevation and under a colder climate, the PMT and PT cultivars
performed better than the PDN hybrids. In particular, H-8, H-11, H-17, and H-33 grew
smaller than the PMT and PT cultivars, while Oudenberg and Orion only grew slightly
smaller than the PMT and PT cultivars. In addition, the locally used cultivars performed
worse on the higher elevation sites than the new cultivars investigated through this study.

In general, poplar-based agroforestry systems and plantations can increase their
productivity by including cultivars investigated in this study. Furthermore, new cultivars,
such as P. trichocarpa x maximoviczii or P. deltoides x trichocarpa, should be tested in Central
Asia as well.
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± standard deviation, N—number of measured trees, and Min and Max—minima and maxima of
tree heights. Letters indicate significant differences at α < 0.05, Table S4: tables of tree heights at the
end of the first growing season. The columns indicate the cultivar, average ± standard deviation,
N—number of measured trees, and Min and Max—minima and maxima of tree heights. Letters
indicate significant differences at α < 0.05, Table S5: tables of tree heights at the end of the second
growing season. The columns indicate the cultivar, average ± standard deviation, N—number of
measured trees, and Min and Max—minima and maxima of tree heights. Letters indicate significant
differences at α < 0.05.

Author Contributions: Conceptualization, N.T. and S.F.; methodology, N.T., S.F., K.A. and Y.K.;
investigation, N.T., S.F., K.A., B.E., R.F., Y.K., Y.Q. (Yodgor Qonunov), Y.Q. (Yosumin Qurbonbekova),
N.R., M.R., S.Z.; writing—original draft preparation, N.T.; writing—review and editing, S.F.; visual-
ization, N.T. and S.F.; project administration, N.T.; funding acquisition, N.T. All authors have read
and agreed to the published version of the manuscript.

Funding: This work received financial support from the German Federal Ministry for Economic Coop-
eration and Development (BMZ) commissioned and administered through the Deutsche Gesellschaft
für Internationale Zusammenarbeit (GIZ) Fund for International Agricultural Research (FIA), grant
number: 81236142. Niels Thevs’ position as an integrated expert at World Agroforestry was co-funded
by BMZ as part of the Center for International Migration and Development (CIM) program. The sites
in Khorog and Osh were funded by internal funds from World Agroforestry’s Genebank program.

Institutional Review Board Statement: Not applicable.

274



Forests 2021, 12, 373

Informed Consent Statement: Not applicable.

Acknowledgments: We wish to thank all colleagues within the partner institutions, who worked on
the sites and maintained them in the course of this study.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. UNECE. Forest Landscape Restoration in the Caucasus and Central Asia—Challenges and Opportunities, Background Paper for the

Ministerial Roundtable on Forest Landscape Restoration in the Caucasus and Central Asia (21–22 June 2018, Astana, Kazakhstan); UNECE:
Geneva, Switzerland, 2019.

2. Thevs, N.; Gombert, A.J.; Strenge, E.; Lleshi, R.; Aliev, K.; Emileva, B. Tree Wind Breaks in Central Asia and Their Effects on
Agricultural Water Consumption. Land 2019, 8, 167. [CrossRef]

3. Thevs, N.; Strenge, E.; Aliev, K.; Eraaliev, M.; Lang, P.; Baibagysov, A.; Xu, J. Tree Shelterbelts as an Element to Improve Water
Resource Management in Central Asia. Water 2017, 9, 842. [CrossRef]

4. Kort, J. Benefits of Windbreaks to Field and Forage Crops. Agric. Ecosyst. Environ. 1988, 22, 165–190. [CrossRef]
5. Schroeder, R.W.; Kort, J. Shelterbelts in the Soviet Union. J. Soil Water Conserv. 1989, 2, 130–134.
6. Albenskii, A.V.; Kalashnikov, A.F.; Ozolin, G.P.; Nikitin, P.L.; Surmach, G.P.; Kulik, N.F.; Senkevich, A.A.; Kasyanov, F.M.;

Pavlovskii, E.S.; Roslyakov, N.V. Agroforestry Melioration; Lesnaya Promyshlennost: Moscow, Russia, 1972.
7. Stepanov, A.M. Agroforestry Melioration in Irrigated Lands; Agropromizdat: Moscow, Russia, 1987.
8. Dokuchaev Scientific Research Institute of Agriculture. Agroforestry Melioration of Vegetable Cultures and Potato; Voronesh Publishing

House: Voronesh, Russia, 1961.
9. Ruppert, D.; Welp, M.; Spies, M.; Thevs, N. Farmers’ Perceptions of Tree Shelterbelts on Agricultural Land in Rural Kyrgyzstan.

Sustainability 2020, 12, 1093. [CrossRef]
10. Ozolin, G.P. Cultivation of Poplars under Conditions of Artificial Irrigation; Lesnaya Promyslennost: Moscow, Russia, 1966.
11. Usmanov, A.U. Poplar. In Dendrology of Uzbekistan. Volume III; Esenina, T.S., Ed.; Fan Uxber SSR: Tashkent, Uzbekistan, 1971.
12. Ceulemans, R.; Deraedt, W. Production Physiology and Growth Potential of Poplars under Short-Rotation Forestry Culture. For.

Ecol. Manag. 1999, 121, 9–23. [CrossRef]
13. Isebrands, J.G.; Richardson, J. Poplars and Willows—Trees for Society and the Environment; FAO: Rome, Italy; CABI: Wellingford,

UK, 2014.
14. Clifton-Brown, J.; Harfouche, A.; Casler, M.D.; Jones, H.D.; MacAlpine, W.J.; Murphy-Bokern, D.; Smart, L.B.; Adler, A.; Ashman,

C.; Awty-Carroll, D.; et al. Breeding progress and preparedness for mass-scale deployment of perennial lignocellulosic biomass
crops switchgrass, miscanthus, willow and poplar. GCB Bioenergy 2019, 11, 118–151. [CrossRef] [PubMed]

15. Annicchiarico, P. Genotype x Environment Interaction; FAO Plant Production and Protection Paper 174; FAO: Rome, Italy, 2002.
16. Landgraf, D.; Carl, C.; Neupert, M. Biomass Yield of 37 Different SRC Poplar Varieties Grown on a Typical Site in North Eastern

Germany. Forests 2020, 11, 1048. [CrossRef]
17. Bergante, S.; Facciotto, G.; Marchi, M. Growth dynamics of ‘Imola’ poplar clone (Populus ×canadensis Mönch) under different

cultivation inputs. Ann. Silvic. Res. 2020, 44, 71.
18. Stanton, B.J.; Bourque, A.; Coleman, M.; Eisenbies, M.; Emerson, R.M.; Espinoza, J.; Gantz, C.; Himes, A.; Rodstrom, A.;

Shuren, R.; et al. The practice and economics of hybrid poplar biomass production for biofuels and bioproducts in the Pacific
Northwest. BioEnergy Res. 2020, 1–18. [CrossRef]

19. Maier, C.A.; Burley, J.; Cook, R.; Ghezehei, S.B.; Hazel, D.W.; Nichols, E.G. Tree Water Use, Water Use Efficiency, and Carbon
Isotope Discrimination in Relation to Growth Potential in Populus deltoides and Hybrids under Field Conditions. Forests 2019,
10, 993. [CrossRef]

20. Fortier, J.; Gagnon, D.; Truax, B.; Lambert, F. Biomass and volume yield after 6 years in multiclonal hybrid poplar riparian buffer
strips. Biomass Bioenergy 2010, 34, 1028–1040. [CrossRef]

21. Maissupova, I.K.; Sarsekova, D.N.; Weger, J.; Bubeník, J. Comparison of the growth of fast-growing poplar and willow in two
sites of Central Kazakhstan. J. For. Sci. 2017, 63, 239.

22. Albenskii, A.V. Cultivation of Poplars; State Forestry Publishing House: Moscow, Russia, 1946.
23. Niemczyk, M.; Kaliszewski, A.; Jewiarz, M.; Wróbel, M.; Mudryk, K. Productivity and biomass characteristics of selected poplar

(Populus spp.) cultivars under the climatic conditions of northern Poland. Biomass Bioenergy 2018, 111, 46–51. [CrossRef]
24. Dillen, S.Y.; Marron, N.; Sabatti, M.; Ceulemans, R.; Bastien, C. Relationships among productivity determinants in two hybrid

poplar families grown during three years at two contrasting sites. Tree Physiol. 2009, 29, 975–987. [CrossRef]
25. Truax, B.; Gagnon, D.; Fortier, J.; Lambert, F. Yield in 8 year-old hybrid poplar plantations on abandoned farmland along climatic

and soil fertility gradients. For. Ecol. Manag. 2012, 267, 228–239. [CrossRef]
26. Truax, B.; Gagnon, D.; Fortier, J.; Lambert, F. Biomass and Volume Yield in Mature Hybrid Poplar Plantations on Temperate

Abandoned Farmland. Forests 2014, 5, 3107–3130. [CrossRef]
27. Barigah, T.; Saugier, B.; Mousseau, M.; Guittet, J.; Ceulemans, R. Photosynthesis, leaf area and productivity of 5 poplar clones

during their establishment year. Ann. For. Sci. 1994, 51, 613–625. [CrossRef]

275



Forests 2021, 12, 373

28. Zalesny, J.R.S.; Stange, C.M.; Birr, B.A. Survival, Height Growth, and Phytoextraction Potential of Hybrid Poplar and Russian
Olive (Elaeagnus Angustifolia L.) Established on Soils Varying in Salinity in North Dakota, USA. Forests 2019, 10, 672. [CrossRef]

29. Shifflett, S.D.; Hazel, D.W.; Nichols, E.G. Sub-Soiling and Genotype Selection Improves Populus Productivity Grown on a North
Carolina Sandy Soil. Forests 2016, 7, 74. [CrossRef]

30. Welham, C.; Van Rees, K.; Seely, B.; Kimmins, H. Projected long-term productivity in Saskatchewan hybrid poplar plantations:
Weed competition and fertilizer effects. Can. J. For. Res. 2007, 37, 356–370. [CrossRef]

276



Article

Economic Modelling of Poplar Short Rotation Coppice
Plantations in Hungary

Endre Schiberna * , Attila Borovics and Attila Benke

Citation: Schiberna, E.; Borovics, A.;

Benke, A. Economic Modelling of

Poplar Short Rotation Coppice

Plantations in Hungary. Forests 2021,

12, 623. https://doi.org/10.3390/

f12050623

Academic Editors: Ronald

S. Zalesny, Jr. and Andrej Pilipović

Received: 1 April 2021

Accepted: 11 May 2021

Published: 14 May 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Forest Research Institute, University of Sopron, H-9400 Sopron, Hungary; borovics.attila@uni-sopron.hu (A.B.);
benke.attila@uni-sopron.hu (A.B.)
* Correspondence: se@erti.hu

Abstract: No study has been previously completed on the range of sites, potential yield, and financial
characteristics of poplar short rotation coppice plantations (SRC) in Hungary. This paper conducts a
literature survey to reveal the biomass production potential of such plantations and presents a model
that is used to analyze their financial performance. The results indicate that the break-even-point of
production is between 6 and 8 oven-dry tons per hectare per year once a minimum cost level and
wood chip price within a 10% range of the 2020 value are considered. The higher the wood chip price,
the lower the break-even-point. Since the model excluded the administrative costs that depend on the
type and size of the management organization, the break-even-points can be significantly higher in
reality, which suggests that short rotation energy plantations can be a financially reasonable land-use
option in above average or even superior poplar-growing sites. The rotation period of industrial
poplar plantations that produce high quality veneer logs ranges from 12 to 25 years. Though such
sites can provide higher returns on investment, short rotation plantations have the advantage of
providing a more evenly distributed cash flow. To facilitate the wider application of poplar SRC, the
related policies need to apply specific subsidies and allow the rotation cycle to be extended up to
20–25 years, which is currently limited to 15 years.

Keywords: Populus sp.; biomass; bioenergy; short rotation woody crops; SRC; financial analysis;
break-even-point; net present value

1. Introduction

Short rotation coppice (SRC) is a woody plantation system in which fast-growing
tree or shrub species are planted in high density and coppiced in short harvesting cycles
(2–8 years) at ground level for a 15–25-year lifecycle. From a management intensity
perspective, SRC stands between agricultural crop production and managed forests. The
reduction of management intensity originating from converting agricultural land use to
SRC cultivation results in additional environmental benefits, especially in soil protection
and the enhancement of soil life. These benefits, however, lag the services close-to-nature
forests can provide, both in range and magnitude [1,2].

The distinctive characteristic of this type of woody plantation is that under favor-
able circumstances—including proper site conditions, fast-growing cultivars, and proper
technological choices—SRCs can provide high yield in short harvesting cycles and can
be maintained for over 20 years depending on their health status [3]. The financial per-
formance of productive plantations is comparable to that of annual crops, which creates
opportunity for diversifying farmer income [4]. Furthermore, SRCs have a favorable carbon
and energy balance [5], and their products can contribute to available wood supply that
might have been reduced by nature conservation measures in close-to-nature forests [6].

However, the above-mentioned ecological and economic benefits can only be realized
if SRCs are financially viable. For this reason, financial performance of SRCs should be
evaluated under a multifactorial financial environment, which considers the local ecological
and financial conditions as determinant factors.
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SRC as a land-use option has been thoroughly investigated in recent decades. Nu-
merous international studies have dealt with the economic analysis of SRCs, and the
conclusions in these studies highlight the most important aspects and considerations
influencing successful SRC application. Biomass yield plays a significant role in gener-
ating sufficient revenue. Yield can be increased by selecting superior cultivars [7] and is
markedly influenced by plantation site quality [8]. The break-even price of woodchips
depends on plantation yield [9] and determines the harvesting cycle [10]. In addition to
the natural yield, plantation profitability is particularly influenced by woodchip prices
and subsidies [11–15]. Overall, plantation profitability depends both on biomass price
and biomass yield [16]. Plantation establishment, maintenance, harvest, and wood trans-
portation costs also affect the financial result. Cultivation costs can contribute 75% to the
costs of woodchips at power plants [17,18]. Under less-than-optimal site conditions or less
than ideal financial circumstances, alternative methods to increase plantation profitability
are available. These include harvesting cycle extension, woodchip drying using waste
heat [19], and irrigation and fertilization with wastewater and sewage sludge [20]. The
establishment of an SRC system is a long-term investment requiring careful planning based
on evaluations of environmental site conditions, financial circumstances (rental costs of
land, cash flow, and return), and mathematical models [21,22].

The forest area of Hungary is slightly greater than 2 million hectares [23], which
represents a 22.7% forest ratio. Forest stands and plantations consisting of different poplar
species (Populus sp.) represent a 10.6% share of forested land and an 8.4% share in standing
volume [24]. Apart from black locust (Robinia pseudoacacia L.), hybrid poplars can be
considered as the main species of Hungarian plantation forestry and are cultivated on more
than 105 thousand hectares. The number of cultivated hybrid poplar clones exceeds 20,
with most belonging to the Euramericana poplar group [Populus × euramericana (Dode)
Guinier]. The current set of cultivated clones in Hungary include many of foreign origin
(Italy, Belgium, and the Netherlands), but the Hungarian poplar breeding program has
also produced numerous successful clones since its launch following the Second World
War. The most frequently used cultivars in afforestations and reforestations in Hungary are
I-214, Pannonia, Kopecky, Agathe-F (OP-229), and Koltay.

Hybrid poplar cultivars prefer semi-humid or humid climates combined with loose
or medium-hard soils preferably with high humus content, or semi-arid climates with
high groundwater levels. Concerning Hungary’s ecological conditions, in the absence of
available shallow ground water, sites with 600 mm or greater annual precipitation and
sandy loam or loamy soils (without any soil failures) can be considered suitable for planting
poplar SRCs. Since Hungary is in the xeric limit zone of forests [25], even minor changes in
site conditions can result in perceivable wood increment differences; thus, plantations can
show these mosaic differences [20].

Hybrid poplar clones are extremely susceptible to weed competition and various
damaging agents [26,27], the occurrence and severity of which depend on many factors.
Therefore, these are considered risks rather than calculable yield losses or additional costs.
Hybrid poplar growth is strongly connected to high precipitation or ground water within
reach of the root system. Climate change projections raise concerns of shifting climate
zones and the possibility that a large proportion of currently available poplar growing sites
will not be suitable for this purpose in the next 50–100 years [28–30]. These prospects are
especially worrying since the groundwater level in the Great Plain, which covers approxi-
mately two-thirds of the country, is decreasing. Moreover, investigations have not arrived
at any clear conclusions concerning the outcome of this change. The interplay between
plantations and the changing ground-water-level is also not fully understood [31,32].

Although field experiments of poplar SRCs in Hungary started in the 1980s, their
wider utilization began in 2007 following the implementation of an SRC subsidy scheme.
This financial support covered establishment costs, which included site preparation, soil
fertilization, purchasing/storage of reproductive materials, and planting, as well as initial
maintenance, pavement construction, fencing, etc.
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Newly bred, fast-growing Italian poplar cultivars (AF-2, Monviso) and well-known
forestry cultivars (I-214, Pannonia, Kopecky, Koltay) comprised 55% of the very short
rotation plantations. The area of poplar SRC reached a few thousand hectares, but sources
recording the actual area contradict each other. This plantation process ceased in 2013 after
the subsidy scheme was terminated.

Experiences with poplar SRCs reveal some of the systematic weaknesses of this land-
use form. Plantation yield did not meet expectations. Moreover, harvesting services were
difficult to reach and turned out to be expensive due to the small scale of the plantations.
Expectations on wood chip demand and calculations on transportation costs were overly
optimistic. Many poplar SRCs became unprofitable despite the above-mentioned subsidy
scheme. These widespread failures triggered the need for deeper financial analysis in
this field.

The current study aims to survey the range of natural yields of poplar SRCs in Hungary
that are based on sound evidence, to construct realistic and efficient model-technologies that
can be applied in various poplar-growing sites, and to evaluate the financial performance
of poplar SRCs.

2. Materials and Methods
2.1. Data Sources

Scientific and other literature from 1996 to 2018 have been used to survey the various
combinations of sites, cultivars, and technologies [33–37]. In addition to these data sources,
unpublished results of the authors’ own field experiments have also been utilized.

Financial data were collected from various sources, as no single source provided all
the necessary items. The National Land Centre in Hungary operates a statistical program
that collects the contractor fees of various forestry-related operations, as well as the prices
of wood products and other forest products such as propagation materials [38]. Items that
were not included in this source were collected through oral interviews with producers [39].

2.2. Technology

The current paper defines plantation management technology as both the major
characteristics of the plantation, such as the poplar cultivar, spacing, rotation cycle, and
lifecycle, as well as the series of operations from establishment through maintenance and
periodic harvests to liquidation. Good technology choices will result in a near-optimal use
of the site potential, which is reflected in the financial results of production. However, such
optimization is greatly limited in practice. For instance, weather conditions during the
short production period can diverge significantly from predictions, which affects growth
rate, health status, weed control, nutrient supply, etc. Available machinery may also
determine spacing, maximum dimension of the trees, and harvesting methods.

The model applied in this study is designed to reflect the most typical spacing, life-
cycle, and rotation cycle of poplar plantations in Hungary. Moreover, it only contains
the minimum number of operations. The model is divided into three yield-categories
representing the full spectrum of poplar-sites that have been recorded in the literature.

The model includes three yield categories: high yield, average yield, and low yield
with 12 tOD/ha/year, 8 tOD/ha/year, and 4 tOD/ha/year nominal growth rates, respec-
tively. Nominal growth rate refers to the mean growth rate in the first two rotations
combined. Growth rates in the various rotation periods are calculated with the nominal
growth rate and the modification factor presented in Table 1.

Table 1. Modification factors of nominal growth rate over the rotation periods of poplar Short
Rotation Coppices (SRC) in this study.

Rotation Period 1 2 3 4 5

Growth rate modification factor 100% 100% 95% 90% 85%
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Due to legal restrictions, plantation lifecycles are limited to 15 years in all three models.
The high yield and average yield categories have three-year rotation cycles, while in the
low yield category has a four-year cycle. This differentiation is justified by the fact that a
lower growth rate allows for a longer growth period before the growing space is fully used
up and the increasing competition induces significant mortality.

Establishing the plantation includes planning, soil preparation, and planting. Planning
is based on site inspection and the plan is submitted to the Forest Authority for approval.
Soil preparation depends on the current state of the specific land lot. In the case of poplar, it
is essential to provide well-cultivated, loose soil for maximum growth. The model assumes
that one ploughing and one disking before planting is sufficient. In total, 5556 poplar
cuttings were planted with 3.0 × 0.6 m spacing. The above characteristics of plantation
establishment is uniformly applied in all three yield categories.

Harvesting takes place according to the rotation cycle. Harvesting, chipping, storage,
and transportation methods may vary in practice, and they are not specified in the model,
as we only need to assume that the same methods apply to the three yield categories. The
harvest costs are calculated on an oven-dry matter basis, and the unit cost depends on the
harvested amount per hectare. The harvest-fee of an oven-dry ton is smaller in the higher
yield scenario than it is in the average and low yield categories.

Harvest was followed by plantation maintenance, which includes weed control, plant
protection, and nutrient recycling into the soil. Unless applied preventively, plant pro-
tection is not a periodic activity; however, since the need for it cannot be predicted, it is
incorporated into the model as such.

Under excellent site conditions, the plantation can provide high yield, which implies
that precipitation or ground water provide sufficient amounts of water and that there is
no nutrient shortage in the soil. To fulfill the latter condition, the model includes nutrient
recycling at a rate of 150 kg/ha after each harvest. Soil fertilization is decreased in the
average yield category and is not applied in the low yield category because under less
favorable conditions, available water poses a stronger limitation than nutrient supply.
Therefore, nutrient recycle would not increase the growth rate.

Overhead costs, especially business administration expenses, depend largely on the
type and scale of the organization at hand. Since it is not within the focus area of this study,
these costs are excluded from the calculations. Only two overhead cost items are considered,
both of which are essential regardless of the scale and legal form of the operation. One of
these is the cost of a technical advisor, which is constant in all three categories. Another is
the land rental fee, which represents site quality. Better site conditions entail higher land
rental fees since the growth potential of the site correlates to its humus content. Higher
humus content is also an advantage in agriculture.

At the end of the lifecycle, the plantation needs to be liquidated according to legal
regulations. This includes the removal or grinding of stumps and roots.

2.3. Financial Evaluation

This paper applies four indicators to describe and compare the financial performance
of the yield categories in the model. The cash flow of the three yield categories can be
calculated based on the land management operations in the model and their unit costs.

The mean annual net income (MANI) is the quotient of the total net income and the
lifecycle of the investment. The total net income of the investment is the cash flow sum. Net
present value (NPV) is applied to describe the absolute financial value of the plantation as
an investment at the time of its establishment. Annuity (A) is used to represent a theoretical
series of constant annual income for the life period of the investment that could replace the
actual cash flow without changing its NPV. Internal rate of return (IRR) is the interest rate
at which the NPV of the investment is zero. The equations of these financial parameters
are as follows:

MANI =
∑n

i=0 CFi

n
(1)
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NPV =
n

∑
i=0

CFi

(1 + p)i (2)

A = NPV
p ∗ (1 + p)n

(1 + p)n − 1
(3)

NPV = 0 =
n

∑
i=0

CFi

(1 + IRR)i (4)

where i is years, n is lifecycle of investment, p is interest rate, CFi is total cash flow in year
i, MANI is Mean Annual Net Income, NPV is Net Present Value, A is annuity of the Net
Present Value, and IRR is internal rate of return.

3. Results
3.1. Growth Rate of Poplar SRCs

To evaluate biomass yield levels that can be considered typical under Hungarian
ecological circumstances, biomass yield data were collected from articles and other scientific
works. The data sources and the parameters of the experiments are summarized and
referenced in Table 2.

The cited experimental plantations represent all major geographical regions (Great
Plain, Transdanubia, and Northern Hungary) and cover the range of sites suitable for
poplar growing in the country. The most frequently used poplar clones were AF-2, Agathe-
F, I-214, and Pannónia. Most of the sites have a sand soil texture, but loamy sites can
also be found (Hanságliget and Bajti). Three sites (Dejtár, Karancslapujtő, Tiszakécske)
are characterized by seasonal natural additional water supplementation, which in the site
classification terminology in Hungary means that groundwater in springs is no deeper
than 1.5 m, implying that it remains accessible to tree roots during most of the growing
season. No irrigation was reported at any site. Soil fertilization was applied in two cases; in
Dejtár the experiment focused on the effects of manure fertilization and combined manure
and ash fertilization compared to no fertilization. The planting densities and spacing show
great variations: the highest planting density was 13,333 pieces per hectare (1.5 × 0.5 m
spacing), while the lowest was 2500 trees per hectare (2.0 × 2.0 m spacing); both were used
in Hanságliget where the primary aim of the experiment was to study the effects of spacing
on growth. The plantations were harvested in different rotation periods between 2 and
8 years. The Helvécia, Karancslapujtő, and Tiszakécske experiments were dedicated to
investigating optimal harvesting cycles.

In addition to data gained from the literature, biomass yields measured in an ex-
perimental plantation in Bajti Nursery, located next to Sárvár, in Western Transdanubia,
were used for evaluation as well. The experimental short-rotation plantation was planted
in 2007 using a randomized block design, three repetitions, and a planting density of
8333 tree/hectare (3.0 m between the rows and 0.4 m in the rows). In addition to black
locust and willow cultivars, 59 different poplar clones were planted in single-row parcels,
with 100 cuttings per row. The soil type of the garden is loamy forest soil on alluvial subsoil
with low humus content. The second and the third repetitions were harvested after the
first vegetation period. Following the second vegetation period, the third repetition was
harvested again. As a result, the plantation had 1-, 2-, and 3-year-old shoots after the
third year. Only the 3-year-old shoots (repetition) were harvested after the third vegetation
period. The biomass yield of most of the clones was measured each year after harvesting.

Based on the results of the literature survey, the lowest measured yield in Hungary
was 0.8 tOD/ha/year, while the highest was 14.1 tOD/ha/year. Though other sources [40]
from similar bio-geographic conditions suggest that even higher yields could have been
achieved, we accept the results above for the case of Hungary.
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Three yield categories were created for further modelling:

• Low yield category: below 6 tOD/ha/year;
• Average yield category: 6 tOD/ha/year and above but less than 10 tOD/ha/year;
• High yield category: 10 tOD/ha/year and above.

3.2. Financial Model

The costs of the three yield categories of poplar SRCs are presented in Table 3. The
establishment and liquidation of the plantation have the exact same costs in all categories,
as site quality or the yield of the plantation have no influence on these operations. The
maintenance costs decrease from high yield to low yield, while the harvesting costs per
oven-dry matter increase in the same direction. Overhead costs also decrease toward lower
yield categories due to the decreasing land rental fees.

Table 3. Financial model of poplar SRCs in three yield categories applied in this study [38,39].

Costs Unit High Yield Average Yield Low Yield

Total establishment costs

€/ha

726.3 726.3 726.3
Site inspection 42.9 42.9 42.9

Planning 42.9 42.9 42.9
Soil preparation 128.6 128.6 128.6

Propagation material 256.0 256.0 256.0
Planting 256.0 256.0 256.0

Total maintenance costs

€/ha

242.9 185.7 128.6
Weed control 100.0 100.0 100.0

Plant protection 28.6 28.6 28.6
Nutrient supply 114.3 57.1 0.0

Total harvesting costs
€/tOD

11.4 14.3 17.1
Cutting 5.7 8.6 11.4

Transporting 5.7 5.7 5.7

Liquidation costs €/ha 257.1 257.1 257.1

Total overhead costs
€/ha

200.0 171.4 142.9
Rental fee 171.4 142.9 114.3

Technical advisor 28.6 28.6 28.6

Bold rows represent cost-type-groups, which are the sum of the cost items below.

Ranging from 43.5% to 51.3%, overhead costs have the largest share in the total costs
over the lifecycle of the poplar SRCs. Harvesting and transportation costs are the second
largest contributors to total costs, and their share ranges between 24.0% and 26.4%. There
is a larger difference in the maintenance cost distribution, as it decreases from 16.6% in
the high yield category to 2.6% in the low yield category. Although the establishment and
liquidation costs are the same in all yield categories, they play a less important role in the
high yield category with only a 13.4% share compared to the 22.1% share in the low yield
category. Table 4 summarizes the data above.

Table 4. The share of cost types within the total costs of the poplar SRCs yield categories in this study.

Yield Categories
Establishment

and Liquidation
Harvesting and
Transportation Maintenance Overheads Total Costs

High yield 13.4% 26.4% 16.6% 43.6% 100%
Average yield 15.6% 26.1% 14.7% 43.5% 100%

Low yield 22.1% 24.0% 2.6% 51.3% 100%

The cash flow balance of each yield category is calculated every year and presented in
Table 5. In all cases, the price of the wood chips delivered to the place of use is 60.0 €/tOD.
The MANI of the low yield category is −77.0 €/ha/year, which means that even if the
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overhead costs are not entirely incorporated into the model, the cash flow balance over
the lifecycle of the plantation is negative. As a result of this, there is no reason to consider
the remaining financial parameters for this category. The average yield and high yield
categories provide 44.9 €/ha/year and 201.4 €/ha/year MANI, respectively.

Table 5. The cash flow and the financial parameters of the poplar SRC yield categories in this study.

Parameters Unit High Yield Average Yield Low Yield

Reference yield tOD/ha/year 12 8 4
Rotation cycle y 3 3 4
Interest rate % 3.0

Price of wood chips €/tOD 60.0

Cash Flow

year 0

€/ha

−726.3 −726.3 −726.3
year 1 −442.9 −357.1 −271.4
year 2 −200.0 −171.4 −142.9
year 3 1548.6 925.7 −142.9
year 4 −442.9 −357.1 542.9
year 5 −200.0 −171.4 −271.4
year 6 1548.6 925.7 −142.9
year 7 −442.9 −357.1 −142.9
year 8 −200.0 −171.4 542.9
year 9 1461.1 870.9 −271.4

year 10 −442.9 −357.1 −142.9
year 11 −200.0 −171.4 −142.9
year 12 1373.7 816.0 508.6
year 13 −442.9 −357.1 −271.4
year 14 −200.0 −171.4 −142.9
year 15 1029.1 504.0 62.9

Total Lifecycle Income €/ha 10,152.0 6768.0 3480.0
Total Lifecycle Cost €/ha 7131.4 6094.9 4634.9

Lifecycle Cash Flow Balance €/ha 3020.6 673.1 −1154.9
Mean Annual Net Income (MANI) €/ha/y 201.4 44.9 −77.0

Net Present Value (NPV) €/ha 2238.9 314.0 −1114.0
Annuity (A) €/ha/y 187.5 26.3 −93.3

Internal Rate of Return (IRR) % 21.6 6.8 *

* Not calculable.

For the calculation of NPV, A, and IRR, a 3.0% reference net interest rate was applied,
which is understood as an interest rate above inflation. The NPV of the high yield category
is 2238.9 €/ha, which equals 187.5 €/ha/year annuity and 21.6% IRR. Average yield
category provides 314.0 €/ha NPV, 26.3 €/ha/year annuity, and 6.8% IRR.

Although the cost structure in this calculation is incomplete, the break-even-point
(BEP) can be calculated as identifying yield-price combinations that provide zero (or near
zero) MANI. Tables 6 and 7 show the result of this calculation with constant cost structure
both with and without a 75% plantation establishment subsidy, respectively.

Table 6. The MANI of poplar SRCs by yield and the price of the wood chips in this study (break-even-points marked with
grey background).

Price
(€/tOD)

Yield (tOD/ha/Year)
Low Yield Average Yield High Yield

3 4 5 6 7 8 9 10 11 12 13
54 −135.8 −100.2 −64.6 −74.9 −37.6 −0.2 37.1 53.7 93.7 133.7 173.7
57 −127.1 −88.6 −50.1 −58.0 −17.8 22.3 62.5 81.9 124.7 167.5 210.4
60 −118.4 −77.0 −35.6 −41.1 1.9 44.9 87.8 110.1 155.7 201.4 247.0
63 −109.7 −65.4 −21.1 −24.1 21.6 67.4 113.2 138.3 186.7 235.2 283.7
66 −101.0 −53.8 −6.6 −7.2 41.4 90.0 138.6 166.5 217.8 269.1 320.3
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Table 7. The MANI of poplar SRCs by yield and the price of the wood chips in this study (break-even-points marked with
grey background) with 75% establishment subsidy.

Yield (tOD/ha/year)
Low Yield Average Yield High Yield

Price
(€/tOD)

3 4 5 6 7 8 9 10 11 12 13
54 −99.5 −63.9 −28.2 −38.6 −1.3 36.1 73.4 90.0 130.0 170.0 210.0
57 −90.8 −52.3 −13.7 −21.7 18.5 58.6 98.8 118.2 161.0 203.8 246.7
60 −82.1 −40.7 0.8 −4.8 38.2 81.2 124.2 146.4 192.0 237.7 283.3
63 −73.4 −29.1 15.3 12.2 58.0 103.8 149.5 174.6 223.0 271.5 320.0
66 −64.7 −17.5 29.8 29.1 77.7 126.3 174.9 202.8 254.1 305.4 356.7

4. Discussion

SRCs have been on the agenda for decades. Biomass, and especially woody biomass,
is a renewable resource that can provide a positive energy balance and a low carbon output.
Furthermore, it can be produced and used locally, thereby avoiding the negative effects of
long transport distances. It is also available on a scale that is sufficient to make a meaningful
contribution to the total energy supply. From a producer perspective, this land utilization
form is intended to be flexible in terms of converting arable lands and plantations back and
forth according to the producer needs and market demands. Furthermore, it is intended to
be suitable for low quality land that would not be utilized otherwise.

Despite the long history of such plantations, Hungary lacks well-recorded field ex-
periments that would cover various combinations of sites and technologies for the whole
lifecycle. It must be noted that a short rotation period makes the growth rate highly depen-
dent on weather variables; therefore, experiments on the same site can show significantly
varying results over different periods of time.

The profitability of poplar SRCs is highly dependent on subsidies. The availability
and conditions of such financial sources change frequently in Hungary; however, there
are three basic types: an establishment subsidy paid by area at a fixed rate; the EU Single
Area Payments Scheme (SAPS); and the subsidies for energy producers paid by the volume
of production. SAPS plays the most important role, as it is comparable to the overhead
costs applied in the model, namely the land rental fee and the technical advisor cost. Since
this subsidy is available in almost all forms of agricultural land-use, including the no-use
option, it is a neutral factor in land utilization decisions. The subsidies on the energy
producer side influence the purchase price of the wood chips; thus, there is no need to
incorporate these into the model separately.

The financial analysis of a specific SRC investment must consider actual conditions
including the site conditions; suitable poplar cultivars; available propagation material;
machinery, especially harvesting machines; storage needs; transportation methods and
distances; and potential buyer requirements such as delivery frequency, moisture content,
chip size, quality, etc. These factors may greatly influence the financial results and the
investment decision. The currently applied agro-technology at a specific farm may be
suitable for SRC cultivation, and it is also possible that the wood chips produced could
be utilized within the farm. In the latter case, the substitution of other energy sources
on the farm can bring additional benefits. On the other hand, the technology applied
in this calculation may not be feasible in some areas due to lack of harvesting capacity
or due to the small scale of a specific SRC. In such cases, the production costs would be
significantly higher.

Specific environmental conditions can dramatically influence SRC yield, even under
optimal management decisions. For instance, water supply can greatly affect the growth
rate. The site analysis and the subsequent poplar cultivar selection is based on long-term
climatic data, while the weather during the production period may vary and significantly
deviate from long-term observations.

All these individual circumstances influence the investment decision and shed a
different light on the potential role of SRC as a land management option at a regional or
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national level. This financial analysis was conducted to evaluate the financial performance
of poplar SRCs under a common framework incorporating best practices.

Site quality has a moderate influence on the cost structure. Establishment and liquida-
tion costs are the same in each yield category; maintenance costs decrease, while harvesting
costs slightly increase as they move from the high yield category to the low yield category.
The total lifecycle cost in the high yield category is 7131.4 €/ha, which drops to 4634.9 €/ha
for the low yield category, signifying a 35% cost decrease. The yield, however, has a great
impact on the total lifecycle income, which drops from 10,152.0 €/ha in the high yield
category to 3480.0 €/ha in the low yield category, for a decrease of 65.7%. According to the
financial model, it can be concluded that the lower yield of low-quality sites and the lower
income is not compensated by lower costs.

The results show that poplar SRCs reach the BEP at approximately 7 tOD/ha/year
under current financial conditions and the presented cost structure. Since the cost structure
in the model excludes substantial cost items such as business administration, infrastructure
maintenance, etc., the real BEP is assumed to be significantly higher. This means that plan-
tations on lower-average and low-quality sites are not financially viable without subsidies.
In the case of a 75% establishment subsidy, BEP is approximately 5 to 6 tOD/ha/year.

It is evident that the subsidy system influences the financial performance of short
rotation poplar plantations considerably. Alternative land-use forms compete for land. In
the European Union, agricultural policy is one of the highest priorities and is empowered
by a massive subsidy system. In Hungary, the proportion of direct subsidies in traditional
agricultural crop production is above 60% [41] (p. 39). Land-use forms also include
wilderness, sanctuaries, and many other areas for nature conservation and recreational
purposes, which further increases land-use competition, especially on low-quality lands
where poplar SRCs were primarily meant to be grown.

This result also challenges the former claim that poplar SRCs would be suitable for the
utilization of low-quality land. It reflects the fact that poplar hybrids are capable of high-
rate biomass production, but are susceptible to natural conditions, especially to temperature
and water supply, the latter of which is a more critical limiting factor in Hungary. However,
higher-average and high-quality poplar growing sites are more suitable for industrial wood
production, where the main product is veneer log coupled with pulp wood and wood
chips as side products. Such industrial wood plantations have a 12–25-year lifecycle, which
is comparable to that of short rotation plantations.

One of the most important comparative advantages of SRC is that its production tech-
nology is less sophisticated, and fewer operations are needed; therefore, less experienced
farmers can manage them. Since quality requirements in wood chip production do not
play a major role, technological failures or damage from natural disasters or damaging
agents do not result in significant income loss. The shorter rotation period also decreases
the risk of damage and provides a more balanced income-flow.

Due to legal restrictions, the plantation lifecycle in our model is 15 years. Extend-
ing the lifecycle with a few more rotations to 20–25 years could increase the net income
and, consequently, the return on investment. Nevertheless, this is severely limited by the
gradual decrease of yield over time and depends on the health condition of the individ-
ual plantation.

This paper concluded that short rotation poplar plantations in Hungary have an
approximate BEP of 7 tOD/ha/year, which is only possible in above average, good quality
poplar sites in which veneer production is also an option. Subsidies and extended rotation
periods could lower BEP significantly, but both would also require changes in the current
related policies.
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32. András, S.; Zoltán, G.; Tibor, T. Erdők hatása a talaj és altalaj sóforgalmára, valamint a talajvíz szintjére. Agrokémia és Talajt. 2012,

61, 195–209.
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Abstract: This study investigated growth performances of black locust (Robinia pseudoacacia L.) tree
species in various soil and agro-climatic conditions in Poland. Implementing of research was based
on monoculture black locust stands in which it was possible to carry out dendrometric tests allowing
us to learn about their volume. These stands were located on marginal soils. In the sample plots
selected for the study, the parameters of stands (main and secondary) were determined, such as
number and social structure of trees, average tree height, average diameter at breast height (DBH),
and volume. The volume was determined with division into trunks and branches and wood thickness
classes (0.0–1.0 cm, 1.1–5.0 cm, 5.1–10.0 cm and then every 5 cm). During the research, it was found
that sunlight and moisture conditions mainly affect the volume. It has been noticed that the content
of nutrients in the soil plays a minor role because black locust grows very well in poorly fertile soils,
often subject to erosion processes. Black locust grows well on damp, shaded slopes with northern
exposures. In such areas, the stand volume was the highest (353.8 m3 ha−1), exceeding the average
volume of the remaining 35-year-old stands on sandy soils by 60%. Along with the increase in the
age of stands, the share of trunk wood increased with the wood of branches. The share of wood
up to 5.0 cm was small in older stands, at most a dozen or so percent. However, in young stands
(4- and 8-year-old), the share of the thickness class up to 5 cm was even 65% of the stand volume.
In 35-year-old stands, wood fractions of 15.1–20.0 cm were dominant. In the oldest, 64-year-old stand,
over 30 cm thick wood constituted 44% of the stand volume. However, statistical analysis showed,
with p = 0.1644, no differences existed between the thickness of the individual thickness classes.

Keywords: tree growth; tree biomass; volume forest stand; thickness classes

1. Introduction

The black locust (Robinia pseudoacacia L.) in Europe is an introduced species from
North America [1]. It was initially used for ornament purpose in parklands or as mellif-
erous [2,3]. Later the species has been grown for economic uses specially woods (venial
wood, utility wood, mine wood, and firewood) [4–8] and environmental conservation (soil
erosion control) [9–17]. Recently, there has been an increase in interest in this species for
cultivation in short rotation energy crops [18–24]. This approach is to reduce the use of for-
est wood for energy purposes [25,26]. In line with the concept of sustainable development,
the possibility of establishing plantations in degraded, erosion-endangered, and unsuitable
areas for agriculture should be increased [27,28]. In depth knowledge on the species growth
performances under different soil and agroclimatic conditions would help policy decision
makes, tree growers, and farmers to make right decision of growing and managing the
tree species.

The results of these studies indicate that the production and properties of wood
depend on the habitat conditions and coexistence of trees in the group. Black locust grows
best on moisture, fertile, calcareous clay soils [1]. Also optimum for black locust is tufted
and brown soils: plump, airy, fresh, rich in calcium, with a pH in the range of 4.6–8.2,
but also grows well on others (except marshland), including on stony, non-cariogenic, sand
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and dry ones [2–4,11,13]. Additionally, studies by Mantovani et al. [29,30] indicate that
this species is not from the group of water-savers, and with its abundance it corresponds
to an increase in weight gain—most intensively in August. In addition to the habitat,
the productivity and structure of forest stand classes is affected by coexistence in the
context of tree competition. These studies indicate that, along with the deterioration of the
biosocial position of trees in the stand, in the shade under the canopy of the main trees,
the annual growth rate of wood decreases [31–35].

In research on the productivity of black locust stands relating to the habitat and
biosocial position of trees, there is often no reference to their impact on the structure
of individual wood thickness classes. Much attention in the literature is devoted to the
creation of mathematical models to estimate the abundance of stands [35–43]. The most
popular method of creating biomass models is combining the biomass data of a tree or its
components, such as stems, branches, leaves or roots, with one or more easily measurable
dendrometric variables, e.g., breast height diameter, wood thickness. Therefore, under
the conditions of the Polish agroclimatic, it was decided to conduct research updating the
knowledge on the thickness of the black locust stands. Taking into account also factors
such as moisture and soil fertility. It is also important to what extent age cause changes in
the thickness of individual classes of wood biomass. Such data should supplement the pool
of information forming the basis for the development of mathematical models estimating
the amount of biomass produced.

The study aimed to assess the productivity and quantitative structure in individual
thickness classes of the black locust wood biomass obtained in 14 stands of different age
and habitat conditions of marginal soils.

2. Materials and Methods
2.1. Study Sites

The research was carried out based on monoculture black locust stands in six sites
(including single or groups of stands) in the Małopolska Kraina (according to the nature and
forest regionalization of Poland [44])—Figure 1. Monoculture stands guided the selection
of sites with an area and number of trees enabling separation of representative sample
areas and collection of representative sample trees, and the existence of source materials
enabling the reconstruction of the history of stands.

Upland areas dominate in the Małopolska Kraina (VI), but there are also significant
areas of valley bottoms and terraces with dunes. The climate is relatively diversified due to
the diversification of the topography, with the features of continentalism increasing to the
east. The average annual air temperature in the western and southern parts of the region
ranges from 8.0 to 8.5 ◦C, and in the eastern part—Up to 7.5 ◦C. In most areas, the growing
season lasts 200–210 days, and the average annual rainfall amounts to 650 mm [44].

Due to the diversity of the topography, soil formation, and moisture in the Małopolska
Kraina, there is a large diversity of stands. The subcontinental oak–hornbeam forests are
characteristic for this land—i.e., linden, oak, and hornbeam forests, mainly in the Lesser
Poland variety. They are located in half of the area of this region. Mixed forests are more
numerous in its western part. Forests are mainly found in upland areas and wet and marshy
areas. The forest cover in the region is 24.9%. At the same time, in the mesoregions, it ranges
from 2%–4% in Podgórze Rzeszowskie (VI.34) and the Lower San River Valley (VI.30) to
60% in the Świętokrzyski Forest (VI.23) and 65% in Solski Forest (VI.13). The average stand
volume is 239 m3 ha−1. In mesoregions, it ranges from 166 m3 ha−1 in Górny Śląsk to
287 m3 ha−1 in the West-Lublin Upland mesoregion. In the Małopolska Kraina, protective
forests (mainly water-proof, damaged, and around towns) constitute over 63% of the forest
area of the State Forests (SF). Damaged forests are over 80% of the SF areas in mesoregions
with well-developed industries, including Górny Śląsk (VI.16) [44].
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Figure 1. Location of the Małopolska Kraina (VI) on the territory of Poland with marked mesoregions
(Arabic numerals) and research stands (red dots). Important markings mesoregion: 4—West-Lublin
Upland, 5—East-Lublin Upland, 27—Chmielnicko-Staszowski, 28—Opatowski, 29—Vistula Lowland.
Prepared on the basis of [44].

The research sites were located in several mesoregions of the natural and forest
districts marked with the numbers VI.4, VI.5, VI.27, VI.28, and VI. 29 (Figure 1), differing
in the natural conditions of forest production.

The Dębno site is located in the West-Lublin Upland mesoregion (VI.4). The forest
cover is small and amounts to 16%. The forests form small and medium-sized complexes;
they occupy about 516 km2, 45% of which is on the Regional Directorate of State Forests
(RDSF) board in Lublin. Snopków and Lublin sites are located in the East-Lublin Upland
mesoregion (VI.5)—Figure 1. It is distinguished by fertile soils made of loess and “loess-
like” dusts and, therefore, the lowest forest cover amounting to 14%. The forests form
small complexes; they occupy about 291 km2, of which over 73% is managed by RDSF in
Lublin [44].

The Skrzypaczowice and Zawidza sites are located in the Opatowski (VI.28) and
Chmielnicko-Staszowski (VI.27) mesoregions. The Opatów area is covered with loess,
which is the dominant geological formation. In the southern part of the mesoregion,
there are Pleistocene tills, sands, and glacial gravels of the South Polish Glaciation, and
occasionally—Cambrian deposits, on small areas mainly sandstones, claystones, conglom-
erates, and duststones. The mesoregion is dominated almost exclusively by broadleaf vege-
tation with the participation of luminous oak trees. The forest cover is very low, amounting
to 4%. Forests in the form of very small complexes cover about 52 km2, of which RDSF
Radom manages 51%. However, the Chmielnik–Staszów area is covered with Pleistocene
tills, sands, and glacial gravels of the South Polish Glaciation. Much smaller areas are
occupied by the formations of the Neogene period—Organo-detritus and sulfur-bearing
limestones, gravel, sandstone, and gypsum. Besides, eolian sands—locally in the dunes
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and loess—occur sporadically. The forest cover is average and amounts to 30%. The forests
form small and medium-sized complexes; the largest are located in the eastern part of the
mesoregion. The forests cover approximately 476 km2, of which 67% is managed by the
RDSF in Radom.

Piaseczno site is located in the Vistula Lowland mesoregion (VI.29). There are defi-
nitely Holocene geological formations—sands, gravels, river bogs, peat, and dust. The dom-
inant vegetation landscape in this area is the ash and riparian elm forests. The mesoregion’s
forest cover is low and amounts to 6%. About 93 km2 area covered by forests, 39% of which
is managed by the State Forests. The mesoregion is narrow and elongated, and within its
borders, there is a small area of RDSF in Radom [42]. However, it should be noted that the
Piaseczno site is an artificial structure—an external dump of the sulfur mine in Piaseczno,
40 m high, and slope inclination 60%–80%, built of various formations and with a large
variety of habitats [11,45].

In each of the sites, tree stands with one or more features influencing wood production’s
natural and economic conditions were selected: habitat factors, age, origin, the intensity of
care, and breeding treatments. Fourteen stands were distinguished, including:

â five on sands (loose sands)—No. 1–5—All in the Piaseczno site, derived from planting,
at the age of 35, on the slopes of the dump with various exposures (N—Surfaces No. 1
and 2 located in the upper and lower parts of the slope, respectively, SE—No. 3 and
4—The upper and lower part of the slope, S—No. 5—The upper part of the slope),
without felling (without harvesting);

â three in the clay—No. 6–8—two in the Piaseczno site, derived from planting, at the
age of 35, (located in the upper parts of the slopes, No. 6—N exposure, and No. 7—S
exposure) under development conditions such as stands No. 1–5, and one in the
Zawidza site (No. 8) in the managed forest (with intermediate cutting—Breeding
cuts), at the age of 41, in the plain;

â six on dust formations (loess and loess-like)—In the sites: Dębno (No. 9, the lower
part of the valley slope, with S exposure and 40% slope)—33-year-old stand from
self-seeding, systematically cut; Skrzypaczowice (No. 10)—A 64-year-old commercial
stand, planted, located in the central part of the eroded slope with an SE exposure
and a 15% slope; Lublin (No. 11)—4-year self-seeding trees located on a plain area;
Snopków (No. 12–14)—3-row mid-field, 8-year-old plantings, No. 12 and 13 located
in a flat area, and No. 14 in the upper part of the valley slope, with S exposure and a
15% slope.

Detailed characteristics of the Piaseczno site and the history of tree stands are pro-
vided in the publications of Ziemnicki et al. [45], Węgorek [34], and Kraszkiewicz and
Węgorek [46]. Developing tree stands in the Snopków site are described by Orlik et al. [39]
and Węgorek and Kraszkiewicz [40]. The data on stands in the Zawidza and Skrzypaczow-
ice sites were given according to the source materials of the Zawidza forestry in the Dębno
site—according to information from the farm owner, and in the Lublin site—based on own
observations.

2.2. Biomass Sampling

In the black locust stands selected for research to assess fertility, the following was
determined:

(a). Stand parameters—By the method of sample plots of 500 m2 (20 × 25 m2) in stands
No. 1–11 and 400 m2 in stands No. 12–14 (rows of trees 80 m long and 5 m wide):

â the number and social structure of trees according to the tree biological classi-
fication of Kraft, considering the main and secondary stands;

â average height of trees (in main and secondary stands)—as the arithmetic
mean of DBH measured with the SUUNTO altimeter with an accuracy of
0.25 m;
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â mean DBH (in main and secondary stands)—as the arithmetic mean of DBH
measured with a precision HAGLOF caliper with an accuracy of 0.5 cm;

(b). Volume with division into trunks and branches and wood thickness classes (0.0–1.0 cm,
1.1–5.0 cm, 5.1–10.0 cm and then every 5 cm)—using the sample tree’s method. One
tree of average height and DBH each and average conformation from each sample
plot (main and secondary stands) [47]; a conductor was considered as a trunk from
the point of cut (5–10 cm above the ground) to a diameter of 5 cm in the bark (in the
upper end); the remaining, thinner part (top) was classified as a branch; the sample
trees were cut with a chainsaw at the end of December:

â trunk volume in the bark—sectional method (section length 1 m);
â branch volume in the bark—using the xylometric method.

2.3. Statistical Analysis

The obtained results, were subjected to analysis of variance (ANOVA) analysis for
factorial systems. The qualitative factors were the age of the stands as well as the individual
thickness classes. Statistical analyzes verifying differences in wood volume in individual
thickness classes were carried out individually within a single age group (where there
was an appropriate amount of data—only stands at the age of 8 and 35), as well as in the
following groups: all together; 4 and 8; 35 and 41; 33 and 35; 33, 35, and 41 as well as 33,
35, 41 and 64. Additionally, the probability of differences between the volume of wood
in all stands between the following pairs of thickness classes was determined: 0.0–1.0 cm
and 1.1–5.0 cm; 1.1–5.0 cm and 5.1–10.0 cm; etc. Prior to these analyses, the consistency of
results with the normal distribution was verified using the Shapiro–Wilk method, and the
homogeneity of variance was estimated using the Brown–Forsyth test. The observed
differences were considered statistically significant at the significance level of p-value < 0.05.
Additionally, for the distribution of wood volume in individual stands with division into
thickness classes, trend lines were determined, which were described with a second-degree
polynomial and the coefficient of determination R2.

3. Results
3.1. Characteristics of Soils

Table 1 shows the surface coverage by layers of vegetation (covering plant layers) and
the soil profiles’ basic features under the stands.

Table 1. Covering plant layers and selected soil characteristics.

Forest Stand/Area Number Soil
Surface Coverage (%)

Litter (cm) Humus Layer
(cm)Trees Shrubs Undergrowth

1

sand

80 60 30 2 4
2 80 60 30 2 2
3 80 20 70 4 5
4 80 20 70 5 7
5 80 20 100 5 8
6

clay
70 50 30 1 5

7 80 30 70 2 6
8 50 50 80 3 10
9

dust

80 20 80 3 8
10 50 50 60 5 10
11 − 70 90 1 20
12 90 60 90 1 24
13 90 60 90 1 24
14 90 60 90 1 22

The layer of trees was generally characterized by good compactness. The most com-
mon surface coverage was 80%, and in the stands in the Snopków site (No. 12–14)—90%.
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It should be noted, however, that the compactness in stands No. 12–14 was so high only
in the rows of trees, and there was full access of sunlight on both sides of the rows. The
lowest coverage (50%) of the tree layer was in stands used for pole-cuts (No. 8 and 10).
The shrubs (as an under-emergent layer) cover from 20% to 60% of the area, and the ground
cover—30%–100%. In the four-year-old stand in the Lublin site (No. 11), the layer of
trees has not yet developed—from the viewpoint of the height achieved by black locust
trees—and they constituted a shrub layer (Table 1).

The litter was 1–5 cm thick, depending on the site in the relief, species composition,
and the degree of surface coverage by plant layers (Table 1). The humus layer of the soil
under very young tree stands established on agricultural land exceeded 20 cm, in old
stands (No. 8 and 10), it was 10 cm, and in stands in the wasteland (depending on the
site)—2–8 cm (Table 1).

Table 2 shows the abundance of soils determined based on the average content of basic
nutrients in a layer of 0–50 cm. The nitrogen volume was determined by the Kowalkowski
method [48] and the phosphorus and potassium content according to the scale provided by
Baule and Fricker [49].

Table 2. Content of nutrients and soil abundance.

Forest Stand/Area Number

Content of Nutrients (g·kg−1)
and Soil Abundance C:N

Ntotal P K Corganic

1 0.36
insufficient

0.004
insufficient

0.021
insufficient 2.09 5.81

2 0.38
insufficient

0.005
insufficient

0.027
insufficient 2.59 6.82

3 0.24
insufficient

0.004
insufficient

0.024
insufficient 2.21 9.21

4 0.57
insufficient

0.004
insufficient

0.023
insufficient 2.71 4.75

5 0.41
insufficient

0.005
insufficient

0.024
insufficient 2.90 7.07

6 0.77
medium

0.054
medium

0.142
good 6.60 8.57

7 0.84
medium

0.004
insufficient

0.030
insufficient 4.32 5.14

8 0.78
medium

0.007
insufficient

0.025
insufficient 6.05 7.76

9 x x x x x

10 1.23
medium

0.015
medium

0.028
insufficient 6.79 5.52

11 0.43
insufficient

0.059
medium

0.063
medium 3.62 8.42

12 1.95
good

0.176
good

0.260
good 10.37 5.32

13 1.34
good

0.101
good

0.126
good 8.74 6.52

14 0.57
insufficient

0.109
good

0.087
medium 4.18 7.33

Abbreviations: x—Was not done.

On the sand slopes of the sulfur mine dump (tree stands No. 1–5), the soil abundance
in nutrients was insufficient, and the organic carbon content was very low, ranging from
slightly over 2 to almost 3 g kg−1. In clay formations, only nitrogen supply was at an
average level, and there was twice as much carbon as in sand formations. Forest stands
on agricultural land with soils made of dusty formations (No. 12–14) were supplied with
nutrients, usually at a good level (others at an average level), with a soil carbon content
of about 4 to over 10 g kg−1 (Table 2). The ratio of carbon to nitrogen (C:N) was low
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(below 10—Table 2), which indicates the rapid mineralization of organic matter [50], and
the insufficient nitrogen content in the soil indicates this element was incorporated quickly
into the stand production process.

3.2. Characteristics of Forest Stands

Table 3 presents the characteristics of the tree stands influencing their volume.

Table 3. Number of trees per 1 ha and average tree dimensions in stands.

Forest Stand/Area Number
Age

(Years)

Number of Trees (Pcs. ha−1) Average Height (m) Average Diameter at
Breast Height (cm)

Main Secondary Main Secondary Main Secondary

1 35 919 588 16.5 12.5 19.0 9.5
2 35 1029 882 18.0 13.0 19.5 10.0
3 35 750 1525 15.5 11.0 17.5 8.5
4 35 580 1440 17.0 11.5 23.5 8.5
5 35 943 1057 15.5 10.0 16.0 8.5
6 35 650 575 19.0 12.0 21.0 9.0
7 35 870 1111 18.0 11.5 18.0 9.0
8 41 410 - 24.5 - 26.5 -
9 33 1840 - 11.5 - 11.0 -
10 64 320 - 24.0 - 38.5 -
11 4 1720 - 2.0 - 4.5 -
12 8 1905 - 7.5 - 12.0 -
13 8 1828 - 8.0 - 11.5 -
14 8 1715 - 7.5 - 12.0 -

In the 35-year-old stands No. 1–7 (Piaseczno), where no compacting treatments were
performed (no felling was performed), under the canopy of trees forming the main stands
(under the conditions of the research, these were trees belonging to biological class II and
III), secondary tree stands formed composed of captured, jammed and dead trees (IV and
V biological classes). The number of trees in the main stands ranged from 580 to 1029, and
in the secondary stands—575–1525 pcs. ha−1. In more than half of the stands, the numbers
of trees in the secondary stands were greater than in the main stands, and in stands No. 3
and 4, they constituted 67% and 71% of the total number of trees, respectively. The average
height of the main stands was 15.5–19.0 m. The trees reached the highest heights on clay
soils (stands No. 6 and 7). Average tree heights in the secondary stands were 4–7 m lower
than in the main stands. The average DBH in the main stands ranged from 16.0 cm on the
sand slope with southern exposure (stand No. 5) to 23.5 cm on the lower part of the sand
embankment with the south-eastern exposure. The mean DBH in the secondary stands
was even—8.5–10.0 cm (Table 3).

In stands No. 8–14, there were no secondary stands due to intensive thinning (stands
No. 8 and 10), the ongoing removal of mastered trees (stand No. 9), or too young age
(stands No. 11–14). In these stands, as in stands No. 1–7 in the Piaseczno site, there
were no towering trees (biological class I) and dominant trees (biological class II) with a
small share of co-dominant trees (biological class III). The stands No. 8 and 10 (41- and
64-year-old) were characterized by a minimal number of trees per 1 ha; they reached similar
heights (24.5 and 24.0 m), and the average DBH was 26.5 and 38.5 cm, respectively (Table 3).
The tree stand No. 9 (33-year-old) was characterized by very many trees—1840 pcs. ha−1

(all in the main stand), and therefore, compared to 35-year-old stands (No. 1–7), it was
characterized by a small DBH but also a small height (Table 3). The 4-year-old stand
(No. 11) had a small population—There were fewer trees per 1 ha than in the 33-year-old
stand. For this reason, the average height of the trees was small (2.0 m), and they were
heavily branched. Row stands No. 12–14 (8-year-old) occupied 5 m wide strips of land,
and therefore, after calculating the number of trees per 1 ha, they were characterized by
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a small density—1715–1905 pcs. ha−1, comparable to stand No. 9 (33-year-old). Average
dimensions of the trees were even and amounted to 11.5–12.0 cm DBH; 7.5–8.0 m high.

3.3. Characteristics Volume of Forest Stand

The volume of forest stands (main and secondary stands together), including the
volume of trunks and branches, as shown in Figure 2—Full numerical data with the
breakdown of the volume of trunks and branches (in m3 ha−1) into thickness classes are
given in Table A1 (Appendix A).

Figure 2. Volume of forest stand.

The research was carried out in tree stands of different ages and origins, in very
different habitats, and with different intensities of breeding treatments (loosening cuts).
For this reason, the volumes of stands are very diverse. In stands where no breeding
treatments were performed, and due to their age, thinning should be performed several
times—stands No. 1–7. The volume is ‘overstated’ relating to stands where intensive cuts
were made—stands No. 8 and 10.

With such a high variability of the factors determining the volume, this parameter
can be compared within stands No. 1–7 and No. 12–14, while within the remaining stands
with the probability of making significant errors, despite considering the differences in age
and intensity of breeding treatments. The stands No. 1–7 (35-year-old) had a volume of
about 180 to 355 (on average almost 250 m3 ha−1, including the volume of the branches
ranging from about 31 to 62 m3 ha−1 (Figure 2). Tree stand No. 2, occupying a lower
part of the sand slope with northern exposure, with the highest soil moisture, had the
largest volume—354 m3 ha−1 (142% of the average volume of stands No. 1–7). The lowest
volume was found in stand No. 5, located in the upper part of the sand slope with southern
exposure, with the lowest soil moisture—179 m3 ha−1 (72% of the average volume).

In the 8-year-old stands (No. 12–14), the volume was relatively even—133–147 m3 ha−1,
with the average being 141 m3 ha−1. It results from excellent habitat conditions, and slight
differences in the volume may result from the diverse tree density (Table 3). The branch
volume ranged from 51 to 65 m3 ha−1.

Stand No. 9 (33-year-old) had a surprisingly low volume—Only 98 m3 ha−1 (Figure 2).
This stand grew on a slope with soils formed from dust deposits. It was only two years
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younger than stands in a sulfur mine dump (stands No. 1–7), and despite this, its volume
accounted for less than 40% of the average volume of stands No. 1–7. The reason was very
poor or lack of nursing procedures in youth and destitute breeding procedures. Despite
the currently conducted clearing cuts and removal of mastered trees (therefore the lack of a
secondary tree stand), the tree density in the main stand was very high—1840 pcs. ha−1

(Table 3). This forest stand was created from a very dense self-seeding, and competition for
food caused the increments of trees to be very small—as evidenced by the average height
and DBH (Table 3), which directly translated into the stand volume.

In stand No. 8 (41-year-old), the volume—256 m3 ha−1—Was almost the same as the
average volume of 35-year-old stands (No. 1–7), amounting to 250 m3 ha−1. However,
it should be noted that the volume mentioned above of 35-year-old stands includes the
main and secondary stands, while the volume of the main stands themselves is on average
206 m3 ha−1. After considering age differences (between stands No. 1–7 and 8), it can be
considered comparable with the volume of a 41-year-old stand.

The volume of the tree stand No. 10 (64-year-old)—544 m3 ha−1 (Figure 2)—was more
than twice (112%) higher than that of No. 8 (41-year-old). Considering that both stands
grew on good soils, had the same density, both exceeded the age of peak growth, and the
age of stand No. 10 was only 50% higher than that of stand No. 8, the volume of stand
No. 10 should be considered high.

The youngest (four-year-old), stand No. 11, had very low fertility, despite good
habitat conditions. It was almost six times smaller than the volume of eight-year-old stands
(no. 12–14)—Figure 2. To a large extent, these differences result from a minimal tree density
relating to the age of stand No. 11 (Table 3). Due to the loose density, in the four-year-
old stand, sections of conductors over 5 cm thick (trunks) in the amount of slightly over
5 m3 ha−1 have developed (Figure 2).

The shares of branches and trunks in the volume of stands in the bark, expressed as a
percentage, are presented in Figure 3.

Figure 3. Share of trunks and branches in the volume of forest stands.

In the youngest (four- and eight-year-old) tree stands, the share of branches in their
volume was very large. In the four-year-old stand (No. 11), the volume of branches reached
80% of that of the entire stand. In the 8-year-old stands (No. 12–14), the share of branches
was 38%–45%. In older stands (33–64 years old), the share of branches was much smaller
and accounted for 13%–26% of their total volume. The very large volume of branches
relating to the volume of trunks in a four-year-old stand (3.7:1.0) results partly from loose
compactness and partly from the principle adopted in this paper—related to the purpose
of the study—that sections of trunks with a thickness of less than 5.1 cm are included in
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the branches. There was a significant amount of thinner stem sections in a specific stand
(No. 11), with an average DBH of 4.5 cm (Table 3). The relatively large share of branches in
the mass of eight-year-old stands (No. 12–14) is the effect of crown expansion due to the
lack of lateral cover—these are row plantings. The ratio of the volume of branches to the
volume of trunks was 0.6-0.8:1. In older stands, the proportions were 0.15–0.35:1 (Figure 3).

3.4. Stand Thickness Classes

Table A1 shows the wood volume in the bark according to thickness classes, and Figure 4
shows the share of wood of individual thickness classes in the volume of stands.

In older stands (33–64-year-old), the share of the 0.0-1.0 cm class was small and amounted
to 1%–4% of the stand volume, and in the 1.1–5.0 cm class—7%–20%. However, in the young
(four- and eight-year-old) stands, the share of the thickness class 0.0–1.0 cm was higher and
amounted to 8%–16%, and in class 1.1–5.0 cm—18%–65% of the stand volume.

Considering the thickness structure of the main stands No. 1–7 (excluding the sec-
ondary ones)—Table A1—The share of the class 15.1–20.0 cm was 32%–61%, and the share
of the class 20.1–25.0 cm—9%–29%. In the 41-year-old stand (No. 8), almost one-third of
the volume was in the classes 15.1–20.0 and 20.1–25.0 cm, and 11% of the volume was
25.1–30.0 cm thick. The significant share of wood with a thickness of 5.1–15.0 cm (17% in
total) was because more than half of the volume of these fractions were branches (Table A1).
In the oldest, a 64-year-old stand (No. 10), the stems of the trunks exceeded the thickness
of 40 cm (the share of the 40.1–45.0 cm class was 4%), and the timber over 30 cm thick
accounts for 44% of the stand volume (Figure 4). The branches (limbs) were over 20 cm
thick, and their share in the thickness of the fraction 20.1–25.0 cm, was over 40% (Table A1).
Stand No. 9 differed from the general tendency to expand the range of wood with the age
of the stand, in which, for the reasons described above, the thickness of the trunks in the
butt part (thickest) did not exceed 15 cm, although the stand was 33 years old.

When analyzing the volume of the stands, it can be concluded that the productivity of
black locust is mainly affected by sunlight and moisture conditions. For this species, the
abundance of nutrients plays a less important role, while black locust grows well on poorly
abundant soils, often subject to erosion processes. Studies in equate-age stands located
on the same soils with slight differences in the nutrient content (stands No. 1–5, Table 2)
indicated sunlight and moisture conditions as factors determining the growth of stands.
Black locust grows well on damp, shaded slopes with northern exposure, an example
of which is the volume of the stand No. 2 growing in the lower part of the slope (good
moisture conditions) with northern exposure (Figure 2). The stand volume in this area
was the highest—354 m3 ha−1, exceeding the average volume of the remaining 35-year-old
stands on sandy soils (No. 1 and 3–5) by 60%. In stand No. 1, growing in similar sunlight
conditions, but in the upper part of the slope (worse moisture conditions), the volume was
lower, amounting to 270 m3 ha−1, and higher than the average (by 20%). The same trends
in the differentiation of stand volume depending on the location on the slope (at the same
exposure) were found in stands No. 3 and 4 (Figure 2).

The performed statistical analysis confirmed differences in the volume between stands.
Also, this analysis showed the significance of differences between the volume of individual
thickness classes in stands of the same age with the probability of p = 0.0000. However,
when comparing the wood volume between all of them individual thickness classes,
regardless of age, no significant differences were found at the level of p = 0.1644. On the
other hand, in the group of stands aged 33, 35, 41, and 64 years, the probability was
p = 0.1226. In groups 33, 35, and 41—p = 0.3719. In the group of stands aged 35 and 41,
p = 0.2198, while in the group of 33 and 35—p = 0.6289. The highest probability was in the
group of 4 and 8 years—p = 0.80331. Probability (p) of differences in wood volume in all
stands between the following pairs of thickness classes: 0.0–1.0 and 1.1–5.0; 1.1–5.0 and 5.1–
10.0; etc. were respectively: 0.8048; 0.5165; 0.1004; 0.2265; 0.2760 and further in the next four
pairs below 0.05. The wood volume distributions in individual thickness classes for each
of the analyzed stands showed a second-degree polynomial trend with the coefficient of
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determination from slightly over 30% (stand 6) to 100% (stand 11). The resulting equations
of the trend line are presented in Table 4.

Figure 4. Share of thickness classes in the volume of forest stands (numbers from 1-14 correspond to the numbering of
forest stands).
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Table 4. Trendline equations of the volume distribution in individual thickness classes.

Forest Stand/Area Number Age
(Years) Soil Trendline Equation Coefficient of

Determination R2

1 35

sand

y = −6.2696x2 + 55.296x − 57.73 0.4264
2 35 y = −6.6857x2 + 62.937x − 66.98 0.3563
3 35 y = −3.7768x2 + 33.055x − 34.01 0.4516
4 35 y = −1.9679x2 + 21.644x − 14.04 0.8575
5 35 y = −3.7571x2 + 32.223x − 26.68 0.6532
6 35

clay
y = -3.5107x2 + 37.035x − 39.66 0.3206

7 35 y = −3.3x2 + 31.66x − 21.04 0.5409
8 41 y = −2.8286x2 + 31.457x − 32.743 0.4643
9 33

dust

y = −8.575x2 + 53.505x − 44.925 0.8645
10 64 y = −1.9674x2 + 28.404x − 26.117 0.3982
11 4 y = −11.45x2 + 46.75x − 32.1 1
12 8 y = −2.5x2 + 18.4x + 9.4 0.775
13 8 y = 3.425x2 − 3.635x + 19.325 0.4789
14 8 y = −0.225x2 + 11.215x + 6.825 0.9203

Abbreviations: x—variable wood thickness, y—correlation equation, wood volume depending on its thickness.

4. Discussion

The research was conducted in 14 stands of different ages (from 4 to 64 years old) and
different origins, in very different soils and with different intensities of nursery treatments
(loosening cuts). Under the conditions of the research, the volume of tree stands in the
discussed areas varied. The number of trees in the main stands ranged from 580 to 1029 and
in the secondary—575–1525 pcs. ha−1. The main stands’ average height was 15.5-19.0 m,
while the average DBH in the main stands ranged from 16.0 cm on the sand slope with
southern exposure (stand No. 5) to 23.5 cm on the lower part of the sand embankment
with the south-eastern exposure.

During the study, it was found that sunlight and moisture conditions mainly influ-
enced the volume of stands. The black locust grows remarkably in less fertile soils, often
subject to erosion processes. The studies in stands of equal age located on the same soils
with slight differences in the content of nutrients (stands No. 1–5, Table 2) indicated light
and moisture conditions as factors determining the growth of stands. Black locust grows
well on damp, shaded slopes with northern exposure, an example of which is the volume
of the stand No. 2 growing in the lower part of the slope (good moisture conditions) with
northern exposure. The stand volume in this area was the highest—353.8 m3 ha−1, exceed-
ing the average volume of the remaining 35-year-old stands on sandy soils (No. 1 and 3–5)
by 60%. In stand No. 1, growing in similar light conditions, but in the upper part of
the slope (worse moisture conditions), the volume was lower, amounting to 270 m3 ha−1,
and higher than the average (by 20%). The same trends in the differentiation of the volume
of stands depending on the location on the slope (at the same exposure) were found in
stands No. 3 and 4. The same dependencies in terms of location on the slope and soil
moisture were observed by Ziemnicki et al. [45] and Węgorek [11]. Their research was
carried out on the same stands, but they were carried out in the earlier years of growth.
Montovani et al. [29,30] write extensively about the demand for water when the black
locust grows in their works. However, excessive soil moisture is not advisable. Huntley
and Pacyniak indicate poor tolerance of black locust to heavy and wet soils. The fact
that this species performs very well in marginal soils was shown in their research by
Ziemnicki et al. [45] and Gilewska [10].

The volume of the analyzed stands, due to their different age, was very diversified
and ranged from less than 30 (No. 11, 4-year-old stand) to less than 550 m3 ha−1 (No.
10, 64-year-old stand). However, the values observed were comparable to those reported
in the literature. According to research by Huntley [1], 126 m3 of wood per 1 ha in the
USA are obtained from 27-year-old plantations. In the study by Andrašev [3] carried
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out in 15 stands of black locust in predominant age of 21–43 years, located in Vojvodina
(Serbia) on the chernozem subtype (A), the minimum volume was 160 m3 ha−1 and the
highest 459 m3 ha−1. However, on the chernozem subtype (B), the smallest thickness was
145 m3 ha−1 and the highest 368 m3 ha−1. According to the research by Pacyniak [4],
the volume of 50-year-old tree stands (in forest habitats in Poland) amounted to slightly
over 292 m3 ha−1.

Among woody plants used for energy, willows and poplars are the most widespread
in Poland [51–54]. Hence, an attempt was made to relate the research results to the relevant
yields of wood obtained from energy plantations of these plants given in the literature.
However, these comparisons should be considered approximate, especially in assessing
black locust productivity under the conditions of own research, due to the different nature
of the habitats, production conditions, and production cycle. In Poland, a significant yield
of bush willows was obtained by Szczukowski et al. [51] in the experiments carried out
on the wheat complex’s brown soil, where the average dry matter yield of shrub willow
wood in the four-year production cycle was 79.31 Mg ha−1. Zajączkowski et al. [52] and
Niemczyk et al. [53] indicate that the average dry matter yield of willow wood in two
three-year production cycles on the soil made of lightweight clay was 30.92–42.48 Mg ha−1,
and the dry weight yield of poplar wood (in three-year cycles) 43.45–50.11 Mg ha−1, while
for poplars in the five-year cutting cycle, it was from 10 to 40 Mg ha−1. These results
indicate, however, that the black locust under the research conditions is a species with
lower productivity.

Own research shows that as the age of stands increased, the share of trunk wood
relating to the wood of branches increased. The share of wood up to 5.0 cm was small in
older stands, at most a dozen or so percent. However, in young stands (4 and 8 years old),
the share of the thickness class up to 5 cm was even 65% of the stand volume. In 35-year-old
stands, wood fractions of 15.1–20.0 cm were dominant. In the oldest, the 64-year-old stand,
over 30 cm thick wood constituted 44% of the stand volume. It is not easy to compare these
results with the works of other researchers in terms of the wealth identified and assessed in
individual classes. The results of the studies by Cui et al. [36] as cited by Dimobe [55] and
Júnior et al. [56] indicate that the amount of biomass in terms of thickness, e.g. branches
and trunks, is very dependent on the age of the trees. Additionally, Dong et al. [57] showed
that the share of trunks and branches is very dependent on the DBH. On the other hand,
Riofrío et al. [58] show that different soils and age of stands influence the differentiation of
the share of biomass in each element of trees. Own research shows that between the same
classes repeated in stands of different ages, the variation in the amount of wood in m3 ha−1

was statistically insignificant with p = 0.1644. The strongest relationship was between
the two smallest classes with p = 0.8048. The designated trend lines and the equations
describing them indicate a polynomial distribution of the second degree of wood volume
in individual thickness classes. The matching coefficients take values over 50%, only in
some cases they were values close to 30%.

5. Conclusions

The black locust grows well in degraded habitats subject to erosion processes.
The biomass volume from such stands was comparable to that of forest habitats. Im-
portantly, these tests made it possible to show the share of thickness in individual classes
of wood thickness. The results of the research indicate that between individual stands,
different habitats and age, the individual thickness of the individual classes did not differ
statistically significantly. The smallest differences in volume were noted for stands aged 4
and 8 years, as well as between thicknesses classes 0.0–1.0 cm and 1.1–5.0 cm. Additionally,
the distribution of wood thickness in individual thickness classes for the stands in question
was described by the trend line equations.

Considering the habitat conditions, competition for agricultural production space,
using marginal soils, and the intensity of breeding energy plantations of willow and poplar
faced with the growth conditions of the stands based on which the research was carried
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out, it seems that black locust can be recommended for establishing tree stands and energy
crops on various forms of wasteland to obtain medium-sized timber. This species does
better than other similar purpose species in these site conditions.

It would be advisable to extend the research to other types of wastelands and to
determine the optimal felling age (length of the production cycle) and the method of
renewing black locust plantations (stem suckers, root suckers), which would verify the
dendrometric measurements made and increase the accuracy of the developed models for
estimating the biomass volume as a function of wood thickness.
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Appendix A

Table A1. Abundance of forest stand bark (m3 ha−1).

No. Forest Stand Thickness
Classes (cm)

Main Forest Stand Secondary Forest Stand Total Forest Stand

Trunk Branch Σ Trunk Branch Σ Trunk Branch Σ

1

0.0-1.0 - 3.1 3.1 - 0.7 0.7 - 3.8 3.8
1.1–5.0 - 17.7 17.7 - 2.0 2.0 - 19.7 19.7

5.1–10.0 13.8 25.4 39.2 19.5 - 19.5 33.3 25.4 58.7
10.1–15.0 43.2 - 43.2 3.3 - 3.3 46.5 - 46.5
15.1–20.0 120.8 - 120.8 - - - 120.8 - 120.8
20.1–25.0 20.3 - 20.3 - - - 20.3 - 20.3

Σ 198.1 46.2 244.3 22.8 2.7 25.5 220.9 48.9 269.8

2

0.0-1.0 - 7.5 7.5 - 2.4 2.4 - 9.9 9.9
1.1–5.0 - 24.9 24.9 - 9.9 9.9 - 34.8 34.8

5.1–10.0 17.7 - 17.7 21.6 - 21.6 39.3 - 39.3
10.1–15.0 70.9 - 70.9 8.5 - 8.5 79.4 - 79.4
15.1–20.0 164.1 - 164.1 - - - 164.1 - 164.1
20.1–25.0 26.3 - 26.3 - - - 26.3 - 26.3

Σ 279.0 32.4 311.4 30.1 12.3 42.4 309.1 44.7 353.8

3

0.0-1.0 - 4.1 4.1 - 3.1 3.1 - 7.2 7.2
1.1–5.0 - 10.4 10.4 - 7.9 7.9 - 18.3 18.3

5.1–10.0 9.2 5.4 14.6 44.8 - 44.8 54.0 5.4 59.4
10.1–15.0 38.7 - 38.7 9.3 - 9.3 48.0 - 48.0
15.1–20.0 66.9 - 66.9 - - - 66.9 - 66.9
20.1–25.0 11.7 - 11.7 - - - 11.7 - 11.7

Σ 126.5 19.9 146.4 54.1 11.0 65.1 180.6 30.9 211.5

4

0.0-1.0 - 3.3 3.3 - 5.7 5.7 - 9.0 9.0
1.1–5.0 - 29.4 29.4 - 9.9 9.9 - 39.3 39.3

5.1–10.0 11.9 14.2 26.1 35.3 - 35.3 47.2 14.2 61.4
10.1–15.0 37.5 - 37.5 - - - 37.5 - 37.5
15.1–20.0 52.9 - 52.9 - - - 52.9 - 52.9
20.1–25.0 42.0 - 42.0 - - - 42.0 - 42.0

Σ 144.3 46.9 191.2 35.3 15.6 50.9 179.6 62.5 242.1

5

0.0-1.0 - 4.1 4.1 - 1.0 1.0 - 5.1 5.1
1.1–5.0 - 22.8 22.8 - 2.5 2.5 - 25.3 25.3

5.1–10.0 11.8 10.3 22.1 31.8 - 31.8 43.6 10.3 53.9
10.1–15.0 60.8 - 60.8 - - - 60.8 - 60.8
15.1–20.0 33.5 - 33.5 - - - 33.5 - 33.5

Σ 106.1 37.2 143.3 31.8 3.5 35.3 137.9 40.7 178.6
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Table A1. Cont.

No. Forest Stand Thickness
Classes (cm)

Main Forest Stand Secondary Forest Stand Total Forest Stand

Trunk Branch Σ Trunk Branch Σ Trunk Branch Σ

6

0.0-1.0 - 4.3 4.3 - 0.7 0.7 - 5.0 5.0
1.1–5.0 - 20.3 20.3 - 5.8 5.8 - 26.1 26.1

5.1–10.0 6.3 3.8 10.1 16.4 - 16.4 22.7 3.8 26.5
10.1–15.0 37.6 - 37.6 1.3 - 1.3 38.9 - 38.9
15.1–20.0 124.5 - 124.5 - - - 124.5 - 124.5
20.1–25.0 23.5 - 23.5 - - - 23.5 - 23.5

Σ 191.9 28.4 220.3 17.7 6.5 24.2 209.6 34.9 244.5

7

0.0-1.0 - 4.9 4.9 - 1.7 1.7 - 6.6 6.6
1.1–5.0 - 42.5 42.5 - 6.1 6.1 - 48.6 48.6

5.1–10.0 18.5 - 18.5 42.5 - 42.5 61.0 - 61.0
10.1–15.0 73.7 - 73.7 - - - 73.7 - 73.7
15.1–20.0 48.6 - 48.6 - - - 48.6 - 48.6

Σ 140.8 47.4 188.2 42.5 7.8 50.3 183.3 55.2 238.5

8

0.0-1.0 - 4.7 4.7 - - - - 4.7 4.7
1.1–5.0 - 18.2 18.2 - - - - 18.2 18.2

5.1–10.0 11.5 14.8 26.3 - - - 11.5 14.8 26.3
10.1–15.0 8.4 7.6 16.0 - - - 8.4 7.6 16.0
15.1–20.0 82.9 - 82.9 - - - 82.9 - 82.9
20.1–25.0 81.4 - 81.4 - - - 81.4 - 81.4
25.1–30.0 26.1 - 26.1 - - - 26.1 - 26.1

Σ 210.3 45.3 255.6 - - - 210.3 45.3 255.6

9

0.0-1.0 - 2.6 2.6 - - - - 2.6 2.6
1.1–5.0 - 20.0 20.0 - - - - 20.0 20.0

5.1–10.0 46.2 - 46.2 - - - 46.2 - 46.2
10.1–15.0 29.3 - 29.3 - - - 29.3 - 29.3

Σ 75.5 22.6 98.1 - - - 75.5 22.6 98.1

10

0.0-1.0 - 3.4 3.4 - - - - 3.4 3.4
1.1–5.0 - 36.7 36.7 - - - - 36.7 36.7

5.1–10.0 4.2 29.9 34.1 - - - 4.2 29.9 34.1
10.1–15.0 57.0 10.8 67.8 - - - 57.0 10.8 67.8
15.1–20.0 8.2 11.4 19.6 - - - 8.2 11.4 19.6
20.1–25.0 26.6 19.2 45.8 - - - 26.6 19.2 45.8
25.1–30.0 95.7 - 95.7 - - - 95.7 - 95.7
30.1–35.0 131.2 - 131.2 - - - 131.2 - 131.2
35.1–40.0 87.9 - 87.9 - - - 87.9 - 87.9
40.1–45.0 21.4 - 21.4 - - - 21.4 - 21.4

Σ 432.2 111.4 543.6 - - - 432.2 111.4 543.6

11

0.0-1.0 - 3.2 3.2 - - - - 3.2 3.2
1.1–5.0 - 15.6 15.6 - - - - 15.6 15.6

5.1–10.0 5.1 - 5.1 - - - 5.1 - 5.1
Σ 5.1 18.8 23.9 - - - 5.1 18.8 23.9

12

0.0-1.0 - 23.6 23.6 - - - - 23.6 23.6
1.1–5.0 - 41.3 41.3 - - - - 41.3 41.3

5.1–10.0 37.0 - 37.0 - - - 37.0 - 37.0
10.1–15.0 44.7 - 44.7 - - - 44.7 - 44.7

Σ 81.7 64.9 146.6 - - - 81.7 64.9 146.6

13

0.0-1.0 - 11.9 11.9 - - - - 11.9 11.9
1.1–5.0 - 47.4 47.4 - - - - 47.4 47.4

5.1–10.0 12.4 5.2 17.6 - - - 12.4 5.2 17.6
10.1–15.0 66.8 - 66.8 - - - 66.8 - 66.8

Σ 79.2 64.5 143.7 - - - 79.2 64.5 143.7

14

0.0-1.0 - 19.3 19.3 - - - - 19.3 19.3
1.1–5.0 - 23.9 23.9 - - - - 23.9 23.9

5.1–10.0 35.3 7.6 42.9 - - - 35.3 7.6 42.9
10.1–15.0 46.6 - 46.6 - - - 46.6 - 46.6

Σ 81.9 50.8 132.7 - - - 81.9 50.8 132.7
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3. Andrašev, S.; Rončević, S.; Ivanišević, P.; Pekeč, S.; Bobinac, M. Productivity of black locust (Robinia pseudoacacia L.) stands on

chernozem in Vojvodina. Bull. Fac. For. 2014, 10, 9–32. [CrossRef]
4. Pacyniak, C. Black locust (Robinia pseudoacacia L.) in the conditions of the forest environment in Poland. Rocz. AR Pozn. Rozpr. Nauk.

1981, 111, 1–85. (In Polish)
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Abstract: We evaluated the productivity and profitability of four highly productive poplars including
Populus deltoides × P. deltoides (DD ‘140’ and ‘356’), P. deltoides × P. maximowiczii (DM ‘230’), and
P. trichocarpa × P. deltoides (TD ‘185’) under two densities (2500 and 5000 trees ha−1), and three
fertilization treatments (0, 113, 225 kg nitrogen ha−1) at three sandy coastal sites varying in soil
quality. Green stem biomass (GSB) was estimated from the sixth-year stem diameter. Leaf-rust
(Melampsora castagne) and beetle damage (by Chrysomela scripta Fabricius), the leaf area index (LAI)
and foliar nitrogen, were measured in year two. At all sites, DD and DM had higher survival (>93%)
than TD (62–83%). DD produced greater GSB (92.5–219.1 Mg ha−1) than DM (54–60.2 Mg ha−1)
and TD (16.5–48.9 Mg ha−1), and this was greater under the higher density (85.9–148.6 Mg ha−1 vs.
55.9–124.9 Mg ha−1). Fertilization significantly increased GSB on fertile soil but not marginal soils; a
higher rate did not significantly enhance GSB. Leaf rust was higher for fertile soil (82%) than marginal
soils (20–22%), and TD ‘185’ (51% vs. others 34%). C. scripta damage was higher for the higher
density (+42%) than lower density, and TD ‘185’ (50% vs. others >38%). LAI was higher on fertile soil
(1.85 m2 m−2) than marginal soils (1.35–1.64 m2 m−2), and under the lower density (1.67 m2 m−2 vs.
1.56 m2 m−2). The high GSB producer DD ‘356’ had the lowest LAI (1.39 m2 m−2 vs. 1.80 m2 m−2).
Foliar nitrogen varied among genomic groups (DD ‘140’ 1.95%; TD ‘185’ 1.80%). Our plots were
unprofitable at a 27 USD Mg−1 delivered price; the biggest profitability barriers were the high costs
of higher density establishment and weed control. The best-case treatment combinations of DD
(‘140’, ‘356’) would be cost-effective if the price increased by 50% (USD 37.54 Mg−1) or rotations were
12 years (fertile-soil) and longer (marginal soils). The requirement for cost-effectiveness of poplars
includes stringent and site-specific weed control which are more important than fertilizer applications.

Keywords: cottonwood leaf beetle (Chrysomela scripta); stand density; fertilizer application; Populus;
soil quality; Melampsora rust

1. Introduction

The Energy Independence and Security Act (EISA) of 2007 mandates an increase in
biofuel use, from 34.1 billion liters in 2008 to 136.3 billion liters in 2022 [1], and targets
a 9% decrease in greenhouse gas emissions [2]. Currently, more than 137 million tonnes
of corn (Zea mays L.) are used for ethanol to be blended into transportation fuels in the
United States (US), which dramatically increases the demand for field corn to meet the EISA
standards [3]. Increased corn-based ethanol production raises environmental concerns for
erosion, water and fertilizer uses, pollution related to pesticide use, and nutrient run-off,
and the use of agricultural food-crop lands for energy production [3–5]. Concurrently,
the southeastern US is the largest exporter of wood pellets to Europe due to abundant
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feedstock inventory, manufacturing proximity, and accessible shipping ports [6]. Increased
wood pellet market growth, and European renewable energy targets [7–9] are expected to
catalyze the need for more noncontentious lands and sustainable feedstock supplies from
the US.

One opportunity to expand biofuels and bioenergy production in the US, while
minimizing environmental concerns, is to develop second generation feedstocks such
as tall grasses, Panicum L. and Miscanthus (Nees) Andersson, and short rotation woody
crops (SRWCs) such as Populus L. or Salix L. [10,11]. When compared to annual and
perennial crops, woody species grown in short rotation have higher energy densities, lower
transportation costs, and reduced needs for annual inputs such as fertilizer [12,13]. Of the
SRWCs produced in the US, poplars (Populus sp. and their hybrids) are among the most
commonly analyzed bioenergy crops due to their high productivity and decades of genetic
improvement [12,14].

Prior clonal studies have shown that poplars, when intensively cultured as SRWCs, can
produce substantially greater biomass than other temperate species [7,14–18]. Ecosystem
demography models have estimated potential yields of poplar plantations across the
temperate regions of the US ranging between 10 and 18 Mg ha−1 year−1 (dry mass) [19].
However, growth projections for poplars are heavily dependent on climate, soil condition,
clonal parentage, fertilization rates, and stand densities [16,19].

Planting densities vary widely for poplars, typically ranging from 1000 to 20,000 stems
ha−1, based on end uses of the trees [20]. When poplars are planted at high densities,
they produce smaller individual trees but a greater cumulative stand biomass [21,22].
Determining the optimal stand density depends on the biological and nutrient limitations
of a site, such as climate, precipitation, and soil quality [20]. Because density influences
the amount of biomass produced on a “per tree” and “per area” basis, the intended
use of the biomass is important for site establishment, rotation lengths, and profitability
for landowners.

To avoid SRWC competition with agriculture and conventional forestry for land use,
marginal lands are an important resource for SRWC production [1,23]. Abandoned and
degraded lands in SRWC production could be utilized to produce 10 to 52% of the current
liquid fuel consumption [23,24]. However, marginal lands often have lower quality soils
with limited fertility [25], and poplar biomass yields often decline significantly on marginal
soils [26–28]. One study reported poplar biomass yields of 22.4 m3 ha−1 year−1 on fertile
soils compared with 1.1 m3 ha−1 year−1 on marginal soils [27].

Understanding poplar responses to fertilizer application rates on marginal lands is
essential to optimizing yields and enhancing economic returns for biofuels and bioenergy
production [29,30]. Prior studies have evaluated nitrogen (N) fertilizer application rates,
ranging from 60 to 250 kg N ha−1 for poplars across a variety of different site-specific
conditions, and optimum nitrogen fertilization rates are site- and genotype-specific [31–33].
In the southeastern US, estimated optimal N application rates for optimal growth were
70 to 90 kg N ha−1 year−1 for two, non-irrigated cottonwood (Populus deltoides Bartr. ex
Marsh) clones [32].

Fertilization and densely-planted stands increase input costs and impact profitability
if biomass yields, and market prices do not yield revenue greater than the establishment
and production costs. Poplars and other fast-growing trees can be economically feasible
when costs are minimized by effective stand establishment and management, especially
the suppression of weed competition, and when revenues are maximized [34]. Advancing
woody feedstocks for bioenergy production requires economic profitability for landown-
ers [35], and subsidization can improve the economic viability of SRWC stands [34,36]. In
the southeastern US, prices of bioenergy feedstocks are low compared to other markets,
and understanding what management practices (e.g., stand density, fertilization, and rota-
tion length) will produce the best economic returns from poplar genotypes is needed to
appropriately promote and position SRWCs as a viable bioenergy feedstock [34].
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Our objectives were to examine if first-year fertilization and its interactive effects
with site/soil quality, stand density, and poplar genetics could lead to greater biomass
yields and improved cost-effectiveness of poplar biomass production systems. For this
purpose, we selected four poplar clones (‘140’, ‘185’, ‘230’, ‘356’) that were the most
productive genotypes after eight years of clonal trials in North Carolina, USA [7,17,37,38].
We tested poplar productivity and economic returns under two stand densities and three
fertilization regimes on fertile and marginal coastal sandy soils. We hypothesized that
fertilizer application in year-one enhances poplar productivity and leads to improved
profitability under high and low stand densities on fertile and marginal lands. Genotype
responses to the early-age incidence of disease and pests, foliar N content, and leaf area
index (LAI) were also evaluated across sites and treatments. Economic returns were
evaluated based on the estimated stem biomass at six, and twelve years for current and
potential market prices.

2. Materials and Methods
2.1. Site Description

Trial stands were established at coastal sites that varied in soil quality and crop-
ping history (Table 1) using four poplar genotypes belonging to three genomic groups:
P. deltoides × P. deltoides ‘DD’ clones ‘140’ and ‘356’; P. deltoides Populus maximowiczii A.
Henry ‘DM’ clone ‘230’; Populus trichocarpa Torr. et. Gray × P. deltoides ‘TD’ clone ‘185’.
Williamsdale, NC, USA had highly productive, fertile soils [39] while the two sites in
Clinton, NC, USA (Clinton A and Clinton B) had marginal soils [40]. Prior to establishing
poplars, the sites were planted with a winter wheat (Triticum aestivum L.) cover crop in fall
2014 and routinely mowed.

Table 1. Climate and site characteristics of Clinton A, Clinton B and Williamsdale in North Carolina, USA.

Site Characteristics Clinton A Clinton B Williamsdale

Soil Quality Marginal Marginal Fertile
Location 35◦ 1′ 20.47′ ′ N; 78◦ 16′ 24.62′ ′ W 35◦ 1′ 20′ ′ N; 78◦ 16′ 23.90′ ′ W 34◦ 45′ 51.06′ ′ N; 78◦5′ 59.04′ ′ W

Soil Series c Wagram loamy sand Orangeburg loamy fine sand Noboco loamy fine sand
Mean Annual Rainfall (mm) a,b 1371 1371 1480

Elevation (msl) a 50.6 50.6 17
Mean Annual T (C) a,b 16.7 16.7 16.7

Mean Daily Humidity (%) a,b 71.9 71.9 73.4
Mean Plant Available Water (cm3

cm−3) a,b 0.18 0.18 0.2

Soil pH d 6.2 6.1 6
Cation Exchange Capacity

(Meq/100g) d 2.3 2.1 6.9

Soil P (kg ha−1) d 504 605 1011
Soil K (kg ha−1) d 131 112 410

Soil Mg (kg ha−1) d 102 92 308
Soil Ca (kg ha−1) d 559 517 1630

Soil NO-3 (kg ha−1) d 3.7 2.5 4.1
Prior Crop Sorghum Sorghum Corn

a Climate data provided by the State Climate Office of North Carolina; b December 2014–December 2016; c Data provided by USDA Web
Soil Survey (last accessed on 15 June 2020)); d collected at a depth of 15 cm.

2.2. Experimental Setup

The experimental design was a cluster-randomized design with two densities (2500
and 5000 trees ha−1), three fertilization levels (0, 113, and 225 kg N ha−1) and four clones.
Each cluster contained four trees of a clone; the clusters were replicated three times, and
placed randomly within the study sites. At each site, 18 experimental plots (nine plots per
density), and a total of 288 experimental trees were used. Border trees were planted around
the perimeter of each plot to reduce border effects.

Site preparation was performed in February 2015 when soils were subsoiled (i.e.,
ripped) then banded with a 30-cm band of 41% glyphosate (4.67 L ha−1) and 37.4%
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pendimethalin (9.35 L ha−1) solution along the rip lines for weed control prior to planting.
Poplar cuttings were purchased from ArborGen, LLC (Ridgeville, SC, USA), soaked for 24
h, and planted as 25-cm, non-rooted cuttings in March 2015. Nitrogen fertilizer (YaraLiva
Calcinit 15.5-0-0, Yara North America, Tampa, FL, USA) was applied by hand in a 0.6-m
radius around the individual trees within the fertilized plots in April 2015. Plots were
banded with glyphosate/pendimethalin along the tree lines approximately five times per
growing season for weed control. Non-banded areas were maintained by mowing once
a month. All sites were treated for cottonwood leaf beetle (Chrysomela scripta Fabricius)
infestation with Sevin® (Carbaryl, Bayer, Leverkusen, Germany), which was applied by
hand sprayer in the early summer of year one and mist blower in early- and mid-summer
of year two. Soil samples were collected in the spring of 2015 at a depth of 15 cm for
each of the unfertilized plots and combined by site. The soils were analyzed at Waters
Agricultural Laboratory (Warsaw, NC, USA) using the Mehlich III method, which is a
method of extracting multiple soil micronutrients and macronutrients using a weak acid
(Table 1).

2.3. Data Collection

The stem diameter at breast height (DBH) of six-year-old trees was measured at a
height of 1.3 m using a Lufkin Executive Thin Line DBH tape (Apex Tool Group, Cleveland,
OH, USA). The green stem biomass (GSB) per tree was estimated using the equation [41],

GSB = 0.1375 DBH 2.3681 (1)

where GSB is in kg and DBH is in cm.
During the second year of growth (July 2016), the presence of Melampsora castagne

rust and C. scripta leaf damage were inventoried by scoring the presence or absence of
damage for the whole tree. Leaf Area Index (LAI) measurements were also taken using
an LAI-2000 LI-COR Plant Canopy Analyzer (LI-COR, Lincoln, Nebraska, NE, USA); the
measurements were taken within the tree clusters with the same treatment combinations
(density × fertilizer rate × clones). Leaf samples for foliar percent nitrogen (N) were also
collected by compositing four leaves taken from each tree, one from each ordinal direction
while increasing in height, for a total of 16 leaves per clone, per plot. All foliar samples
were analyzed at Waters Agricultural Laboratory (Warsaw, NC, USA).

2.4. Data Analysis

Tree stem biomass values within each density × fertilization × clone split blocks
(clusters) were summed to obtain total GSB values (Mg ha−1), which were analyzed (as
completely randomized design) using a generalized linear model (PROC GLM, p = 0.05;
SAS, Cary, NC, USA) to examine the effects of the levels of stand density, fertilization rate,
and clone at the three sites. The following statistical model was used:

yijk = µ+ αD + βF + γG + αβDF + αγDG + βγFG + αβγDFG + εDFG (2)

where: µ is the overall average of the experiment, αD is the effect of density treatment
(fixed), βF is the effect of fertilization treatment (fixed), γG is the fixed effect of clones,
αβDF, αγDG, βγFG, and αβγDFG are effects of treatment interactions (density× fertilization,
density × genetics, fertilization × genetics, density × fertilization × genetics, respectively)
and εDFG is the random error.

LAI, foliar N, Melampsora rust, and C. scripta leaf damage data were also evaluated
within the levels of stand density, fertilization rate, and clone at the three sites. Melampsora
rust and C. scripta damage were scored using a modified Schreinder index with the per-
centage of leaves scored on a scale of 0 to 4 (0 = 100% of foliage with observable damage;
1 = 75%; 2 = 50%; 3 = 25%; 4 = no evidence of Melampsora rust or C. scripta damage) [42].
Field precision was determined by the duplication of field measurements for DBH, LAI,
and foliar N. The resulting relative percent differences were 1 ± 3% for DBH (7.2% dupli-
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cated), 5.3 ± 5.6 % for LAI (21.2% duplicated) and 16 ± 12% for foliar nitrogen percent
(11.5% duplicated).

2.5. Economic Analysis

The economic viability of the stands was examined using net present value (NPV) and
break-even price analysis. Stand establishment and maintenance costs included chemical
weed suppression, sub-soiling, cover crops, pesticide applications, and associated labor
and material costs. Harvest and transport costs were determined assuming the harvested
biomass was hauled for an average hauling distance of 84 km using a 40-tonne net log truck
with a diesel consumption of 2.13 km L−1. A diesel price of 0.62 USD L−1 (assumed) was
used, and poplar seedlings were assumed to cost 0.375 per seedling, the same as the ‘1000+’
hardwood price package in the North Carolina tree seedling catalog for 2020–2021 [43]. No
costs of land rent or property taxes were included due to the unavailability of such cost
information for marginal and abandoned lands. Stand revenues after six growing years
were determined based on GSB values, and a delivered price of 27.01 USD Mg−1, which
was the ten-year (2011–2020) average hardwood pulpwood delivered price for eastern
North Carolina [44]. To determine revenues from the stands in 12-year rotations, mean
annual increments (MAI, in Mg ha−1 year−1) of GSB at the age of 12 years were estimated
using equations of the best-fit (logarithmic) curves for MAI versus age for treatment
combinations during the study years (six). The treatment combinations used were selected
based on GSB analyses (showing significant differences), and included density × genomic
group at the Clinton sites (Supplementary Figure S1) and fertilizer rate × genomic group
at the Williamsdale site (Supplementary Figure S2).

3. Results and Discussion
3.1. Clonal Productivity Responses to Stand Density and Fertilizer Application

The four poplar clones selected for this study had demonstrated superior growth
and survival compared to other poplar clones as a function of genetics and site quality
for sandy coastal soils [17,37]. There were differences in GSB among genomic groups
in the fertile and marginal sites; however, there were no significant interaction effects of
genotype with density or fertilization (p > 0.1371; Tables 2 and 3). DD genotypes produced
significantly greater GSB (Clinton A: 109.3 Mg ha−1; Clinton B: 92.5 Mg ha−1; Williamsdale:
219.1 Mg ha−1) than the DM (Clinton A: 54 Mg ha−1; Clinton B: 56.3 Mg ha−1; Williamsdale:
60.2 Mg ha−1) and TD (Clinton A: 48.9 Mg ha−1; Clinton B: 38.5 Mg ha−1; Williamsdale:
16.5 Mg ha−1) clones. Only clone (p < 0.0001) and density (p < 0.0001) were significant
factors at both Clinton sites, while at Williamsdale, fertilization (p = 0.0003, Table 2 and
Table S1) and density × fertilization × clone interaction effects (p = 0.0093) were also
significant (Figure 1). At the three sites, clones ‘140’ (95.1 to 214.3 Mg ha−1) and ‘356’ (89.8
to 223.8 Mg ha−1) produced the greatest GSB and clone ‘185’ had lowest GSB (16.5 to
48.9 Mg ha−1). GSB after six years was greatest under the higher stand density at all sites
(85.9 to 148.6 Mg ha−1 versus 55.9 to 124.9 Mg ha−1), although biomass productivity of
both densities was comparable at early ages after the second growing season. Effects of
site between Clinton A and B, and site interactions with stand density, fertilizer rates and
clones were insignificant (p ≥ 0.1254; Table S2).

311



Forests 2021, 12, 869

Table 2. Green stem biomass (Mg ha−1) of four six-year-old hybrid poplar clones established under
three fertilization rates and two stand densities at three sites in the Coastal region of North Carolina,
USA. Treatment means within sites with the same letter are not significantly different.

Treatments
Mean Stem Biomass (Mg ha−1)

Clinton A Clinton B Williamsdale

Stand Density
5000 trees ha−1

2500 trees ha−1

MSD (α = 0.05)

93.9 A
65.3 B
18.02

85.6 A
55.9 B
16.69

148.6 A
124.9 A

27.98

Fertilizer Rate

225 kg N ha−1

113 kg N ha−1

0 kg N ha−1

MSD (α = 0.05)

73.5 A
93.6 A
71.8 A
26.6

69.6 A
78.4 A
63.7 A
24.6

164.8 A
154.8 A
93.1 B
36.06

Clone

‘140’
‘356’
‘230’
‘185’

MSD (α = 0.05)

114.8 A
103.2 A
54.0 B
48.9 B
33.80

95.1 A
89.8 A
56.3 B
38.5 B
31.30

214.3 A
223.8 A
60.2 B
16.5 B
52.81

Overall 79.4 69.8 129.7
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ation of the mean per treatment (α = 0.05, ANOVA). 

Table 3. Estimated green stem biomass  (Mg ha−1) after six years, and  leaf area  index  (LAI, m2 m−2) and  foliar nitrogen 

content (%) during the second growing season of poplar clones established at two stand densities with three fertilization 

rates at three sites in the Coastal region of North Carolina, USA. 
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Group) 
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Mean Green Stem Biomass ± 1SD (Mg ha−1)  LAI (m2 m−2) (SD)  Foliar N% (SD) 
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5000  225  ‘140′ (DD)  107.3 ± 48.8  114.4 ± 52.3  219.1 ± 44.3  1.2 (0.5)  0.9 (0.3)  1.2 (0.2)  2 (0.2)  1.7 (0.2)  2.1 (0.1) 

Figure 1. Mean green stem biomass (Mg ha−1) for Populus clones established at a fertile Coastal site (Williamsdale) in
North Carolina, USA by stand density and fertilization treatment after six years of growth. Error bars denote one standard
deviation of the mean per treatment (α = 0.05, ANOVA).
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GSB under high and lower fertilization rates was similar at the Williamsdale site
(164.8 Mg ha−1and 154.8 Mg ha−1, respectively; Table 2) but significantly higher than
GSB in unfertilized plots (93.1 Mg ha−1). At the marginal sites, GSB did not signifi-
cantly vary with fertilization rates but GSB was greater under the lower fertilizer treat-
ments (78.4–93.6 Mg ha−1) than the high- (69.6 to 73.5 Mg ha−1) and no-fertilizer (63.7 to
71.8 Mg ha−1) treatment plots. The high fertilizer rate (225 kg N ha−1) had the greatest
effect on GSB (> 29%) at the fertile Williamsdale site (all but one treatment combination)
and greater effects on low productivity clones (‘185’ and ‘230’) and the higher stand density
(5000 trees ha−1) at the marginal sites. Compared to the no-fertilizer treatment, the lower
fertilizer rate (113 kg N ha−1) led to higher GSB in all treatment combinations at Williams-
dale (>7%) and for more clones (‘185’, ‘230’, ‘356’) in the high than low stand density (only
clone ‘356’) at Clinton-A. At Clinton B, the lower fertilization rate led to increases in GSB of
clone ‘140’ under both densities (>22.5%). Across stand densities in the marginal sites, DD
clones produced greater GSB under the lower fertilization rate (clone ‘356’ at Clinton A,
clone ‘140’ at Clinton B) compared to unfertilized plots.

The density × fertilization × clone interaction effects on GSB were significant for all
density (p < 0.0001), and fertilizer (p < 0.0001) treatment levels. However, only clones ‘140’
and ‘356’ showed significant interactions (p < 0.0001 and p = 0.0027, respectively) with
the other density and fertilization treatments. Site comparisons between Clinton A and B
(where the only difference was for the soil series) showed that soils of the marginal sites
(p = 0.1254) or site interactions with the study treatment did not have significant effects on
GSB (p = 0.1254 to 0.8577).

The site-specific responses of poplar productivity were not surprising and have been
documented for coastal sandy soils [17,37]. Miller and Bender [45] reported that most of the
variability in poplar growth responses was due to site effects, while genetics accounted for
23% of growth variability. Our study observed greater GSB differences among genotypes
and due to genotype × site interactions, than biomass differences between the marginal
and fertile sites, which were mainly attributed to soil quality differences. Our results
supported that GSB yields can be improved by using poplar genotypes uniquely suited
to site conditions. Estimated GSB yields of our non-fertilized, fertile site were similar to
findings from previous poplar studies on moderately to highly fertile lands [16,21,35,38,41]
that reported biomass values of 4.6 to 33.9 green Mg ha−1 year−1 (assuming 50% moisture
content), and indicated that a green biomass greater than 40 Mg ha−1 year−1 is possible
from site-matched genotypes [46]. In our study, GSB of 3.6 to 18 Mg ha−1 year−1 on
marginal soils without fertilization (at 2500 trees ha−1 after six years of growth) were
comparable to or greater than biomass values of 1.1 to 15.1 Mg ha−1 year−1 from previous
poplar studies on marginal lands [27,47].

Interestingly, fertilization significantly improved GSB yields at the fertile site of our
study, but not at the marginal sites. Studies addressing the site-specific response of poplars
to fertilization have reported mixed results, with some having improved yields with
fertilization [48] and others showing no improvements with fertilization [49]. The variable
response of clones to fertilization between fertile and marginal soils emphasizes site-specific
and soil quality differences on genetic responses. Marginal soils at our sites had a lower
cation exchange capacity (CEC) than fertile soils (Table 1), in addition to lower phosphorus,
potassium, and magnesium. The low CEC can result in rapid loss of nutrients due to
leaching, particularly when fertilizer is applied in a single application to sandy soils [50].

3.2. Early Growth/Productivity in Relation to the Incidence of Pests and Disease

Productivity depends on tree survival and health, particularly tree responses to preda-
tion, weed control, and disease [16,21,27,49]. Neither stand density (p = 0.3664), fertilization
(p = 0.2341), nor their interactions (p > 0.117) were significant for survival, an outcome in
agreement with Ghezehei et al. [7] and in contrast to other studies [18,28,51,52]. However,
survival was significantly affected by clones (p < 0.0001). Regardless of the stand density
and sites, survival in non-fertilized plots was >92% for clones ‘140’, ‘230’ and ‘356’ and
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ranged from 75% to 92% for clone ‘185’. Survival in fertilized plots was not consistent
among clones, particularly for TD clone ‘185’, that had 58% to 100% of its trees alive,
depending on the stand density and site. Regardless of the density or fertilization rate, DD
(‘140’ and ‘356’) and DM (‘230’) clones had greater survival variability on the marginal
soils (‘140’: 83 to 100%; ‘356’ and ‘230’:67 to 100%) than the fertile site where GSB was
the highest. However, lower clonal survival did not always result in significantly lower
biomass in fertilized plots, which corroborated a previous poplar study in the southeast
USA [41].

Diseases and predation impact poplar productivity [37,53]. Melampsora rust, C. scripta,
and white-tailed deer (Odocoileus virginianus Zimmermann) damage were observed at all
three sites for all clones. The presence of deer damage was minimal (<1%) and did not
impact tree health in this study. Melampsora rust was prevalent across all sites but differed
significantly among sites (p < 0.0001) and clones (p = 0.0036) (Figure 2, Table S5). Stands on
the fertile soil at Williamsdale had the highest rate of Melampsora rust (82%) compared to
the stands on marginal soils for Clinton A (20%) and Clinton B (22%). Clone ‘185’ had a
significantly higher presence of Melampsora rust (51%) across all sites than the other clones
(34%). The stand density (p = 0.7090) and fertilization rate (p = 0.2031) did not significantly
influence the presence of Melampsora rust (Figure 2). These results support prior findings
that site and genotype are important factors for the extent of Melampsora rust damage [54].
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Figure 2. Melampsora rust incidence (%) and severity (%) for four Populus clones established on (a) fertile soil at Williamsdale
and (b) marginal soils in Clinton in the Coastal region in North Carolina, USA, by site, stand density, and fertilization
treatment after two years of growth.

Stand density significantly affected the presence of C. scripta (p < 0.0001; Figure 3 and
Table S6). Overall, the stand density of 5000 trees ha−1 had 42% higher rates of C. scripta
beetle damage than the density of 2500 trees ha−1. All clones exhibited a mean beetle
damage incidence greater than 38%, but the TD clone ‘185’ had a higher damage incidence
of 50%. Interestingly, low-fertilizer plots (113 kg N ha−1) had more beetle damage (52%)
than the no-fertilization plots (33.6%) or the high-fertilizer (225 kg N ha−1) plots (44.5%),
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for all clones across the three sites. All three sites were treated for beetle infestation for both
growing seasons, but denser stands may pose physical challenges to pesticide distribution,
thus limiting the effectiveness of application [55].
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Figure 3. Chrysomela scripta Fabricius incidence (%) and severity (%) of four Populus clones established on (a) fertile soil
at Williamsdale and (b) marginal soils in Clinton in the Coastal region in North Carolina, USA, by stand density, and
fertilization treatment after two years of growth.

The severity of the Melampsora rust and C. scripta damage can decrease photosynthesis
efficiency, cause early defoliation, and increase susceptibility to other pests and fungal
diseases [54]. Thus, Melampsora rust and C. scripta damage can reduce annual growth by
as much as 50% [54], which impacts stand productivity and profitability for landowners.
Trees with observed Melampsora rust and C. scripta incidence had a mean severity below
25% of the total crown area for any given treatment combinations of clone or stand density
(Figures 2 and 3). The differences in the severity of damage of treatment combinations were
within 10% of one another, which led to weak correlations between biomass productivity
(after two years) and Melampsora rust (R2 = 0.0886) or C. scripta incidence (R2 = 0.0056).

3.3. Productivity in relation to LAI and Foliar N

Biomass production in forest stands is directly related to the amount of solar radiation
intercepted by the foliage or leaf area [56–58]. In our study, poplar LAI was significantly
affected by stand density (p = 0.0012), fertilization (p < 0.0001), and clone (p < 0.0001), but
not their interaction (p = 0.9461, Table S3). In contrast to previous studies [21,56,57], the
correlation between LAI and biomass productivity at two years after planting was not
strong (R2 = 0.12). The lack of correlation most likely reflects the influence of stand density,
fertilization, and clone. The LAI (1.85 m2 m−2) of all trees on fertile soils (Williamsdale)
was greater than the LAI for marginal soils (1.64 m2 m−2 for Clinton A and 1.35 m2 m−2

for Clinton B). Despite being one of the two highest stem biomass producers at the sites,
DD clone ‘356’ had a significantly lower LAI (1.39 m2 m−2) than the other three clones
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(1.80 m2 m−2) (Table 3). In contrast to the findings of Fang et al. [21], the stand density
of 5000 trees ha−1 had a lower average LAI (1.56 m2 m−2) than that of 2500 trees ha−1

(1.67 m2 m−2).
Foliar N (%) analyses can indicate whether nutrient concentrations are sufficient

for metabolic requirements for tree growth [59]. This study found that foliar N of the
young stands was significantly affected by fertilization (p < 0.0001), clone (p < 0.0001), and
density × fertilization × clone interactions (p = 0.0227), but not stand density (p = 0.4443).
Among unfertilized trees, foliar N was significantly higher at Williamsdale (1.97%) than
Clinton A and B (1.84%). There were significant differences in foliar N among genotypes
(p < 0.0001). DD clone ‘140’ had the highest foliar N (1.95%) while TD clone ‘185’ had the
lowest foliar N (1.80%). Significant correlations were present between foliar N and biomass
in this study (p < 0.0001, Table S7), which agreed with previous poplar results [59,60].

The influence of fertilization on foliar N content has varied among earlier studies.
Pope et al. [61] reported that fertilization can be an important factor for foliar N poplar
content on a certain soil series. Foliar N concentrations increased by approximately 5% in
the fertilized treatments on fertile soils (Williamsdale), regardless of the stand density or
clone. However, foliar N concentrations decreased by approximately 3% in the fertilized
treatments of marginal soils, regardless of the stand density or clone, which may reflect a
low N availability due to poor soil quality. Wilson et al. [60] observed that fertilized trees
had higher foliar N%, but that N leachate increased with the fertilizer application rate.
Thus, increased fertilization rates may not produce expected increases in poplar growth
and foliar N, potentially due to soil processes such as microbial competition, leaching, and
adsorption [60].

3.4. Profitability

At the current delivered price of 27.01 USD Mg−1, none of the study plantations
would be economically feasible at the age of six years (Table 4). Economic feasibility of
all stands in our study improved at longer rotations (Table 4), and the findings agreed
with previous poplar studies [16,41,45,51]. The cost-effectiveness of plantations is also
enhanced by selecting the best clones for a region. Based on our study, plantations of the
best clones (‘140’ and ‘356’) would be feasible after at least 12 years of growth on the fertile
site, enhanced with a medium fertilizer rate (113 kg N ha−1), and with longer than 12-year
rotations on the marginal or fertile soils, with or without fertilization. Poplar biomass
yields of 7 to 8 dry Mg ha−1 year−1 would not be profitable, even in markets supportive of
short-rotation forestry [62], and our six-year-old stands would not be cost-effective even
with a GSB of 63 Mg ha−1 (GSB ranged from 2 Mg ha−1 for clone ‘185’ to 63 Mg ha−1 clone
‘356’). It should be noted that trial-based productivity estimates, such as the year-12 MAI
values in this study, are likely to overestimate the productivity that can be expected from
large-scale productions.

Stand density has significant implications on the biomass productivity and cost-
effectiveness of poplar plantations [16,45]. In the current study, stand density greatly
impacted NPV. After six years of growth, GSB production was generally greater for the
density of 5000 trees ha−1 than the density of 2500 trees ha−1 (Table 4), but the biomass gains
were negated due to the higher establishment cost of the former (Figure 4). Consequently,
non-fertilized and fertilized plots were generally less economically feasible at the higher
density due to the added cost of more cuttings. Bioenergy plantations can be planted
at a high stand density to maximize woody biomass production per unit area; it is not
unreasonable to expect that higher density plantations can be viable for this purpose by
producing more trees but with a smaller diameter, due to high intraspecific competition. In
contrast, lower density trees produce fewer but bigger diameter trees; the production of
larger diameters could lead to a higher income since a larger diameter can enhance stem
grade for many applications.
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Figure 4. Comparisons of revenues and costs (establishment and management) of six-year-old hybrid poplar plantations
established in the Coastal region in North Carolina, USA, by site, stand density, and fertilization treatment. Mean clonal
stem biomass values were used to calculate revenues.

Limited nutrient availability can reduce growth in SRWC plantations, and prior
studies have shown increased biomass yields with nitrogen fertilization [7,16,35,48,61].
In our study, fertilization consistently improved growth, especially on fertile soils; the
benefits, however, were marginalized due to the high cost of the fertilizer (USD 427.25 t−1)
and subsequent additional weed management control. For fertile soils, where fertilization
resulted in significant GSB increases (‘140’ and ‘356’), break-even prices, which are the
market prices needed to simply recoup costs, decreased substantially from non-fertilized
soils (Table 4). Medium fertilizer application rates seemed to have the best economic
potential at both densities since it led to a higher GSB than the no-fertilization treatment,
but was less costly than the higher-rate fertilization treatment (225 kg N ha−1).

Site fertility was a major factor for cost-effectiveness of the stands. For the same
density, fertilizer rate, and growth (e.g., 13.4 Mg ha−1 year−1 from clone ‘140’ at Clinton
B and clone ‘230’ at Williamsdale), marginal soils at Clinton had lower break-even prices
than the fertile soil at Williamsdale because of the lower weed control costs on marginal
soils. At the current price, profitability appears possible in rotations longer than 12 years
on non-fertilized marginal and fertile soils in the region. A 50% increase in the current
price (to USD 40.51 Mg−1) would make the best cases of density × fertilization × clone in
the three sites we studied economically feasible; a 25% price increase (to USD 33.76 Mg−1)
would lead to the cost-effectiveness of plantations at both the marginal and the fertile sites
in a 12-year rotation (Table 4).

The most substantial challenges to profitability in our study were greater establishment
costs for higher density plantings at all sites and weed control costs of the fertile site.
Management greatly affected the cost-effectiveness of stands, a result that agreed with
a previous study by Ghezehei et al. [34]. Average production costs of the study ranged
from USD 1450 ha−1 for low density, lower fertilization marginal stands, to USD 2467 ha−1

for the high density, lower fertilization fertile stand (Williamsdale). Based on our current
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results, more stringent weed control was more effective than fertilization, whereas, a high
fertilization rate is not as important for marginal or fertile soils to maximize productivity or
economic feasibility. We also observed that fertilization and genotype can have significant
effects on biomass productivity. These findings highlight the importance of selecting
the correct poplar genomic groups or clones for site-specific conditions, as well as stand
management and density, in order to optimize productivity with costs to achieve economic
feasibility. This is especially true on marginal lands where biomass yields are hindered.
These findings agree with prior economic analyses for poplars in coastal sandy soils [7].

4. Conclusions

Appropriate stand density, fertilization, and genotype selection can provide sub-
stantial biomass yields for poplars in coastal sandy soils. This study demonstrated that
fertilization of poplars on marginal lands can improve biomass to be similar to stem
biomass observed on non-fertilized, fertile soils; however, stem biomass was significantly
greater on fertilized stands on fertile soil. The influence of genotype was specific to the
fertilization, disease, pest, and foliar N response on fertile and marginal soils. Higher levels
of fertilization did not necessarily correlate to higher biomass or profitability. At current
market prices, profitability was not feasible for the study stands, even for those stands that
produced a high stem biomass on fertile soil increased with fertilizer in the planting year.
Higher stand density generally increased stem biomass on fertile and marginal lands, yet
the most likely path to profitability would be at least 12-year rotations of both higher and
lower density stands of DD clones treated with fertilizer. To be profitable, the marginal
sites would require 12-year rotations, a medium fertilization rate, and proper clonal selec-
tion (i.e., ‘356’). The economic viability of poplars depends on site-specific management
practices and genotype selection between fertile and marginal soils, as well as selection of
the optimal rotation and significant increases of market prices.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/f12070869/s1; Figure S1: Mean annual increment (MAI, Mg ha−1) of green stem biomass
versus stand age at Clinton A and Clinton B (in the Coastal region of North Carolina, USA) during the
first six years of growth; Figure S2: Mean annual increment (MAI, Mg ha−1) of green stem biomass
versus stand age at Williamsdale site in North Carolina, during the first six years of growth; Table S1:
Results of analyses of variance for stem biomass (green) of poplar clones established at two stand
densities with three fertilization rates at Clinton A, Clinton B, and Williamsdale (in the Coastal region
of North Carolina, USA) after six years of growth ( = 0.05); Table S2: Results of analyses of variance
for site effects and interaction on stem biomass (green) of poplar clones established at two stand
densities with three fertilization rates at Clinton A, Clinton B, and Williamsdale (in the Coastal region
of North Carolina, USA) after six years of growth ( = 0.05); Table S3: Results of analyses of variance
for LAI of poplar clones during the second year of growth. The stands were established at two stand
densities with three fertilization rates at three sites in the Coastal region of North Carolina, USA
(Clinton A, Clinton B, and Williamsdale; = 0.05); Table S4: Results of analyses of variance for foliar
nitrogen (%) of poplar clones during the second year of growth. The stands were established at two
stand densities with three fertilization rates at three sites in the Coastal region of North Carolina,
USA (Clinton A, Clinton B, and Williamsdale; = 0.05); Table S5: Results of analyses of variance for
Melampsora (rust) presence on poplar clones during the second year of growth. The stands were
established at two stand densities with three fertilization rates at three sites in the Coastal region
of North Carolina, USA ( = 0.05); Table S6: Results of analyses of variance for Chrysomela scripta
Fabricius damage presence on poplar clones during the second year of growth. The stands were
established at two stand densities with three fertilization rates at three sites in the Coastal region of
North Carolina, USA ( = 0.05); Table S7: Analysis results of stem biomass correlations with LAI, foliar
N, Melampsora spp. rust, and Chrysomela scripta damage for poplars ( = 0.05). The poplar were
two years old and established at two stand densities with three fertilization rates at three sites in the
Coastal region of North Carolina, USA.
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Abstract: Research Highlights: (1) Reed canary grass (RCG) is analysed in Sweden compared to
willow and poplar for 2001–2020. (2) Each crop presents a different land-use and climatic profile. (3)
Average yield records of RCG are similar to willow and poplar. (4) There are divergences between
trial-based and commercial yields. (5) Existing land-use change patterns suggest meadow > RCG and
RCG > cereal. (6) RCG land area is very sensitive to policy incentives. Background and objectives:
RCG is an alternative crop for biomass-to-energy due to high yield and frost tolerance. We assess
the cultivation in Sweden by using an extensive compilation of data, with emphasis on the extent of
the cultivation, climatic profile, land-use patterns, and productivity. Material and methods: RCG
plantations are analysed for 2001–2020. A geostatistical analysis is performed to characterize where it
is cultivated and the land uses associated. Climatic, productivity, and yield profiles are compared
to willow and poplar plantations from experiments and from commercial plantations. Results: The
results show that the cultivation of RCG expanded after 2005, with a maximum of 800 ha in 2009,
to then decrease to the current levels of about 550 ha. It is mainly grown in colder climatic areas,
with lower agricultural productivity than willow and poplar. Mean yields from trials are 6 oven dry
tonnes (odt) ha−1 year−1; commercial yields are 3.5 odt ha−1 year−1. RCG replaces meadow land
and then is replaced by cereals when abandoned. Conclusions: RCG is an interesting alternative
with similar yields (commercial and trials) as other energy crops, but its success is more sensitive to
policy incentives.

Keywords: energy crops; land use; biomass; bioenergy; reed canary grass (RCG); Phalaris arundinacea L.

1. Introduction

Perennial grasses have been considered as promising energy crops due to several char-
acteristics that make them attractive for intensive biomass production compared to annual
crops, i.e., high yield potential, high lignin and cellulose contents in their biomass, high
heating value, low water content, lower management inputs such as soil tillage, and oth-
ers [1]. They also offer advantages compared to perennial trees for energy since they do not
need special equipment for management practices and can use common existing equipment
for annual crops. In addition, they can enhance conditions for biodiversity and provide
several ecosystem services, e.g., phytoremediation, erosion control, enhanced soil organic
carbon, mediation of water flows, and retention of nutrients and other agrochemicals [2–4].

Among them, reed canary grass (RCG) (Phalaris arundinacea L.) has shown a great
energy potential in Europe for direct combustion; as a feedstock for pellets and other
solid biofuels [5]; in biochemical technologies like bioethanol and biogas [6,7]; in other
thermochemical applications, like pyrolysis [8]; and additional added value applications
being currently considered [9]. In Northern Europe, RCG has been used at a commercial
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level in Finland [10–12] and Sweden [13,14], presenting advantages due to its frost resis-
tance and adaptability potential to hard climatic conditions. In Sweden, its use has been
documented since 1749 for forage in Scania, and studies in the 1800s highlighted its high
yield potential, particularly in the northernmost areas [15]. In the 1980s, research was
performed aiming to grow RCG as an alternative biomass source for the pulp industry [16]
and later for large-scale industrial production for energy [17]. In fact, it was considered as
one of the most interesting energy crops in the country [18], and in the early 2000s, new
varieties started to be dedicated exclusively for this purpose [19]. Since then, RCG has been
established along the whole country [18] in large stands with a height of about 1.5–2 m. The
main commercial varieties have been Palaton and Venture and, more recently, Bamse [17].

Crop management activities are regarded as easier compared to other lignocellulosic
energy crops, such as willow and poplar, with lower establishment costs due to the use
of existing conventional equipment and the use of seeds in the establishment phase [20].
Under Swedish conditions, the soil is prepared by ploughing before sowing. Perennial
weeds, such as couch grass, are controlled the previous year. Sowing occurs in early spring
with a row spacing of 10–15 cm. Growth is rather slow in the beginning until the root
system is established, and weeding could be necessary during the first year. The first
harvest occurs the second year after sowing, and a well-managed field can be productive
for 10–15 years before re-establishment is required [17]. RCG grows well on most kinds
of soils but particularly in poorly drained soils, as it tolerates waterlogging better than
many other grasses [21]. Due to its deep root system once well established, it is also more
drought-resistant than other grasses [1].

In the 1990s, the fertilisation recommendations were 150, 100, and 30 kg per hectare
nitrogen (N), phosphorus (P), and potassium (K), respectively, in the first year, and 80, 30,
and 10 kg per hectare during the rest of the production period [19]. In recent decades, this
has been changed to 40, 15, and 50 kg in the year of sowing; 100, 15, and 80 kg the following
year; and 50, 5, and 20 kg in spring [22]. To reduce fertilisation costs, the application of
mixtures of sewage sludge, wood, and grass ash have also been practiced [19,23]. Harvest
takes place in the second year after sowing, preferably in early spring because the grass
presents the lowest moisture content (ca. 10%–15%) and can be used in power plants
without drying. The first harvest can be 20% lower than subsequent harvests [17,19].
Moreover, sodium (Na), K, and chlorine (Cl) concentrations are the lowest in early spring,
which makes it a better fuel with decreased corrosion risks for the boiler [17]. Harvesting is
a critical operation, as increasing the harvest height from 5 cm to 10 cm can result in harvest
losses exceeding 25% of biomass [24]. In general, ordinary hay harvesting equipment is
used, and transportation from the field usually occurs in bales. The final removal of the
crop is often performed by conventional soil tillage operations [19].

As a perennial grass, RCG can complement the options for energy crops in the country,
today largely based on woody plantations. In this sense, research has been focused on
trials and management regimes (e.g., [25,26]), the biology of the crop (e.g., [27]), and even
biomass properties for energy use (e.g., [28]). However, despite its current commercial use,
there have been few attempts to provide a comprehensive assessment of the cultivation,
especially with regards to the other lignocellulosic energy crops grown for similar purposes,
and the land use changes in the areas cultivated, linked to the policy framework. This paper
analyses the present situation of RCG cultivation in Sweden using an extensive compilation
of records, with emphasis on the current extent of the crop, land-use change patterns,
and overall productivity. The main goal is to assess its performance and development
compared with other biomass production systems, such as willow, poplar, or hybrid aspen,
in order to better define its role in the mix of energy crops.

2. Material and Methods
2.1. Data Sources

Several databases for agricultural production were combined for the analysis. The
location of the commercial plantations for the period 2001–2017 was retrieved from the
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land register using the IACS (Integrated Agricultural Control System) database maintained
by the Swedish Board of Agriculture. This database permits to extract the land use of each
polygon (blocks in the databases), defined as a uniform land area that remains quite constant
from one year to the next [29] although the use of the land may be altered. Land-use data
from 2001 to 2016 were included in the analysis. The method to deal with the land uses was
based on Xu and Mola-Yudego [30]. The total area cultivated for 2017–2020 was retrieved
from Statistics Sweden but, in this case, was aggregated.

A database of existing trials was constructed, including records from RCG, willow,
and poplar/hybrid aspen (given the limited area planted, in this paper, will be referred
together). For RCG, trial records were retrieved from Landström et al. [18], Lindvall
et al. [23], Nilsson et al. [14], Lindvall et al. [25], and Lindvall [21] during the period 1991–
2015 (N = 201). For willow, a trial database was used based on Mola-Yudego et al. [31]
(N = 290) and for poplar, from Dimitriou and Mola-Yudego [32] (N = 58). In the case of
RCG, the observations were annual harvests, whereas for willow and poplar, they were the
annual yield of the biomass produced during the cutting season or rotation (4–20 years).
Concerning commercial records, the annual yield for RCG for Sweden was extracted from
the Eurostat database [33] as well as from records supplied by Statistics Sweden and, for
Finland, from Luke [34].

To analyze the agricultural profile of the cultivations, the data was based on the
standard yield estimates by agricultural districts [35]. For the climatic profile, data were re-
trieved from the WorldClim database for Sweden using the last standard period 1960–1990
at a resolution of 1 × 1 km for the monthly minimum and maximum temperatures and
precipitation [36].

2.2. Data Analysis

All plantations of RCG existing in Sweden were identified and geo-located for the
period 2001–2017. The series was completed till 2020 with the aggregated area available.
The total cultivated area and the average size of the plantations were quantified for each
year during that period and compared to similar records of willow and poplar. The
geographical distribution of the plantations was further analysed by using spatial kernel
methods [37,38]. Kernel density estimation is a non-parametric method that allows to define
core areas (areas with the highest density of the crop) and home areas (area entailing most
of the cultivated area). The method was applied following Mola-Yudego and González-
Olabarria [39]. The core area was the smallest area to include 50% of all existing plantations
for a given period, and the home area defined the area including nearly all plantations (90%).
The same analysis was performed to willow and poplar plantations.

For each plantation, monthly estimates of temperature (maximum and minimum) and
precipitation were calculated in order to provide a climatic profile. The monthly mean
values for all plantations were then averaged for the whole country in order to provide
a climatic profile for each biomass production system. Similarly, the estimated standard
yield of cereals was used as an indicator of land productivity. Among the options, barley
is the most common crop in most areas where plantations are established. To reduce the
effect of climatic variations on specific years, the average was estimated for several years
(2003–2017) using the same approach as in Xu and Mola-Yudego [30]. This yield was
assigned to each plantation, and the country’s average was calculated on a yearly basis for
the three main plantation systems in the same way as for the climatic variables.

The productivity of RCG were assessed using yield records from trials and commercial
yields and compared to the performance of the other plantation systems. The estimates
from experimental plots were investigated by observing the ranges and geographical
distribution of the trials compared to the equivalent levels of willow and poplar from
similar trials and experimental plots. These values were also contrasted to the official
averages resulting from commercial plantations both in Sweden and in nearby areas
in Finland.
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Finally, changes in land uses were also investigated; prior land uses in each plantation
were identified and grouped in three main categories (cereal production, fallow land, and
meadows), and the changes in area were estimated annually.

3. Results

Prior to the data available in the land registry, there were records of ca. 4000–5000 ha
sown with RCG in 1991, which were mainly dedicated to forage and animal use [17].
These plantations nearly disappeared by the end of the 1990s, as the area under cultivation
was around 675 ha in the first year of detailed records. After 2005, the area increased
significantly to 800 ha in 2009 (Figure 1), mainly for energy purposes. Prior to this year,
RCG could get support only when there was a contract for industrial use (mainly energy)
when grown on land without support rights for set-aside land [40]. This level lasted
until 2013; after that, there was a steady decline in the area to the most recent figure (ca.
550 ha). The distribution of the size of the fields followed a logarithmic distribution with
the prevalence of small plantations over large ones. Fields larger than 5 ha were uncommon
and over 10 ha were very rare. The average plantation size increased over time from ca.
2.18 ha in 2005 to 2.4 ha until recent years.
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Figure 1. Evolution of area cultivated with reed canary grass land for the period 2001–2020 and distribution of the
plantations according to their size. Shaded area refers to non-contractual plantations (largely before 2009).

Although RCG plantations are distributed along the whole country, the largest con-
centration is at the northeast, around the regions of West and North Bothnia and, to a lesser
extent, in the central and southern parts of the country, where the share of agricultural land
is larger, and other lignocellulosic energy crops, such as willow and poplar, are typically
planted (Figure 2).

The geographical location of the plantations is reflected in the climatic profiles. The
mean annual precipitation of a plantation of RCG in Sweden was 582 mm compared
with 605.5 mm and 654.7 mm for willow and poplar aspen, respectively. The mean
annual temperatures were between −0.44 ◦C (minimum) and 7.56 ◦C (maximum), which
represents a colder average than the 2.78 ◦C (minimum) and 9.99 ◦C (maximum) for willow
and 3.16 ◦C (minimum) and 10.05 ◦C (maximum) for poplar (Figure 3).
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The analysed trials represent the geographical distribution of the commercial plan-
tations (Figure 4), and the results show large ranges. The maximum record from the
trials is close to 15 oven dry tonnes (odt) ha−1 year−1 (comparable to poplar). Yields over
10 odt ha−1 year−1 are more common in the case of willow plantations. In general, the
mean yields from trials for RCG, willow, and poplar are similar despite the fact that RCG is
often located in less favourable climatic areas, with lower average agricultural productivity
(Figure 4).
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The yields from trials, however, are largely overestimating the commercial yield of
RCG, estimated around 3.37 odt ha−1 year−1 in Sweden (Figure 5). Nearby areas in Finland
present similar values for commercial plantations, for example, around 3.6 in Lapland and
4.2 in South Ostrobothnia. The Finnish average is even lower (3.1 odt ha−1 year−1). The
corresponding values for commercial willow plantations in Sweden are 2.6 odt ha−1 year−1

and 4.2 odt ha−1 year−1 for the first and second rotation, respectively.
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tural land use. Subsidies for energy crops were introduced as a compensation tool in the 
period 1991–1996 [41], stimulating the establishment of energy crops such as willow and 
opening up the use of RCG for energy rather than fodder [13,42]. As bioenergy markets 
had not matured before the incentives were removed in the mid-1990s, combined with 

Figure 5. Land productivity yields of the trials for reed canary grass (RCG), willow, and poplar in Sweden. Left: Averaged
agricultural productivity of all established plantations using the standard yields of barley by agricultural district. Centre:
Average yield (oven dry tonnes, odt) from trials in Sweden for reed canary grass (1991–2010), willow (1986–2004), and poplar
(1980–2015), where >1 refers to second harvest and subsequent and >20 refers to plantations over 20 years. Right: Average
yield for RCG (odt) from commercial plantations for the period 2011–2017 in Sweden and Finland (counties: Lapland, South
Ostrobothnia, Ostrobothnia, and North-Ostrobothnia).

Finally, changes in land use show that RCG is mainly replacing meadow and cereal
land, in that order, starting in 2005. However, after 2009, RCG plantations were replaced
by cereals to a larger extent than meadows (Figure 6).
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the area with cereal replaced by RCG, and RCG > cereal refers to plantations being abandoned and replaced by cereal fields
and likewise for meadow and fallow land.

4. Discussion

RCG has had a long history in Sweden. This study aims at providing a detailed
overview of the crop based on multiple sources of different character. The crop is also
compared with the other two existing lignocellulosic biomass production systems, willow
and poplar (including hybrid aspen), grown in the country.
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In 1991, the area with RCG peaked at around 4000–5000 ha, mainly used for forage [17].
The expansion was driven by earlier support schemes for converting land from food into
non-food crops [19]. These early incentives were established in order to deregulate the
agricultural sector, reduce the overplanted food crop areas, and restructure agricultural
land use. Subsidies for energy crops were introduced as a compensation tool in the period
1991–1996 [41], stimulating the establishment of energy crops such as willow and opening
up the use of RCG for energy rather than fodder [13,42]. As bioenergy markets had not
matured before the incentives were removed in the mid-1990s, combined with increased
food crop subsidies, the area of both crops decreased [41], leading to the stagnation of new
willow plantation areas and the removal of most of the RCG established by that time.

According to the results, by the beginning of the 2000s, there were less than 800 ha
of RCG in Sweden compared to over 10,000 ha of willow and 1000 ha poplar in the same
period [30]. There was a steady decline that almost supposed the removal of all cultivated
area in 2005, followed by a new rapid expansion, reaching nearly 1000 ha by 2009. The
same increment was observed in Finland, parallel to subsidies and policy incentives for
its cultivation, which resulted in about 20,000 ha by 2009 [34]. In 2009, the set-aside
requirement, i.e., the EU requirement for farmers producing high quantities of cereals to
leave a percentage of their land (ca. 10%) out of production or grow it with industrial crops,
was decided to be removed [43], which is one explanation for the progressive decline after
that period.

Concerning productivity, RCG compares well with the other lignocellulosic energy
crops in the country [32]. Yields from experiments are at similar ranges for all three crops
compared and are at similar levels as indicated in other studies in Finland, Estonia, and
Lithuania, with spring harvest yields of ca. 6 odt ha−1 year−1 [44–46]. These levels must
be taken as an upper threshold in optimal management conditions, as yield observations
resulting from experimental plots tend to largely overestimate commercial levels [31]. In
addition, there are important harvest losses, which are significant in this case; the effective
harvest yield can be only 45%–56% of the biological yields [12,47]. In fact, the results
confirm this divergence, as the official commercial averages for Sweden and for Finland (in
similar climatic regions) are ca. 50% lower (3.3–3.5 odt ha−1 year−1). The resulting yields
match the commercial averages for willow [48], indicating a similar performance of both
energy crops in terms of biomass.

This can be seen as a competitive advantage: RCG has a lower establishment cost
compared with willow plantations [20], and it is growing in less favourable areas for agri-
culture than other energy crops (the results reflect shorter growing seasons and less cereal
productivity than the areas where poplar or willow are planted) thus replacing less fertile
land. However, at the same time, the abrupt changes in planting areas suggest the crop is
more sensitive than willow to the regulations derived from the policy framework. This is
also confirmed by previous studies highlighting that farmers’ willingness to grow RCG
is highly sensitive to subsidy levels [49]. This could be related to the lower establishment
costs, limiting potential losses when abandoned earlier, and to the shorter lifespan, around
10 years, while willow cultivation extends over 25 years [50]. A more dramatic example
took place in Finland in the same period of study, as the plantation area decreased from ca.
19,000 ha (2007) to merely 6600 ha (2013) and further down to 3000 ha (2020) [34,51].

It is noticeable, however, that although the total area cultivated in Finland decreased
abruptly, the total number of farms cultivating RCG remained stable, from 367 (2013) to
317 (2019), a reduction by a factor of 2 in area but only by 15% in the number of farms [34].
This suggests that farmers already cultivating RCG decided to continue growing it after
the subsidies were removed but chose to reduce the land dedicated to the crop. Overall,
the dependency on subsidies can be explained by the narrow economic margins of the
crop. Larsson [13] estimated that the minimum farm gate price of RCG required for being
profitable would be 56 Swedish krona (SEK) MWh−1 at that time in Sweden. Whereas
transportation cost could be reduced by baling [52], losses still occurred due to outdoor
storage, especially in long rainy and snowy seasons [19]. In addition, management costs
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can be relatively high when RCG is established on marginal land due to, e.g., deep soil
preparation [53].

There were ambitious plans for the expansion of RCG cultivation. For example, the
area nearby Skellefteå planned to expand to 3000 ha of RCG in the late 2000s [16,54], and
in Finland, it was expected to reach 100,000 ha by 2015 [55,56], which in both cases did not
occur since most of the policy incentives were removed before these goals were reached.
Additional challenges that precluded RCG from reaching these levels include larger-than-
expected harvest losses and lower fuel quality in terms of lower heat values [57], higher ash
content, and higher alkaline concentrations, increasing corrosion risks for the boiler [17]. In
addition, RCG has a negative perception among some farmers [49], and it is often regarded
as an invasive species [3].

Notwithstanding the negative perception, RCG can have multiple positive environ-
mental effects. Besides the production of sustainable biomass, it has demonstrated its role
in carbon sequestration [58], enabling a net carbon sink on organic soils [59]. The effect
on soil carbon is, however, dependent on the land where it is established (e.g., [60]). For
example, positive effects on soil carbon can, in general, be expected when established on
former cropland, while such effects should be less significant when established on previous
pastures. The results show that RCG was originally established on previous meadows
although, after a few years, many plantations were being replaced by cereals. This pattern
is likely linked to the changes related to set-aside land as well as the increase in cereal
prices after 2007, as observed in Xu and Mola-Yudego [30]; the larger implications of this
land-use change pattern should be subject to further study.

Despite some studies suggesting its landscape dominance to have a negative effect
on biodiversity for their invasive character [61], the typical cultivation in small areas
separated by other land uses (with due planning and control) may indeed favour a mosaic-
based land-use pattern, creating diverse niches for fauna and flora [62]. In addition, the
strategic introduction of perennial crops into agricultural landscapes can, in general, result
in multiple positive effects by supporting ecosystem services that can mitigate existing
environmental impacts related to, e.g., soil and water, while supposing minor effects on
food production [4,63,64]. For instance, the potential of RCG to mitigate GHG emissions
from abandoned peat extraction areas has been shown [65].

The success of RCG will depend on a predictable and sustainable economic profit for
the farmers. In general, further cost reduction in management practices and higher rev-
enues in terms of energy prices will be required in order to avoid the excessive dependence
on direct policy incentives. Technical and management aspects related to the reduction
of harvesting losses can also contribute to a better economic output. Finally, financial
compensation for environmental benefits associated with its cultivation would enable the
crop to compete with fallow land when grown on marginal land, which is usually the case
in Sweden [14].

5. Conclusions

Compared to willow and poplar cultivation in Sweden, RCG presents good commer-
cial yields despite harvesting losses and being established on less productive locations. The
different profiles of the three main biomass production systems for energy show regional
complementary features. However, there are important limitations that prevent the expan-
sion of the crop, such as insufficient markets for the biomass and lack of compensation
for environmental benefits; the establishment of new plantations is, therefore, currently
highly sensitive to direct support schemes. Finally, there are ongoing land-use trends
towards cereal cultivation, possibly due to more favourable prices. The analysis provided
in the study concerning cultivation areas, land use, yield performance, and climatic profiles
can serve as a basis for future analysis of the status of energy crops in Northern Europe
and elsewhere.

333



Forests 2021, 12, 897

Author Contributions: Conceptualization, B.M.-Y. and X.X.; methodology, B.M.-Y. and X.X.; software,
B.M.-Y. and X.X.; validation, B.M.-Y. and X.X.; formal analysis, B.M.-Y. and X.X.; investigation, B.M.-
Y. and X.X.; resources, B.M.-Y. and X.X.; data curation, B.M.-Y. and X.X.; writing—original draft
preparation, B.M.-Y., X.X., I.D. and O.E.; writing—review and editing, B.M.-Y., X.X., I.D. and O.E.;
visualization, B.M.-Y. and X.X.; supervision, B.M.-Y., I.D.; project administration, B.M.-Y.; funding
acquisition, B.M.-Y., X.X. and I.D. All authors have read and agreed to the published version of the
manuscript. B.M.-Y. and X.X. shared first authorship.

Funding: This research was funded by IEA Task 43 Bioenergy and Niemi foundation, grant number
20200009.

Data Availability Statement: The original data can be found in the cited publications; the maps and
land uses data is available at https://jordbruksverket.se/.

Acknowledgments: We would like to thank Gerda Landell at Statistics Sweden for her kind contri-
bution to the data used in the paper and to Seikh Sharif for his help compiling trial data. Finally, we
thank the help and support by the IEA Bioenergy Task 43 and the Niemi foundation.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Lewandowski, I.; Scurlock, J.M.; Lindvall, E.; Christou, M. The development and current status of perennial rhizomatous grasses

as energy crops in the US and Europe. Biomass Bioenergy 2003, 25, 335–361. [CrossRef]
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Abstract: Efficient utilization, treatment, and disposal of agricultural wastewater and sewage sludge
are important environmental risks. In our research, effluent water from intensive aquaculture was
evaluated for the irrigation of short rotation energy willow in a lysimeter experiment. Two different
water types and their combinations were applied with weekly doses of 15, 30, and 60 mm, respectively.
Our results revealed that implementing effluent water instead of fresh water could potentially increase
the yield of the willow due to its higher nitrogen content (29 N mg/L). The biomass of irrigated
short rotation coppice (SRC) willow plants were between 493–864 g/plant, 226–482 g/plant, and
268–553 g/plant dry weight during experiment period (2015–2017), respectively. However, due
to the chemical properties (Na concentration, SAR value) of effluent water, the increase of the soil
exchangeable sodium percentage (ESP) was significant and it can lead to soil degradation in the
long term. The current study also investigated the relationship between chemical composition of
the plant tissue and the irrigation water. In the case of K-levels of willow clones, an increasing trend
was observed year-by-year. In terms of N and Na content was localized in leaf parts, especially in
samples irrigated with effluent. Less N and Na values were detected in the stem and in the samples
irrigated with surface water. In SRC willow plants, phosphorus was mostly localized in the stem,
to a lower extent in the leaf part. The difference is mostly observed in the case of the amount of
irrigation water, where the P content of the examined plant parts decreased with the increase of the
amount of irrigation water. In the case of phenological observations, higher values of plant height
were measured during diluted and effluent irrigation. Moreover, the SPAD of the plants irrigated
with effluent water exceeded the irrigated ones with surface water.

Keywords: effluent water treatment; short rotation coppice willow; irrigation; growth response;
biomass crops; mineral content

1. Introduction

Efficient utilization, treatment, and disposal of increasing amounts of wastewater and
sewage sludge are major environmental risks in these times. Approximately 4.5 million
hectares of arable lands are used for agricultural production in Hungary. Of which, the
size of arable lands where the cultivation of traditional crops (wheat, corn, sunflower) is
unprofitable can be estimated at 100,000 hectares [1]. These areas are generally waterlogged,
prone to inland excess water formation—which is a temporary water inundation on the
agricultural lands due to the heavy rainy activities, sudden snow melting, and heavy soil
textures with limited water permeability [2]. The cultivation of fast-growing and short
rotation woody crops is possible on all types of soils used for agricultural cultivation [3].
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Short rotation coppice (SRC) willow species have significant growth potential and biomass
product among them [4].

Most of the approximately 400 species of fast-growing and short rotation woody
crops live in the northern half of the Earth, the Salix is a characteristic woody genus of the
Holarctic realm. Most of them grow on the alluvium soils of streams and riverbanks. White
willow (S. alba L.) is a tree of fluvisol soils along the slow-flowing waters of the greater
plains. It reaches its climatic optimum in the steppe, wooded steppe, and semi-desert
belt. It is a heat-demanding, hygrophytic species that prefers high soil moisture. It also
endures prolonged drought when roots reach groundwater. For rapid growth, it requires
flooding in early summer. It also tolerates permanent summer flooding. In this case, it
develops respiratory roots in the submerged section of its trunk [5]. It grows properly on
loose alluvial soil, but it is characterized by more delayed initial development on bound
clay soil [6].

Nowadays, the use of biomass energy is appreciating again, thus, it is expected to
maintain its share of almost 10% of world energy consumption in the future. The simplest
version of bioenergy utilization is the energy use of biomass in its original state or close
to its original state. With this in mind, the use of forest and agricultural crops and by-
products suitable for direct combustion, as well as woody and herbaceous energy crops
from the various biomasses, for the purpose of the most favorable heat and electricity
production and bioethanol production [7,8]. Salix spp. can be used for manufacturing,
energy production, and medicinal purposes [9]. In case of willow cultivation, yield of
up to 25–30 t/ha/year (10–15 t/dry weight/year) can be achieved. As willow tolerates
poor air/water conditions of soils well, it would be considered to be the most suitable for
regularly flooded areas (floodplains, inland excess water hazarded areas). SRC willow
clones can be harvested annually or every 2–3 years in the same crop area, where their
cultivation can remain profitable for up to 15–20 years [10]. In this case, it is necessary
to ensure nutrient replenishment in order to establish good soil condition and achieve a
satisfactory biomass yield [10,11].

In order to reduce the eutrophication of surface water, irrigation utilization of wastew-
ater can provide an alternative solution. SRC plants, as biofilters, can save water, reduce
the high organic matter content, micro and macro elements of effluents, especially the
concentrations of N and P. Wastewater irrigation provides an opportunity to apply a lower
dose of fertilizers or even to eliminate conventional nutrient replenishment as well [12].

The aim of our research was to determine the N and Na content of the soil, determina-
tion of phenological parameters and the amount of macroelements (N, K, P) and Na found
in the plant parts. Additionally our goal to determine the biomass of energy willow plants
in addition to the applied treatments.

2. Materials and Methods
2.1. Study Site and Climatic Conditions

The experiment was carried out at the Lysimeter Research Station (46◦51′49′′ N
20◦31′39′′ E Szarvas, Hungary) of the Hungarian Agricultural and Life Science University
(HUALS), Institute of Environmental Sciences (IES), Research Center of Irrigation and
Water Management (ÖVKI). Sixty-four non-weighing lysimeters (1 m3) were used to de-
termine the effect of effluent water irrigation on the development of willow clones. The
lysimeters were 1 m deep and 1 m2 in surface. The soil of the lysimeter is not stratified dis-
turbed soil, where the soil properties in lysimeters where clay texture, 0.08% total salinity,
0.41% calcium carbonate, and 1.172% carbon content. At the bottom of all lysimeters, a
10 cm layer of fine gravel was placed for the collection of leachate water.

The climate of Hungary is influenced by continental and oceanic effects, the specific
area of the experimental site is described as warm dry climate region. Based on long term
local data (1981–2010), the mean annual air temperature is 10.8 ◦C (Table 1), while the mean
temperatures in July and January are 21.9 ◦C and−1.0 ◦C, respectively. The average annual
precipitation is 515.3 mm. The meteorological data during the three years experiment
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(2015–2017) were collected by an automatic weather station maintained by the HUALS
ÖVKI in Szarvas. Its distance to the Lysimeter Station is 600 m. In 2015, lower values
of temperature were recorded only in October. While in 2016 and in 2017, May, August,
October, December, and January were colder, respectively. The year of 2015 was dry, the
total precipitation was only 400.6 mm while in the year of 2016, 633 mm was measured.
However, the distribution was heterogeneous which a dry spring and a very wet early
summer characterized. In 2017, the amount of precipitation was close to the average.

Table 1. Meteorological data of 2015–2017 during the irrigation period.

Average Temperature (◦C) Precipitation Amount (mm)
1981–2010 2015 2016 2017 1981–2010 2015 2016 2017

January −1.0 2.2 −0.9 −6.7 29.1 58.8 61.6 28.3
February 0.5 2.4 6.0 2.6 29.9 17.3 88.5 30.2

March 5.6 7.4 7.3 9.4 27.8 25.5 20.0 13.4
April 11.5 11.5 13.4 11.0 42.0 8.2 12.3 49.7
May 16.8 17.1 16.6 17.2 50.6 53.7 18.8 40.9
June 19.8 21.2 21.3 22.1 61.3 21.0 124.4 69.3
July 21.9 24.4 22.5 22.8 57.5 31.4 123.6 31.8

August 21.4 24.2 21.1 23.7 50.7 40.9 50.5 33.3
September 16.6 18.7 18.3 16.6 47.8 64.0 9.8 74.2

October 11.2 10.4 9.8 11.6 32.4 105.2 72.7 33.7
November 5.0 6.3 5.0 6.0 41.3 3.2 49.6 39.6
December 0.3 2.6 −1.2 2.7 44.8 4.5 1.0 89.2

Average/Summa 10.8 12.4 11.6 11.6 515.3 433.7 633.6 533.6

2.2. The Plant Material

The SRC willow (Salix alba L.) ’Naperti’ candidate variety of the National Agricultural
Research and Innovation Centre, Forest Research Institute (NARIC FRI), Department of
Plantation Forestry was planted into the lysimeters in 2014. Eight lysimeter containers
were used for one treatment. Two plants were planted into each lysimeter with 50 cm of
plant spacing and 100 cm of row spacing. In order to reduce the edge effects, additional
willow clones were planted around the containers with the same plant and row spacing.
The first cutting took place in December 2015, the second in January 2017, and the third
harvest in January 2018.

2.3. Experimental Design for Effluent Water Irrigation

Two different water types and their combinations were applied for the irrigation
experiment of the energy willow clones. Untreated effluent water from a local intensive
African catfish farm was used directly collected from the outflow of fish rearing tanks with
the weekly doses of 15 mm (E15), 30 mm (E30), and 60 mm (E60) during the vegetation
season in eight replications, respectively (Table 2). The flow-through system of the fish
tanks is supported by a geothermal well from a confined aquifer. This system has the
main role of temperature and water quality maintenance since the African catfish are
fed high-protein diet and need warm water (above 16 ◦C) to grow. The daily amount of
effluent water from the farm exceeds 1000 m3. That effluent water contains large amount
of metabolites as fish feces, organic materials and rarely chemicals or antibiotics depending
on the fish rearing technology [13]. Because of the geothermal origin, the effluent water
also carrying high content of total salinity including high percent sodium (Table 3). The
type of water meets the classification of sodium hydrogen carbonate.

As an irrigated control treatment, freshwater was applied from the local oxbow lake
of the River Körös (46◦51′38.6′′ N 20◦31′28.0′′ E, Szarvas, Hungary). Irrigation schedule
was planned as weekly doses of 15 mm (K15), 30 mm (K30), and 60 mm (K60) in eight
replications, respectively (Table 2). Additionally, a non-irrigated control (C) treatment was
also applied with eight replications.
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Table 2. The amount of irrigation water applied per year and distribution of precipitation during
studied vegetation period.

Irrigation
Water Doses

Possibility of
Irrigation during the
Investigated Period

Amount of
Water Applied
by Irrigation

(mm)

Precipitation
during the

Investigated
Period (mm)

Amount of
Available Water
Quantity during
the Investigated

Period (mm)

2015
15 mm

15 *
310

105
415

30 mm 520 625
60 mm 940 1045

2016
15 mm

6
90

308
398

30 mm 180 488
60 mm 360 668

2017
15 mm

9
135

184
319

30 mm 270 454
60 mm 540 724

* During the first irrigation, each treatment received uniformly 100 mm of River Körös irrigation water.

Table 3. Average major quality parameters of irrigation water used under experiment.

EC NH4-N N P K Na SAR

(µS/cm) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)

Effluent water 1306.7 21.9 29 3.9 7.2 273.5 11.9
Körös River water 388.3 0.4 1.2 0.2 4.3 31.3 1.2

Diluted water 1073.0 10.3 13.3 1.7 5.4 132.3 3.5

To reduce the negative effects of this high salinity, effluent water was pretreated and
it was used with the weekly dose of 60 mm (diluted treatment D) after a pretreatment.
Before irrigation, effluent water was diluted four times (1:3) by adding river water to meet
the recommended upper limit of total salinity in irrigation water (500 mg/L). Moreover,
gypsum (calcium sulfate) was also added (312 mg/L) to reduce the percent sodium for
diluted treatment. A micro-sprinkler irrigation system was used for all irrigation treatment.

Soil samples were collected before the first irrigation on 3 July 2015 and after the last
irrigation period on 5 October 2017 from all treatments from three soil depths (0–20 cm,
20–40 cm, 40–60 cm) with three replications. Soil analyses were made according to Hungar-
ian standards for five parameters: plant available nitrogen, calcium, potassium, magnesium
and exchangeable sodium. The available nitrogen content of the soil was characterized by
the sum of the nitrite and nitrate contents of the soil (KCL-NO2

− + NO3
−-N). Nitrite and

nitrate were extracted with potassium chloride and the concentration was measured using
FIA spectrophotometer (according to Hungarian standard MSZ 20135:1999). Exchangeable
cations (K, Na, Ca, Mg) were extracted with barium-chloride and triethanolamine and their
concentrations were measured using flame photometer (according to Hungarian standard
MSZ-08-0214-2:1978).

From the results of the analyses of soil exchangeable basis, the exchangeable sodium
percentage (ESP) and its changes during the experiment was calculated according to
the equation

ESP (exchangeable sodium percentage, %) = (Na/(Na + K + Ca + Mg)) × 100

where, Na+, K+, Ca2+ and Mg2+—concentrations are expressed in milliequivalents per
100 g of soil [14].

∆ESP2015-2017 (exchangeable sodium percentage, %) = ESP2017 − ESP2015

2.4. Determination of Phenological Paramteres and Mineral Content

From the plant phenology measurements, plant height (measuring rod) and SPAD
values (Konica Minolta SPAD-502) were measured on a weekly basis during the growing
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seasons. For height measurement, three plants were selected per treatment and the current
value was determined from their average. During the determination of the SPAD value,
it was also generated from the average of 3-3 measurements. In this case, we analyzed
the chlorophyll content of the leaves of the lower, middle, and upper branches. The
mineral content of the plant parts was analyzed at the end of the growing season. In all
cases assayed by the Hungarian and ISO standard methods. For the determination of the
sodium, phosphorus, and potassium were extracted with nitric acid+hydrogen peroxide
and their concentrations were measured using Inductively coupled plasma-optical emission
spectrometry ICP-OES (according to Hungarian standard MSZ 08 1783 28-30:1985 Use
of high capacity equipment in plant analyses—quantitative determination of sodium,
phosphorus, and potassium content in plant materials by the ICP methods) and at nitrogen
applied (ISO 5983 2:2009 Determination of nitrogen content and calculation of crude protein
content. Part 2: Block digestion and steam distillation method) methods. In the analytical
studies, we worked with six replicates.

2.5. Statistical Analyses

Statistical analyses were implemented by IBM SPSS Statistics 25.0 software. Applying
one-way analysis of variance (ANOVA), we examined the effect of irrigation water quality
and quantity on the phenological and important content properties of willow clones per
treatment and plant part. The differences were determined significant, where the Tukey’s
or Games-Howell tests were considered significant at p ≤ 0.05 or p ≤ 0.01. In soil chemical
studies during the statistical evaluation, independent t-test was used for the 15- and 30-mm
irrigated samples, and ANOVA (2) test was used for the 60 mm samples (treatment with
60 mm 3 irrigation water quality were applied and compared). Pearson correlation is used
in correlation analysis.

3. Results
3.1. Results of Chemical Analyses—Changing of Sodium and Nitrogen Content of Soil

The effect of irrigation water quality on the exchangeable sodium content of the
soil can be proved in each soil depth and irrigation water amount, (despite 15 mm in
40–60 cm soil layer which may be due to excessive variance) (Table 4). The increasing
sodium content in the soil due to the high sodium concentration of the reused water was
demonstrably dependent on the amount of irrigation water, the highest ∆ESP2015–2017
(+6.85%) was measured in E60 treatment in the surface layer. This statement is also true for
Körös River water, but in the case of K60 the change is already negative, which means that
the exchangeable Na content of the soil decreased as a result of irrigation. Examining the
results measured in different depths of soil layers, we found that sodium accumulated to a
lesser extent in the deeper soil layers compared to the surface layers in treatments irrigated
with reused water (Table 4), however it can be proved only in case of ∆ESP2015–2017 value
of E30 treatment between 0–20 cm and 40–60 cm, (n = 3, p = 0.041, independent t-test). As a
result of the improvement of irrigation water, it was possible to reduce the increase of the
Na content of the soil in all soil depths (Table 4).

In accordance with the nitrogen content of the effluent water, the available nitrogen
content of the soil was higher in all treatment irrigated with reused water than in treatment
irrigated with Körös River water (Table 5). At treatment with 30 and 60 mm irrigation water
amount differences between the available N values according to the irrigation water quality
were statistically proved (Table 5). Comparing the improved water quality (7.52 mg/kg) to
Körös River Water (2.96 mg/kg) higher available N values were detected and differences
were proved.
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Table 4. Changes of the exchangeable sodium adsorption ratio between 2015 (before experiment) and 2017 (after experiment).

Exchangeable Sodium Percentage ∆ESP (2015–2017)

Depth of
Soil Layer Irrigation Water Irrigation Water Amount

15 mm p-Value 1 30 mm p-Value 1 60 mm p-Value 2 Non-Irrigated

Mean ± Std. Deviation

0–20 cm

Effluent water 4.66 ± 0.6
***

5.9 ± 0.77
***

6.85 ± 0.10 c
***

Non-irrigated
0–20 cm:

0.36 ± 0.2
Körös River water 0.05 ± 0.1 0.5 ± 0.35 −0.62 ± 0.16 a

Diluted water - - - - 2.19 ± 0.30 b

20–40 cm

Effluent water 2.85 ± 1.1
*

3.5 ± 1.10
**

5.82 ± 0.64 c
***

Non-irrigated
20–40 cm:
0.33 ± 0.1

Körös River water 0.14 ± 0.1 0.4 ± 0.36 −0.68 ± 0.08 a

Diluted water - - - - 1.85 ± 0.45 b

40–60 cm

Effluent water 1.02 ± 0.8 n.s. 1.8 ± 0.05
***

4.38 ± 0.74 c
***

Non-irrigated
20–40 cm:
0.32 ± 0.4

Körös River water 0.02 ± 0.2 0.4 ± 0.09 −0.53 ± 0.23 a

Diluted water - - - - 1.19 ± 0.13 b

Comment: * p < 0.05; ** p < 0.01; *** p < 0.001. The negative values means the decrease during three experimental year. For each treatment,
soil sampling was collected from three (0–20, 20–40, 40–60 cm) depth levels. During the statistical evaluation, an independent t-test (1) was
used for the 15 mm and 30 mm irrigated samples, and an ANOVA (2) test was used for the 60 mm samples. Results are means ± SD, n = 3.
Different letters introduce significant difference confirming to the Tukey’s post hoc test at p ≤ 0.05.

Table 5. Available nitrogen (KCl-NO2
−+NO3

−-N) content of soil in 2017.

Available N2017 (mg/kg)

Irrigation water

Irrigation water amount

15 mm 30 mm 60 mm

Mean ± Std. Deviation

Effluent water 13.43 ± 7.71 a 16.65 ± 4.04 b 15.46 ± 3.29 c

Diluted water - - 7.52 ± 3.85 b

Körös River water 7.02 ± 3.85 a 3.65 ± 0.78 a * 2.96 ± 0.28 a *

Non-irrigated control 11.70 ± 4.53
For each treatment, soil sampling was collected from three (0–20, 20–40, 40–60 cm) depth levels. During the
statistical evaluation, an independent t-test (1) was used for the 15 and 30 mm irrigated samples, and an ANOVA
(2) test was used for the 60 mm samples. Results are means ± SD, n = 9 (the values of the samples from different
depths were considered as repetitions of each other). Different letters introduce significant difference among
different treatment, confirming to the Tukey’s test at p ≤ 0.05 at 60 mm. The stars are indicated the significant
difference from the non-irrigated control (p < 0.01).

3.2. Phenological Results
3.2.1. Changes of Relative Chlorophyll Content

The Figure 1a shows that the values of the energy willow SPAD means ranged from
42.3 to 47.5 during the first growing season. The highest value was measured for E60 treat-
ment. The smallest SPAD values were recorded in the K15 treatment. With the exception of
treatment K15, all treatments exceeded the SPAD values of treatment C. In the following
growing year (Figure 1b) it can be seen that the chlorophyll values of the irrigated treat-
ments did not reach the control. The highest SPAD mean was 51.5 for the control, while the
lowest for K15 treatment was 45.3. In addition, except for the first year, compared to Körös
River irrigated treatments, higher values were found in the samples irrigated with effluent
water. This difference is due to the excess nutrient content of the effluent.

This trend is no longer observed in 2017 (Figure 1c). Compared to control SPAD values,
samples irrigated with surface water show a lower rate. In this case, the K30 plants had the
lowest chlorophyll means (43.5), while the E30 treatment had the highest value (49.0).
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Figure 1. Chlorophyll values from 2015 to 2017 growing years: (a) SPAD values of S. alba energy
willow coppice in a year of 2015; (b) SPAD values of S. alba energy willow coppice in a year of 2016;
(c) SPAD values of S. alba. energy willow coppice in a year of 2017. Average chlorophyll content
data are presented from eight treatments. Results are means ± SD, n = 6. Different letters introduce
significant differences among irrigation water qualities for the three vegetation season, in year of
2015 and 2016 confirming to the Tukey’s test at p ≤ 0.05, and in year of 2017 corroborating to the
Games-Howell test at p ≤ 0.05.
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During the one-way analysis of variance in the 2015 production year, the SPAD values
of the willow K15 treatment differed significantly from the chlorophyll values of the other
irrigated treatments (K30 p = 0.021, K60 p = 0.001, E15 p = 0.030, E30 p = 0.003, E60 = 0.000,
D p = 0.019). Significantly higher SPAD values were recorded for treatments E60 (p = 0.000),
D (p = 0.000), and K60 (p = 0.022) compared to treatment C. In year of 2016, the SPAD values
of the treatments showed a significant difference. There was a strong significant value
(p < 0.001) between the control and the irrigated treatments, where, with the exception of
E60 treatment, plants contained significantly less chlorophyll (Figure 1b). In 2017, the SPAD
values of plants irrigated with K60 treatment showed a significant difference compared
to the other treatments, except for the K15 and K30 samples. In the case of E60 treatment
the p = 0.003, they had a significantly higher (p < 0.001) chlorophyll value with respect to
the ones listed above. Comparing the irrigated treatments to the control values, it can be
observed that the E30 (p = 0.042) treatment had a significantly higher SPAD value, while the
K30 (p = 0.001) and K60 (p = 0.000) treatments had significantly lower chlorophyll values.

3.2.2. Growth of Test Plants during the Seasons

Data from the 2015 cultivation year show that the values of irrigated treatments ex-
ceeded the height of the control plants (Figure 2a). From the data measured on 17 September,
it can be concluded that at the last measurement the tallest energy willows grew to height
of 428 cm with D treatment, while the control plants reached 282 cm. During the examined
period, compared to the first measurement at the last the control plants grew by 34 cm
while in E60 treatment by 178 cm. Throughout the last height determination, in the one-way
analysis of variance of the data, all treatments proved to be significantly higher (p = 0.00)
compared to the control plants (n = 6, Tukey’s test).

In Figure 2b, plant height values for 2016 developed similarly as in 2015. Throughout
the time of last measurement, control proved to be the lowest (289 cm), while treatment D
showed the highest (413 cm) values. Following the analysis period, it can be observed that
the control willows increased by 75 cm and the plants irrigated with 60 mm effluent water
by 176 cm. In a year of 2016 during the final measurement compared to control plants in
height, irrigated treatments grew significantly higher (p < 0.001, n = 6, Tukey’s test).

In the 2017 growing year, a slowdown in productivity growth was detected (Figure 2c).
The growth rate of control willows is lower than that of treated plants, where by the end
of the analysis only 259 cm had been reached. The highest plants in this case were also
observed in E60 treatment (370 cm). In the analysis of variance in 11 September, there was
a significant difference between the control and the irrigated treatments (p = 0.000, n = 6,
Tukey’s test).
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Figure 2. Plant height values from 2015 to 2017 growing years: (a) height values of S. alba energy
willow coppice in a year of 2015; (b) height values of S. alba energy willow coppice in a year of 2016;
(c) height values of S. alba energy willow coppice in a year of 2017.
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3.3. Results of Mineral Content
3.3.1. Changing of Nitrogen Content in Plant Parts

When comparing the treatments in the 2015 growing year (Figure 3a), it can be seen
that the N content measured in the leaf part was significantly higher in the E60 treatment
than in the E15, D, K30, and K60 treatments. The highest N (3.5 m/m%) content was found
in willows E30 treatment while the lowest values were measured in the K60 (1.6 m/m%)
treatment. Leaves contained significantly more N in E60 (p = 0.015), E30 (p = 0.000), K15
(0.005), and C (p = 0.001) treatments than in K60 treatment. In addition, in the case of
the stem, the K60 treatment had the lowest N content, where the samples irrigated with
effluent, K15 and C contained significantly more N.
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Figure 3. Nitrogen content values of leaf and stem parts from 2015 to 2017: (a) nitrogen content
values of leaf parts in a year of 2015–2017; (b) nitrogen content values of stem parts in a year of
2015–17. Average nitrogen content data are presented from eight treatments. Results are means ± SD,
n = 6. Treatments were compared annually. Different letters introduce significant differences among
irrigation water qualities for the three vegetation season, confirming to the Tukey’s test at p ≤ 0.05.

In 2016, the N content measured in the leaves showed a decrease. The E15 (p = 0.018),
K15 (p = 0.002), and C (p = 0.029) leaf samples had significantly more N content than
the cases of willows irrigated with K60 treatment. In the case of the stem, it can be seen
(Figure 3b) that the values moved in almost the same range in 2016 and 2017. The mea-
surement results of both years exceeded the N content measured in 2015. In the third
experimental year—in the case of samples D, C, K30 and irrigated with effluent water—it
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can be stated that significantly more N was stored in the leaves of willows than in the case
of those irrigated with K60 treatment.

3.3.2. Changing of Potassium Content in Plant Parts

In the macronutrient analysis of plant parts of SRC willow clones, most K was con-
centrated in the leaves (Figure 4a). The comparison of the annual data shows that we
measured the lowest K content in 2015 and the highest in 2017. In the case of leaves part at
the first year, the K value ranged from 11,880 to 15,465 mg/kg d.m., while in the second
year, the measured element content was 11,445–18,492 mg/kg d.m., and finally in 2017,
18,187 and 21,627 mg/kg d.m. were detected.
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Figure 4. Potassium content values of leaf and stem parts from 2015 to 2017: (a) potassium content
values of leaf parts in a year of 2015–2017; (b) potassium content values of stem parts in a year
of 2015–2017. Average potassium content data are presented from eight treatments. Results are
means ± SD, n = 6. Different letters introduce significant differences among irrigation water qualities
for the three vegetation season, confirming to the Tukey’s test at p ≤ 0.05.

It should be noted that in the leaf samples irrigated with E15, significant increase in
K level was observed in the last two years of the experiment. During the annual Tukey’s
multiple comparisons, there were no significant differences between the treatments in
2015; however, in the second year of the study, compared to the K60 treatment values,
E15 (p = 0.000), E60 (p = 0.023), D (p = 0.034) and K15 (p = 0.010) leaf samples had signif-
icantly higher K levels. Furthermore, in 2017, E15 (p = 0.013) had significantly higher K
levels compared to data from K30 samples. In the case of stems part, the same trend is
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observed as for the leaves. However, the K level of the stem parts was very high in 2016,
where the E15 treatment reached 8640 mg/kg d.m. value. In the first and last irrigation
years, the K content of the stem parts of SRC willow clones ranged from about 4100 to
6400 mg/kg d.m (Figure 4b). During the one-way analysis of variance, there was a signifi-
cant difference between the 2015 measurement data. Compared to D analysis, treatments
of K15 (p = 0.001) had significantly higher K content. There was no detectable significant
difference in the other two years.

3.3.3. Changing of Sodium Content in Plant Parts

In the first experimental year, the Na content measured in the leaf parts of the test
plant ranged from 49 to 79 mg/kg d.m. (Figure 5a). The lowest value was measured for
treatment D, while the highest value was detected for sample E30 (Figure 5b). In 2016 and
2017 growing years, the Na level in the leaf parts was similar, where the lower values were
recorded by the Körös River water-irrigated samples and the higher values by the effluent
irrigation. Statistical analysis in a second year at leaf parts showed significant difference
between K15 and K60 treatments (p = 0.025).
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Figure 5. Sodium content values of leaf and stem parts from 2015 to 2017 growing years: (a) sodium
content values of leaf parts in a year of 2015–2017; (b) sodium content values of stem parts in a year
of 2015–2017. The year of 2015 average sodium content data are presented from eight treatments.
Results are means ± SD, n = 3. The letters introduce significant differences among irrigation water
qualities for the three vegetation season, confirming to the Tukey’s test at p ≤ 0.1. The year of 2016
and 2017 average sodium content data are presented from six samples per treatment. Results are
means ± SD, n = 6. Different letters introduce significant differences among irrigation water qualities
for the three vegetation season, confirming to the Games-Howell’s test at p ≤ 0.05.
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In case of the stems, it can be observed that, except for 2015, the lowest Na level was
measured in the D treatment, while the highest value was analyzed in the E 30 samples
(Figure 5b). At the same time, it can be discovered that the Na content of the stem parts
shows an increasing trend from year to year, especially of the samples irrigated with
effluent water. The values measured in 2017 are remarkable, where the Na content of the
E60 samples reached 114 mg/kg d.m., which is 137% higher than in 2015. In the first study
year the one-way analysis of variance E15, D, and K15 treatments contained significantly
less (p < 0.1) Na compared to the values measured in E30 treatment. During the one-way
analysis of variance, significantly lower Na levels were detected in the second vegetation
period for stem samples with K15 and K30 treatments. This trend can also be observed in
2017, where the stems of the clones also contained significantly less Na than the samples
irrigated with oxbow lake water (15, 30, 60 mm doses).

3.3.4. Changing of Phosphorus Content in Plant Parts

The P content of the effluent and diluted water irrigated leaves of the willows in 2015
and 2017 growing years moved between in range 1990 and 3023 mg/kg d.m. In 2015,
control had significantly more P content than treatments E60 (p = 0.004) and D (p = 0.001)
(Table 6). In 2016, most of the P content was detected in the samples irrigated D treatment,
where significantly lower P levels were observed in the leaves of E30 (p = 0.046) and C
(p = 0.043) samples. In the last experimental year, significantly less P content was detected
for the control treatment (p = 0.033) compared to the D irrigation. Concerning the P element
content measured in the stem part of the energy willows in the three vegetation years, it is
identifiable that the measured level was between 813 and 2457 mg/kg dm. In the first year,
compared to the control value, the P content was significantly lower in the D (p = 0.000)
and E30 (p = 0.005) treatments.

Table 6. Phosphorus content measured in the plant parts of SRC willow clones irrigated with effluent
water from an intensive catfish farm. Average phosphorus content data are presented from five
treatments. Results are means ± SD, n = 6. Different letters introduce significant differences among
irrigation water qualities for the three vegetation seasons, confirming to the Tukey’s test at p ≤ 0.05.

E15 E30 E60 D C

2015
leaf

3023 ± 241 b 2737 ± 95 ab 2180 ± 370 a 1990 ± 144 a 3340 ± 419 b
2016 2643 ± 57 ab 1865 ± 210 a 2007 ± 519 ab 2850 ± 365 b 1855 ± 219 a
2017 2428 ± 19 ab 2272 ± 127 ab 2532 ± 196 ab 2723 ± 118 b 2123 ± 66 a

2015
stem

1537 ± 35 c 1050 ± 221 ab 1330 ± 193 bc 813 ± 79 a 1647 ± 146 c
2016 2192 ± 201 bc 2010 ± 172 ab 1788 ± 244 a 2457 ± 201 c 1740 ± 146 a
2017 1616 ± 209 a 1596 ± 169 a 1422 ± 266 a 2003 ± 239 b 1693 ± 90 ab

In the second year, significantly less P content was measured in the stem part of
SRC willows compared to D irrigation in the E30 (p = 0.004), E60 (p = 0.000), and control
(p = 0.000) treatments. In 2017, with the exception of treatment D, the stem samples of the
clones contained significantly fewer P elements.

3.4. Biomass Changing over the Three Years of the Experiment

The willows had the highest biomass in 2015, where it reached 864 g/plant dry weight
in case of K60 (Figure 6). It can be observed that in all three experimental years the biomass
product of the control plants became the lowest. Furthermore, the decreasing trend that
occurred in the crop year by year is clearly visible.

In terms of control by experimental years, this resulted in a 56% yield reduction. This
decrease was due to the physical limitations of the lysimeters. Namely, the volume of 1 m3

restrained the root growth of the two- and three-year-old willows (Figure 6). At the same
time, the trend that irrigation had a positive effect on biomass compared to control values
is appeared. It can be observed that each year the plants treated with effluent water had an
average higher g/plant dry weight value. In 2015 it was 554–734 g/plant, in 2016 it was
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298–482 g/plant), and the last year the data show 313–447 g/plant dry weight. While in
the case of those irrigated with Körös River water the harvested dry weight.
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Figure 6. Biomass dry weight of short rotation willow coppice from 2015 to 2017. Average dry weight
data are presented from eight treatments after harvesting. Results are means ± SD, n = 8. Different
letters introduce significant differences among irrigation water qualities for the three vegetation
seasons, confirming to the Games-Howell’s test at p ≤ 0.05.

During statistical study the examining the differences between the treatments in each
experimental year, it can be stated that compared to the biomass production of the control
plants, all irrigated treatments had significantly higher (p = 0.000) product.

4. Discussion

We investigated the irrigation utilization of effluent water from an intensive African
catfish farm in short-rotation energy willow plants in 2015–2017. Within agricultural water
expection can provide an ideal solution for the conservation of water resources, as the
irrigation utilization of nutrient-rich effluent from freshwater aquaculture systems can be
used in many plantations [15,16]. At the same time, the organic matter load of natural
recipients and the doses of fertilizer applied during cultivation can also be reduced [17].
Dhawan and Sehdev [18] described in their research that irrigation cultivation experiments
with effluent from fish farms show higher yields.

As expected, the sodium content of the soil irrigated with reused water was increased
in all treatments and depths (Table 4). Similary, Jahany and Rezapour [19] stated that the
high values of exchangeable Na and ESP in the treated effluent water irrigated soil could
be associated with the chemistry of the effluent water used. According to Jahany and
Rezapour [19], conditions were probably favorable to Na accumulation on the exchange
complexes because of the high amounts of Na+ and HCO3– supplied by effluent water,
the combined effects of the increase in bicarbonate from irrigation and evapotranspiration
process are likely to help the depletion of Ca+2 and Mg+2 ions as insoluble carbonates
(such as calcite and magnesite) while the more soluble Na remains in the solution and
subsequently, results in the over-accumulation of exchangeable Na as well as an increase in
the ESP values. In order to reduce sodium increase in soil, in the reused water gypsum was
applied as amendments to improve its quality after diluted it with Körös River water in our
experiment. According to the results, the sodium accumulation was reduced compared to
water from catfish farm due to improved water quality (Table 4). These results in accordance
with previous works recording that dilution of irrigation water [20–22] or amendments
(mainly materials with calcium) [23–25] for irrigated soil could be appropriate solution to
reuse effluent water for irrigation.
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The beneficial effect of the reused water on the available N content of the soil can
be demonstrated. In addition to the nitrogen concentration of the water from fish farm,
the effect of irrigation on nitrogen mineralization may also cause of the increase of the
mineral [26]. All this advocates its agricultural reuse thus, irrigation supports water
retention and water conservation and helps to protect surface waters from nutrient loading.
One of the reasons for the high N content observed in the control soil (compared to the
treatments irrigated with Körös River) (Table 5) may be caused by reduced nutrient uptake
due to the lower biomass, which was limited by water and/or tree roots habitat [27]. The
dilution of the reused water also resulted in a significant increase in nitrogen in the soil
(Table 5).

Chlorophyll content is one of the indicators that can provide information on the health
status of a plantation. Examining the chlorophyll content of the foliage of the test plants
gives a more accurate picture of the changes caused by natural and anthropogenic stressors,
as these affect the amount of chlorophyll. The change in the nitrogen content of the plant is
also reflected in the chlorophyll content of the leaves. For this reason, a linear relationship
is observed between the chlorophyll content and the nitrogen content of the leaves [28,29].
The change in our plant nitrogen content is reflected (r = 0.351, Pearson correlation) in the
chlorophyll content of the leaves. Consequently, a linear relationship is observed between
the SPAD value of the leaves and the nitrogen content [30]. The SPAD of the plants irrigated
with effluent water exceeded the irrigated ones with Körös river water. However, it can be
perceived that the quality of irrigation water also influenced this value. In the three years
of irrigation, it can be observed that the leaves of willows irrigated with 60 mm of effluent
water had the highest chlorophyll content.

The data show that the height of the willows has been decreasing year by year. At the
same time, irrigation had a positive effect on plant growth, as we measured higher values
in the latest measurement. In 2015, the plants reached 428 cm for treatment D, in 2016 the
willows for treatment D were also the highest at 414 cm, and in the last year we measured
the highest height data in E60 at 370 cm. Comparing the average highest and lowest plant
height data, the difference between plant stands was 141 cm in 2015, 124 cm in 2016, and
120 cm in 2017, which also appears in the biomass product.

The trend is also observed in the N-level of willow leaves. Nitrogen stress is always
reflected in the chlorophyll content of the leaves, because in general the chlorophyll content
of the leaves is linearly related to the N content of the leaves [31,32]. It also serves as a
reliable result for woody plants [33,34]. Furthermore, in the case of effluent irrigation,
higher N concentrations are observed in the plant parts.

Potassium is the most abundant cation in plants. Plants actively accumulate large
amounts of potassium, and are able to absorb significant amounts even from small concen-
trations of solution. It is found in greater amounts in meristems in organs with a vigorous
metabolism. The K content of older organs decreases. The K-demand and K-content of
plants thus change during the vegetation period [35]. In the case of K-levels measured in
the plant parts of willow clones, an increasing trend can be observed every year. At the
same time, higher element content is more characteristic in the leaf parts, the reason for
which can be explained by the Na+/K+ ratio [36].

Sodium does not specifically activate many enzymes, in which K elements can be
substituted; however, the effect of K is specific [37]. The C4 plants require microelement
amounts of Na; however, it does not cause deficiency symptoms in C3 plants (SRC) [38].
Sodium is not essential even for extreme halophytes, only required in microelement
amounts by C4 and CAM-type plants. Sodium becomes toxic to glycophytons when
translocated into the sprout in significant amounts [39]. The development of the Na concen-
tration of the plants was closely monitored, as significant amount Na is released into the
area through the effluent water of the intensive African catfish farm. In the case of willow
clones irrigated with effluent water, the Na content was most localized in the stem parts,
during which an increase from year to year can be observed. The Na content of 114 mg/kg
d.m. measured in the E60 treatment in 2017 is remarkable, which was 50% higher than
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the values measured in the control. However, this amount did not prove to be toxic for
SRC plants.

The effluent with a higher P content had correlated (r = −0.579, Pearson correlation)
negative effect on the P content of the plants. In SRC willow plants, phosphorus was mostly
localized in the stem, to a lower extent in the leaf part. The difference is mostly observed in
the case of the amount of irrigation water, where the P content of the examined plant parts
decreased with the increase of the amount of irrigation water.

Our hypothesis that irrigation has a positive effect on biomass product has been
confirmed. For both irrigation water qualities, the biomass product of non-irrigated
control SRC willow clones exceeded [40,41]. Under lysimeter conditions, the biomass
and irrigation water quality do not correlate with each other. However, some decrease
in biomass production is observed from year to year. This reduction was due to the
limited living space, as the 1 m3 vessel size of the lysimeters proved to be small over the
years [42]. Although, the limited water supply caused a significant decrease in the biomass
product. In the first year the biomass product of irrigated SRC willow plants was between
493–864 g/plant dry weight, in the second year 226–482 g/plant dry weight, in the third
year 268–553 g/plant dry weight. Which is 170–250% higher than the average yield of the
non-irrigated control.

5. Conclusions

The main objective of our study is the yield-enhancing effect of the irrigation utilization
of effluent water from an intensive African catfish breeding farm in a short-cut energy
willow plantation.

The experiment shows that N content of the effluent provably increased the nitrogen
supply of the soil. These provides confidence that application of alternative water sources
as irrigation water may reduce the nutrient load on surface waters and at could increase soil
quality at the place of use. At the same time, it must be pointed out that the increase of the
soil ESP due to the effluent water chemical properties (Na concentration, SAR value) was
significant and in the long term it can lead to soil degradation (anthropogenic salinization).
Nevertheless, it is suggested to improve the effluent water quality instead of ignore it,
because an interesting finding of the present work was that improving the quality of the
effluent water (by dilution and adding gypsum) is an effective method to reduce soil
sodium accumulation.

Assessing to SPAD values and plant heights of the willow based on irrigation water
quality it can be concluded that the sodium content of the effluent water do not cause any
harmful effect on plants. In the leaf part of the willow, more N and Na were measured
in the tissues than in stems and plant irrigated with effluent water had higher N and Na
concentration than those irrigated with surface water. Further research may be required to
examine the long term effect of the irrigation water salinity on the elements of the plant
to explore the cause of the from year to year decline in biomass independently from the
restricted habitat due to lysimeters volume.

The application of irrigation water had a positive effect on the biomass of the plants,
significantly higher biomass was produced compared to the non-irrigated control willows.

In summary, the agronomic consequences are that alternative waters can provide
an excellent opportunity for water-scarce regions, but paying attention to water quality
parameters that limit use (salinization of the soil, nitrate leaching from the soil, salt stress
of the cultivated plants etc.) is important.
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Abstract: Evapotranspirative willow systems (EWS) are zero-discharge wastewater treatment plants
that produce woody biomass and have no discharge to surface or groundwater bodies. The influence
of wastewater on the growth of three clones of Salix alba (‘V 093’, ‘V 051’ and ‘V 160’) and the
distribution of macronutrients and metals in a pilot EWS receiving primary treated municipal
wastewater was studied under a sub-Mediterranean climate. The influent wastewater, shoot number,
stem height, and biomass production at coppicing were monitored in two consecutive two-year
rotations. Soil properties and the concentrations of macronutrients and metals in soil and woody
biomass were analyzed after the first rotation. S. alba clones in EWS produced significantly more
woody biomass compared to controls. ‘V 052’ produced the highest biomass yield in both rotations
(38–59 t DM ha−1) and had the highest nitrogen and phosphorus uptake (48% and 45%) from
wastewater. Nitrogen and phosphorus uptake into the harvestable woody biomass was significantly
higher in all clones studied compared to other plant-based wastewater treatment plants, indicating
the nutrient recovery potential of EWS. The indigenous white willow clone ‘V 160’ had the lowest
biomass yield but absorbed more nutrients from wastewater compared to ‘V 093’. Wastewater
composition and load were consistent with the nutrient requirements of the willows; however, an
increase in salinity was observed after only two years of operation, which could affect EWS efficiency
and nutrient recovery in the long term.

Keywords: evapotranspirative willow system; resource recovery; sustainable wastewater treatment;
short rotation coppice

1. Introduction

The coupling of domestic wastewater treatment with short-rotation willow coppice
(SRWC) biomass production originated in Scandinavia in the 1980s, when agricultural
willow plantations producing woody biomass for energy purposes were recognized as a
potential treatment system for domestic wastewater [1,2]. Untreated domestic wastewa-
ter and nutrient-rich effluents from central wastewater treatment plants (WWTPs) with
secondary treatment resulted in pollution of surface and groundwater, while on the other
hand the profitability of SRWC was reduced due to the expensive mineral fertilizer and
water requirements. So-called vegetation filter systems consisting of SRWC irrigated with
domestic wastewater [3–6], industrial wastewater [4,7] or landfill leachate [8,9] have been
explored and applied.

However, the irrigation of SRWC with wastewater cannot completely eliminate
wastewater pollution, as some of the applied wastewater runs off or seeps into the envi-
ronment; therefore, special attention must be paid to irrigation rates and timing [5,10,11].
Moreover, such applications are not suitable for areas with sensitive ground and surface
waters. In response, zero-discharge evapotranspirative willow systems (EWS) were devel-
oped in Denmark in the 1990s [12,13], and their field of application shifted from agricultural
biomass production to the wastewater treatment sector.
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EWS are a special type of WWTP used to treat domestic wastewater from small
settlements or individual households. The system consists of a 1.5-m deep watertight
basin filled with soil and planted with willow clones (Salix sp.). The primary treated
domestic wastewater is applied under pressure through an inlet pipe located 0.6 m below
the ground surface. When properly designed, all influent wastewater and precipitation are
evapotranspired on an annual basis, i.e., all influent wastewater is used for willow growth
and evaporation [12,13].

EWS are now used in rural areas in all Scandinavian countries, the Baltic States, Poland,
England [13], Ireland [14], and China [15] and there are pilot studies in Slovenia [16],
France and Greece [4]. EWS provide efficient wastewater treatment and do not require
large amounts of energy or skilled personnel for operation and maintenance. As such, they
are a suitable technology for decentralized sustainable wastewater management. As EWS
are zero-discharge systems that generate woody biomass from wastewater, they allow the
direct recovery and reuse of resources and support the goals of the closed-loop concept.
In addition, zero-discharge wastewater treatment systems also contribute significantly to
the reduction of surface and groundwater pollution.

The potential of EWS for nutrient recovery and the effects of wastewater on willow
growth and biomass production require further research attention. Most scientific work
focuses on wastewater-irrigated SRWC; however, there is much less scientific research on
EWS. In addition, research on EWS pays much attention to evapotranspiration rates and the
hydraulic loadings of the system [17–19], but nutrient recovery and the fate of heavy metals
are rarely addressed [12]. However, numerous authors have shown that the composition
of the wastewater corresponds to the nutrient requirements of willows [12,20,21].

The efficiency in the uptake of pollutants from wastewater into woody biomass,
and their accumulation in system media, are critical for planning, management, system
performance evaluation and resource recovery. There is a need to estimate the mass balance
of nutrients in EWS, i.e., their percentage of harvestable woody biomass and accumulation
in the soil compared to their amount in the influent wastewater. The level of nutrients
entering the system with domestic wastewater is similar to the level of nutrients in the
willow biomass: the proportional requirement of willow for N, P and K (100:14:72) is similar
to the proportion of these nutrients usually found in municipal wastewater (100:18:65) [20].
The exception is P, which was reported to be 30% higher in influent wastewater than in
biomass; however, the P balance also depends on the use of P-containing detergents in
the household(s) producing the wastewater [12]. Consequently, a significant increase in
available P in the soil was reported [22], suggesting that soil may become saturated with
P after a period of time. This may lead to a problem in SRWC vegetation filter treatment
performance and reduces P recovery via woody biomass. Therefore, Lachapelle-T et al. [22]
suggest that fertigation should be adjusted according to seasonal transpiration rates and
plant nutrient requirements; however, in the case of EWS, wastewater is constantly applied
according to the production in the household(s) and stored in the EWS as an elevated water
level over the winter. Therefore, in the case of EWS, P accumulation in the system can be
expected, resulting in a P-rich substrate that can be reused as fertilizer.

Fertigation with wastewater significantly increases willow yield compared to com-
mercial rainfed- or potable water-irrigated SRWC [21,22]. The differences in yield increase
depend on the characterization of the wastewater and the loading rate. Similarly, Curneen
and Gill [17] reported the highest biomass and evapotranspiration for willow cultivars
receiving septic tank effluent, compared to systems fed with secondary treated effluent
and rainwater. The higher biomass production of willows fertigated with wastewater is
reflected in larger stem diameter and plant height compared to non-fertigated plants [23].
However, when wastewater is applied to SRWC, not only do the nutrients increase biomass
yield, but also the constant water availability [21]. In addition, water use by willows has
been shown to be positively affected by N and P application [24]; however, permanent
flooding had negative effects on most growth parameters in willows, except for the number
of shoots per plant and root biomass [25].
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Total woody biomass production is comparable in SRWC irrigated with wastewa-
ter and EWS, varying from 10 [2,12] to 22–26 [22] t dry matter (DM) ha−1 yr−1 in Den-
mark, Sweden and Canada, while under Mediterranean climatic conditions, aboveground
biomass production can reach up to 64 t DM ha−1 in a two-year rotation [23], suggesting
that climate may have a significant influence on system performance. In addition to climate,
planting density, irrigation regimes, willow age and clone choice can also influence woody
biomass production [5], while some authors find no differences between clones or irrigation
regimes [26].

Plants used in EWS must have similar characteristics to those used in other phytotech-
nologies. They must be adapted to high nutrient and salinity levels that could increase in
the system over time, and should have high transpiration rates, rapid growth and biomass
production, high plantation densities, and coppicing ability. Willows and poplars have all
these characteristics [27], supported also by their numerous and deep roots that provide a
large root surface area [28]; however, willows show better tolerance to permanent flooding
and anaerobic conditions than poplars [29,30], enabled by their important adaptations such
as hypertrophied lenticels, aerenchyma, and adventitious roots [31]. Additionally, willows
have higher water requirements than almost all agricultural crops [32], which is another
important requirement for plants used in EWS.

Although willows are the first choice for this type of phytoremediation, different
willow species and clones show different efficiencies in terms of growth, nitrogen and
water use efficiency [33]. To date, most studies on EWS and SRWC for the treatment of
municipal wastewater have been conducted in Europe and North America. In Denmark,
the UK, Sweden, and Ireland, Salix viminalis has been mainly used, namely, the clones
‘Jorr’ (S. viminalis), ‘Tora’ (S. viminalis × S. schwerinii E. Wolf), and ‘Bjørn’ (S. schwerinii
E. Wolf × S. viminalis L.) [11,12,18], while Rastas Amofah et al. [34], Sweden, used the
frost-tolerant S. viminalis crossbreed ‘Karin’ ((S. schwerinii × S. viminalis) × S. viminalis)
and ‘Gudrun’ (S. burjatica Nasarow × S. dasyclados Wimm). In Canada, research on an
SRWC vegetation filter treating municipal wastewater was conducted on S. miyabeana
‘SX67’ [6,22]. S. purpurea [9,35], S. amygdalina [36] and other willow species were used
to treat landfill leachate. S. alba var. ‘Chermesina’ was tested for phytoremediation in
Poland [37], while S. alba clones used in this study were evaluated for their biomass pro-
duction potential by Kajba and Andrić [38].

Concentrations of heavy metals in plant tissues and media can be correlated with
heavy metal concentrations in the environment; however, most heavy metals are stored
in roots, and transport to aboveground tissues may be limited [39,40]. Furthermore, typical
domestic wastewater contains low levels of heavy metals [41]; therefore, elevated concen-
trations are not expected in the woody biomass of EWS. On the other hand, heavy metals
entering the EWS may accumulate in the roots and soil media over the long term, which
may affect reuse options after the decommissioning of the facility. Therefore, in this study,
we analyzed the concentrations of heavy metals in both woody biomass and soil media to
assess the risks of reusing the system components.

The objective of this study was to investigate the potential of EWS to recover nutrients
from primary treated municipal wastewater through the production of woody biomass
and accumulation in the soil. In addition, the growth dynamics, biomass production
and response of selected S. alba clones to wastewater irrigation in the sub-Mediterranean
climate were investigated, to provide data for the proper design and operation of EWS as
wastewater treatment plants in rural areas of the sub-Mediterranean region. In addition,
S. alba was not tested in EWS before.

2. Materials and Methods
2.1. Pilot Evapotranspirative Willow System

The study was conducted on a 27 m2 pilot EWS built next to a municipal WWTP in
Ajdovščina, Slovenia (45◦52′32′′ N 13◦54′20′′ E). A detailed description and illustration
of the pilot plant can be found in Istenič et al. [16]. Briefly, the pilot EWS consisted of
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nine watertight treatment beds (each 3 m long, 1 m wide), filled with local soil (1.5 m
deep) and planted with three clones of S. alba at a density of 1 tree per m2. Each clone
was tested in three parallel beds distributed in a Latin square to minimize environmental
differences caused by positioning (north/south orientation, prevailing wind direction, etc.).
In addition, control trees were planted around the EWS to avoid the edge effect and to be
monitored as control plants.

Three S. alba clones from a selection of Croatian arborescent willows were tested,
namely, two hybrids ‘V 052’ (S. alba L. var. calva G.F.W. Mey × S. alba L.) and ‘V 093’ (S. alba L.
× S. alba var. vitellina (L.) Stokes) × S. alba L.) and one clone of the indigenous white
willow ‘V 160’ (S. alba L.). The willows were provided as 1-year-old seedlings, planted
and immediately cut back to 10 cm above ground level. The EWS was fed with primary
treated municipal wastewater. The amount of water supplied was adjusted according to the
water requirements of the willows—the water level in the treatment beds was maintained
at approximately 1 m (0.5 m below the surface) during the monitoring period and was
allowed to evapotranspire completely before the start of a new season. The pilot system
was commissioned in March 2016 and monitored for four consecutive growing seasons
until the end of the growing season in 2019. The monitoring period lasted 169, 115, 106 and
134 days, respectively, for the 4 consecutive years.

2.2. Wastewater and Soil Analyses

Grab samples of influent wastewater were taken weekly and analyzed for the typical
parameters of municipal wastewater, namely, biochemical oxygen demand (BOD5), chemi-
cal oxygen demand (COD), total phosphorus (TP), orthophosphate phosphorus (PO4-P),
total nitrogen (TN), ammonium nitrogen (NH4-N), nitrite nitrogen (NO2-N), nitrate nitro-
gen (NO3-N), total suspended solids (TSS), settleable solids (SS), dissolved oxygen and
oxygen saturation, temperature (T), pH and electrical conductivity (EC). Analyses followed
the Standard methods for the examination of water and wastewater [42].

The mass loading of contaminants for each treatment bed in the EWS was calculated
by multiplying the average contaminant concentrations in the wastewater by the total
volume of water applied to each bed for each year, divided by the bed area. The mass
loading is expressed in grams of added contaminants per m2 of EWS.

A composite sample of the original fill soil was collected during the construction of the
EWS. The grain size distribution was determined by sieving and sedimentation, according
to SIST ISO 11277:2011, following USDA Textural Soil Classification [43] to define the soil
texture class. After the first and second growing seasons, the soil was sampled according to
the willow clones. Three samples were collected from each treatment bed using a soil probe
and combined into one composite sample for each clone. Samples from the treatment beds
and the sample from the original fill soil were analyzed for pH in 0.01 M CaCl2 solution
(SIST ISO 10390:2006), soil organic matter and organic carbon (SIST ISO 10694:1996), plant-
available phosphorus (P2O5) and potassium (K2O) (ÖNORM L 1087—modification with
amonlactate extraction), total nitrogen (SIST ISO 13878:1999) and cation exchange capacity
(CEC) (SIST ISO 13536:1996, modification by using KCl instead of BaCl2). Ca, Mg, K and
Na, as well as exchangeable acidity, the sum of base cations and base saturation were
measured according to the Methods of Soil Analysis, ASA [44]. Heavy metal content was
determined by extraction in aqua regia and analysis by ICP-MS.

2.3. Estimation of Willow Growth and Biomass Production

The number of shoots per stump was counted on each tree in the EWS and on control
trees. Shoots were counted every month during the growing season; however, the number
of shoots at the end of the growing season was used as the outcome. Stem height was
measured every other week: the highest stem of each tree was measured with a wooden
ruler. Mean and standard deviation were calculated for all control and test clones for each
season.
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The biomass production was measured at the 1st and 2nd harvest. All shoots from each
test and control tree were harvested and weighed. Then, the shoots from each treatment
bed were pooled and cut into woodchips. A sample of the woodchips was collected from
each treatment bed for laboratory analysis of the moisture content. Based on the moisture
content determined and the planting density (1 tree per m2), the dry matter (DM) produced
per hectare was calculated for each treatment bed. The mean and standard deviation of the
beds with the same clone were calculated. Control trees were not grown in separate beds;
therefore, all control trees of the same clone were combined into one sample.

The conversion of wastewater to biomass was calculated by dividing the DM produced
in each treatment bed by the total amount of wastewater supplied to the bed during the
1st and 2nd rotation periods. The mean and standard deviation of all beds with the same
clone were calculated.

2.4. Nutrient and Metal Content in the Woody Biomass

Samples of woodchips after the 1st rotation were further analyzed for carbon, nu-
trient and metal contents, namely, the total C content was analyzed according to SIST
ISO 10694:1996, and total N content according to SIST ISO 13878:1999. P and the other
35 elements were analyzed by aqua regia digestion and ICP-MS.

The partitioning of P and N from wastewater (in g m−2) between woody biomass and
other compartments (accumulation in the root and leaf biomass, accumulation in the soil,
and denitrification in the case of N) was studied by comparing the mass loads of TN and
TP from wastewater, and the N and P content in the woody biomass produced (calculated
by multiplying the N and P concentration in the dry matter by the total amount of biomass
produced), while the N and P content in the other compartments together was calculated
as the difference between the TN and TP, applied with the wastewater, and the content in
the woody biomass. A similar procedure was also used by Lachapelle-T et al. [22].

2.5. Statistical Analyses

Microsoft Office Excel 2016 was used for statistical analysis of the data. The results are
presented as mean and standard deviation of the mean. Significant differences were tested
using one-way analyses of variance (ANOVA), with a significance level of 0.05 (α = 0.05)
between the mean values of shoot numbers in clones, test and control trees, and between
the mean values of macronutrient and metal concentrations in control and test trees. When
the results showed statistical significance, Student’s t-test was used to further interpret
the results and to show significant differences between the mean macronutrient and metal
concentrations of different clones of the test trees.

3. Results
3.1. Wastewater Characteristics

The influent wastewater at the central WWTP in Ajdovščina is typical municipal
wastewater with occasional elevated organic load (BOD5 and COD), mainly originating
from the food industry in the catchment area (Table 1). During the experiment, the influent
wastewater also showed variable NH4-N, NO2-N and NO3-N concentrations, which can
be attributed to occasional nitrification in the primary clarifier from which the wastewater
for the EWS was taken.
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Table 1. Characteristics of municipal wastewater fed to the evapotranspirative willow system during four consecutive seasons.

BOD5 COD TP PO4-P TN NH4-N NO3-N NO2-N TSS SS O2 O2 T pH EC

Unit mg/L mL/L mg/L % ◦C µS/cm

Average 452 739 5.75 2.84 50.6 23.3 0.298 0.092 207 7.4 2.87 33.0 23.9 6.68 441
SD 182 294 2.45 2.13 14.4 10.5 0.792 0.307 161 10.3 2.47 27.0 4.8 0.58 482
Nr 40 40 40 40 36 36 36 36 20 14 19 19 22 39 39

The three clones of S. alba received different amounts of wastewater depending on
water use by evapotranspiration; consequently, mass loading rates varied among rotation
periods and clones, and according to the influent composition (Table 2). Mass loading rates
for all parameters were lowest in the 1st year of the 1st rotation, because water use by
the willows was lowest (willows at age 1/2; 1-year-old stem with 2-year-old root system).
In the 2nd year, the root systems and trees were more developed, resulting in higher water
use. Consequently, more wastewater was supplied, and mass loading rates increased. Mass
loading rates also increased slightly after the first coppicing (aged 1/4) and remained in
the same range in the 2nd year of the 2nd rotation (aged 2/5). In the 2nd rotation, ‘V 160’
received lower mass loading rates due to lower water demand.

Table 2. Annual mass loading rates of evapotranspirative willow system beds in g m−2, according to the three willow
clones tested (‘V 093’, V 052’ and ‘V 160’) for four consecutive years. Mean and standard deviation are given (N = 3).

BOD5 COD TP PO4-P TN NH4-N NO3-N NO2-N

1st rotation, (aged 1/2)
‘V 093’ 181 ± 9 278 ± 14 2.84 ± 0.15 1.50 ± 0.08 17.2 ± 0.9 11.1 + 0.1 0.023 ± 0.001 0.015 + 0.001
‘V 052’ 183 ± 64 281 ± 98 2.87 ± 1.0 1.51 ± 0.53 17.4 ± 6.1 11.2 ± 3.9 0.023 ± 0.008 0.015 ± 0.005
‘V 160’ 170 ± 21 262 ± 32 2.67 ± 0.32 1.41 ± 0.17 16.2 ± 2.0 10.4 ± 1.3 0.022 ± 0.003 0.014 ± 0.002

1st rotation, (aged 2/3)
‘V 093’ 392 ± 61 600 ± 93 8.62 ± 1.33 6.32 ± 0.98 53.6 ± 8.3 34.7 ± 5.4 0.278 ± 0.043 0.072 ± 0.111
‘V 052’ 323 ± 114 496 ± 174 7.12 ± 2.51 5.21 ± 1.84 44.3 ± 15.6 28.6 ± 10.1 0.230 ± 0.081 0.060 ± 0.021
‘V 160’ 326 ± 55 499 ± 84 7.17 ± 1.21 5.25 ± 0.89 44.6 ± 7.5 28.8 ± 4.9 0.231 ± 0.039 0.060 ± 0.010

2nd rotation, (aged 1/4)
‘V 093’ 485 ± 7 793 ± 11 6.17 ± 0.08 3.05 ± 0.04 54.3 ± 0.7 25.0 ± 0.3 0.319 ± 0.004 0.099 ± 0.001
‘V 052’ 469 ± 54 766 ± 88 5.97 ± 0.69 2.95 ± 0.34 52.4 ± 6.1 24.2 ± 2.8 0.309 ± 0.036 0.095 ± 0.011
‘V 160’ 406 ± 103 665 ± 169 5.17 ± 1.31 2.56 ± 0.65 45.5 ± 11.6 21.0 ± 5.3 0.268 ± 0.068 0.083 ± 0.021

2nd rotation, (aged 2/5)
‘V 093’ 592 ± 31 1019 ± 54 4.89 ± 0.26 1.30 ± 0.07 68.6 ± 3.6 18.8 ± 1.0 0.599 ± 0.032 0.182 ± 0.010
‘V 052’ 619 ± 130 1064 ± 224 5.11 ± 1.08 1.35 ± 0.29 71.6 ± 15.1 19.7 ± 4.1 0.626 ± 0.132 0.190 ± 0.040
‘V 160’ 471 ± 148 810 ± 254 3.89 ± 1.22 1.03 ± 0.32 54.5 ± 17.1 15.0 ± 4.7 0.476 ± 0.149 0.145 ± 0.045

3.2. Willow Growth and Biomass Production

As expected, the number of shoots per stump increased significantly in the 2nd
rotation period, confirming that coppicing stimulates the formation of multiple shoots
(Figure 1). In the 1st rotation period, the test willows of ‘V 052’ and ‘V 160’ had significantly
more shoots compared to the control trees, while in the case of ‘V 093’ the situation was
reversed, and the control trees produced more shoots. Moreover, the test trees of ‘V 093’
had significantly fewer shoots (5.8 ± 0.3) compared to ‘V 052’ and ‘V 160’ (7.6 ± 0.7 and
7.5 ± 0.7, respectively). In the 2nd rotation, the differences between the clones became
more evident: ‘V 052’ produced 27 ± 7 shoots per stump, which was significantly more
than ‘V 093’ and ‘V 160’, which produced 17 ± 5 and 17 ± 6 shoots per stump, respectively.
All the clones developed significantly more shoots in the EWS compared to control trees.
However, in the 2nd year of the 2nd rotation, the number of shoots reduced in all test
clones. The greatest reduction was observed in clones ‘V 160’ and ‘V 052’ (27% and 25%,
respectively), while the reduction in ‘V 093’ was only 12%. This reduction was not observed
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in control trees, which already had a lower number of shoots. In 2019, only one control tree
of ‘V 160’ survived.
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In the 1st year of the 1st rotation, the test willows reached about 2.5 m and were
20–40 cm taller than the control trees (Figure 2). In the 2nd growing season, the willows in the
EWS grew another 2 m, with ‘V 052’ being taller (479± 50 cm) than ‘V 093’ (463± 37 cm) and
‘V 160’ (431 ± 65 cm). The difference from the control trees increased: test trees for ‘V 052’,
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between the clones increased and showed the same trend as in the 2nd growing season of
the 1st rotation, with ‘V 052’ being the tallest (501 ± 52 cm), followed by ‘V 093’ (498 ± 18 cm)
and ‘V 160’ (423 ± 27 cm), which was again the shortest.

The clones of S. alba in EWS produced on average between 34–38 and 33–59 t DM ha−1

for the 1st and 2nd rotation, respectively (Figure 3). Biomass production was much higher
compared to the controls, reaching a maximum of 14 t DM ha−1. The standard deviations
of the mean biomass production between the treatment beds of the same clone were high
because the beds in the pilot EWS had different positions to sun and wind, resulting in
different growing conditions. In the 2nd rotation, biomass production of ‘V 093’ and ‘V 052’
increased by 21% and 55%, respectively, compared to the 1st rotation, while it remained in
the same range for ‘V 160’. Additionally, the increase in conversion of wastewater to woody
biomass was even more obvious: the conversion increased significantly in the 2nd rotation,
when the clones produced 5.8 ± 1.1, 6.8 ± 0.5 and 8.5 ± 0.6 kg DM per m3 of wastewater,
for ‘V 160’, ‘V 093’ and ‘V 052’, respectively. Moreover, ‘V 052’ showed significantly higher
conversion compared to the other two clones in the 2nd rotation (Figure 4).
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Figure 4. Mean biomass dry matter (DM) produced per m3 of added wastewater for three clones
of S. alba (‘V 093’, ‘V 052’, ‘V 160’) in evapotranspirative willow system for the 1st and 2nd rotation.
Letters a, b, show statistically significant differences between clones in the 2nd rotation (N = 3).

3.3. Fate of Macronutrients

Macronutrients (C, N, P, K, Ca, Mg, and S) are major components of plant biomass.
For willows in the EWS, they are derived from the atmosphere (C), soil, and wastewater
(N, P, K, Ca, Mg, and S). The EWS was filled with locally available clay soil (Table 3).
The properties of a soil composite sample before the addition of wastewater indicate a
relatively fertile soil, with high P and organic matter content (Table 4). Irrigation with
wastewater for two consecutive seasons of the 1st rotation resulted in an increase in some
soil parameters. There was no increase in soil organic matter and organic carbon, indicating
the efficient decomposition of organic matter from wastewater. Total N increased after
the 1st growing season, indicating excessive N input to the young willows; however, in
the 2nd growing season, despite the much greater N load from wastewater, there was no
further N accumulation, probably due to the intensive growth of willows and possible
denitrification. Due to N uptake, the C/N ratio also increased in the 2nd growing season.
Similarly, the P supplied by the wastewater also seemed to meet the P demand of the
willows, since there was neither an accumulation of P2O5 nor a decrease in the soil. On the
other hand, K2O content, which was already relatively low in the original soil, increased
with the addition of wastewater, suggesting that the K requirement of the willows was met
and excess K2O accumulated in the soil, or that K uptake was displaced by other minerals.
This is consistent with the results of cation analysis, namely, that soil concentrations of Ca
and K cations increased in the 2nd year; however, changes in Mg concentrations showed
no such trend. In contrast to the other cations, Na concentrations increased over the years,
indicating salt accumulation in the system.

Table 3. Texture of the soil used to fill up the evapotranspirative willow system.

Parameter Percentage/Classification

Sand 26.1
Silt—coarse 18.1

Silt—fine 30.4
Silt—total 48.5

Clay 25.4
Classification * clay

* according to USDA textural soil classification.
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Table 4. Soil properties in the evapotranspirative willow system before wastewater addition (Start),
after the 1st and 2nd year of the 1st rotation. Mean and standard deviation are given for the first and
second year (N = 3).

Unit Start * 1st Year 2nd Year

pH in CaCl2 7.1 7.1 ± 0.06 7.3 ± 0.06
P2O5 mg/100 g 144 162 ± 46.6 177 ± 3.13
K2O mg/100 g 13.0 13.7 ± 0.66 14.4 ± 0.32

Organic matter % 7.0 7.5 ± 0.3 7.2 ± 0.5
Organic carbon % 4.1 4.3 ± 0.15 4.2 ± 0.3

TN % 0.43 0.48 ± 0.01 0.40 ± 0.04
C/N ratio 9.5 9.0 ± 0.32 10.5 ± 0.40

Ca mmol/100 g 35.2 30.0 ± 0.68 36.8 ± 1.57
Mg mmol/100 g 2.74 3.11 ± 0.12 2.87 ± 0.09
K mmol/100 g 0.30 0.20 ± 0.02 0.30 ± 0.02

Na mmol/100 g 0.05 0.17 ± 0.02 0.43 ± 0.10
Exchangable

acidity mmol/100 g 3.55 NA 4.80 ± 0.22

Sum of base
cations mmol/100 g 38.3 33.4 ± 0.78 40.4 ± 1.74

CEC mmol/100 g 41.8 NA 45.2 ± 1.54
Base saturation % 91.6 NA 89.4 ± 0.84

* before application of wastewater. .

In the woody biomass, the amount of C did not differ significantly between the control
and test trees (Table 5); however, ‘V 093’ showed a trend of storing more C compared to
the other two clones in both control and test trees. There was no statistically significant
difference in N and P contents between the test and control trees. When comparing the test
clones, ‘V 052’ appeared to accumulate more N and P compared to the other two clones;
however, the difference was not always statistically significant. The test trees showed
significantly lower K and Ca contents and significantly higher S concentrations compared
to the control trees. There was no significant difference in Mg content between the test
and control trees; however, ‘V 160’ accumulated significantly more Mg in the test trees
compared to the other two clones.

Table 5. Macronutrient concentrations (in g kg−1 DM) in the woody biomass of three clones of S. alba (‘V 093’, ‘V 052’
and ‘V 160’) in the evapotranspirative willow system and controls after the 1st rotation. Mean and standard deviation are
given (N = 2 for control and 3 for test trees). P-value indicates statistical significance between control and test trees (N = 6
for control and 9 for test trees), and superscripts a and b indicate statistically significant differences between clones of the
test trees.

Control Trees Test Trees
‘V 093’ ‘V 052’ ‘V 160’ ‘V 093’ ‘V 052’ ‘V 160’ P

C 477 ± 1.8 473 ± 0.28 475 ± 0.0 477 ± 0.40 a 474 ± 0.31 b 474 ± 1.8 ab 0.845
N 7.6 ± 0.07 10 ± 0.2 7.6 ± 0.21 6.5 ± 1.0 7.9 ± 0.76 7.1 ± 0.73 0.081
P 0.99 ± 0.16 1.1 ± 0.40 0.91 ± 0.07 0.92 ± 0.23 ab 1.2 ± 0.04 a 1.0 ± 0.08 b 0.775
K 2.4 ± 0.07 2.9 ± 0.28 2.2 ± 0.14 1.8 ± 0.25 2.2 ± 0.21 2.0 ± 0.25 0.029
Ca 8.1 ± 2.8 8.2 ± 2.1 9.1 ± 0.07 5.0 ± 0.25 5.7 ± 0.78 5.8 ± 1.2 0.005
Mg 0.93 ± 0.18 1.1 ± 0.1 0.84 ± 0.16 0.75 ± 0.06 b 0.75 ± 0.04 b 0.87 ± 0.04 a 0.060
S 1.6 ± 0.42 1.7 ± 0.07 1.1 ± 0.50 1.9 ± 0.27 1.8 ± 0.23 1.9 ± 0.15 0.044

The results on the distribution of nutrients from the wastewater into the woody
biomass of S. alba and the other compartments of the EWS show that 52–65% and 55–69% of
N and P, respectively, were degraded and accumulated in the soil, root system and leaves,
while 35–48% and 31–45% were stored in the woody biomass (Figure 5). ‘V 052’ showed
the highest accumulation of nutrients (48% and 45% for N and P, respectively) and ‘V 093’
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the lowest (35% and 31% for N and P, respectively). The distribution of K could not be
presented, as it was not measured in the influent wastewater.
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Figure 5. Distribution of total nitrogen (N) and phosphorus (P) from wastewater in g m−2 between woody biomass of S. alba
and other compartments (accumulation in soil, roots and leaves and denitrification in the case of N) in the evapotranspirative
willow system after the 1st rotation for three investigated clones (‘V 093’, ‘V 052’ and ‘V 160’).

3.4. Fate of Metals

The concentrations of metals in the woody biomass after the 1st rotation showed some
significant differences between the control and test trees and between the clones of the test
trees (Table 6). The concentrations were compared with the heavy metal concentrations in
the soil (Table 7). After two growing seasons of irrigation with municipal wastewater, most
of the heavy metals measured showed a slight increase in soil concentrations. There was
no increase for Cd and As, while Cr and Pb were increased only in the soil of ‘V 160’. The
heavy metals studied are below the critical levels given in the decree on limit values, alert
thresholds and critical levels of dangerous substances into the soil (OG RS, 68/96, 41/04).

The control trees accumulated significantly more Fe, Mo, Sr, Ba, Ti and B compared
to the test trees, although the test trees had higher available Fe and Mo concentrations
in the soil (Sr, Ba, Ti and B were not measured in the soil). On the other hand, Na and
Ag occurred at significantly higher concentrations in the test trees, which may be related
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to their presence in wastewater. The difference in heavy metal accumulation between
clones was significant only for Cu and Mn: ‘V 052’ accumulated significantly higher
concentrations of Cu and ‘V 160’ accumulated significantly higher concentrations of Mn,
but the concentrations are much lower compared to soil, so there is no obvious transport of
metals from soil to aboveground tissues.

Table 6. Metal concentrations in mg kg−1 DM in woody biomass for three clones of S. alba (‘V 093’, ‘V 052’ and ‘V 160’) in
the evapotranspirative willow system and controls after the 1st rotation. Mean and standard deviation are given (N = 2 for
control and 3 for test trees). P-value indicates statistical significance between control and test trees (N = 6 for control and 9
for test trees) and superscripts a, b, c, indicate statistically significant differences between clones of the test trees.

Control Trees Test Trees
‘V 093’ ‘V 052’ ‘V 160’ ‘V 093’ ‘V 052’ ‘V 160’ P

Fe 105 ± 7 95 ± 7 75 ± 7 57 ± 6 63 ± 6 67 ± 6 0.003
Al <LOD <LOD <LOD <LOD <LOD <LOD
Na 20 ± 0 15 ± 7 25 ± 7 33 ± 6 33 ± 15 47 ± 12 0.003
Mo 0.04 ± 0.03 0.06 ± 0.00 0.05 ± 0.01 0.01 ± 0.01 0.02 ± 0.00 0.03 ± 0.02 0.008
Cu 7.8 ± 1.7 11.1 ± 1.0 8.8 ± 2.2 6.2 ± 0.6 c 10.0 ± 0.5 a 7.9 ± 0.4 b 0.271
Pb 1.22 ± 1.11 0.19 ± 0.04 0.16 ± 0.00 0.12 ± 0.01 1.55 ± 2.48 0.14 ± 0.03 0.885
Zn 46 ± 5 58 ± 24 40 ± 7 42 ± 2 42 ± 4 45 ± 5 0.436
Ni 0.70 ± 0.28 0.45 ± 0.07 0.30 ± 0.14 0.23 ± 0.12 0.30 ± 0.17 0.53 ± 0.40 0.343
Co 0.10 ± 0.01 0.11 ± 0.01 0.06 ± 0.00 0.35 ± 0.33 0.06 ± 0.01 0.08 ± 0.02 0.322
Mn 9.0 ± 2.8 10.0 ± 4.2 9.0 ± 1.4 9.3 ± 1.2 b 8.7 ± 0.6 b 15.3 ± 2.5 a 0.265
As 0.25 ± 0.07 0.40 ± 0.00 <LOD 0.29 ± 0.36 0.20 ± 0.10 0.11 ± 0.07 0.678
U <LOD <LOD <LOD <LOD <LOD <LOD 0.254
Th <LOD <LOD <LOD <LOD <LOD <LOD 1.000
Sr 10.8 ± 4.6 10.9 ± 0.2 10.8 ± 1.8 6.6 ± 0.8 7.0 ± 1.0 7.6 ± 0.7 0.007
Cd 0.88 ± 0.56 0.72 ± 0.01 0.57 ± 0.04 0.43 ± 0.07 1.00 ± 0.96 0.49 ± 0.01 0.713
Sb 0.03 ± 0.01 0.02 ± 0.01 <LOD <LOD 0.02 ± 0.00 <LOD 0.139
Bi <LOD <LOD <LOD <LOD <LOD <LOD 0.254
V <LOD <LOD <LOD <LOD <LOD <LOD
La 0.02 ± 0.02 <LOD <LOD <LOD <LOD <LOD 0.363
Cr 2.50 ± 0.85 2.05 ± 0.07 1.95 ± 0.21 2.17 ± 0.25 2.20 ± 0.20 2.50 ± 0.61 0.608
Ba 4.65 ± 2.05 4.85 ± 0.78 3.65 ± 0.07 2.20 ± 0.00 3.70 ± 3.03 2.40 ± 0.61 0.046
Ti 13.5 ± 0.7 27.0 ± 2.8 24.5 ± 9.2 4.0 ± 2.6 11.7 ± 7.8 18.7 ± 9.6 0.037
B 15.5 ± 4.9 14.5 ± 0.7 13.0 ± 0.0 9.3 ± 0.6 9.7 ± 1.5 9.7 ± 1.5 0.004
W <LOD 0.20 ± 0.00 0.14 ± 0.09 2.29 ± 2.27 0.15 ± 0.13 0.15 ± 0.13 0.201
Sc 0.30 ± 0.14 0.25 ± 0.07 0.20 ± 0.00 0.23 ± 0.06 0.30 ± 0.00 0.27 ± 0.06 0.674
Tl <LOD <LOD <LOD <LOD <LOD <LOD 0.254
Se 0.30 ± 0.14 0.20 ± 0.00 0.20 ± 0.14 0.20 ± 0.00 0.23 ± 0.06 0.17 ± 0.06 0.488
Te <LOD <LOD <LOD <LOD <LOD <LOD 0.254
Ga <LOD <LOD <LOD <LOD <LOD <LOD 1.000
Ag 3.21 ± 2.54 3.50 ± 0.71 3.00 ± 0.00 4.67 ± 1.53 6.67 ± 1.15 9.67 ± 1.53 0.002
Au <LOD <LOD <LOD <LOD 0.11 ± 0.17 <LOD 0.347
Hg 4.00 ± 1.41 2.50 ± 0.71 3.00 ± 1.41 1.90 ± 1.15 2.33 ± 1.53 3.33 ± 0.58 0.321
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Table 7. Heavy metal concentrations in mg kg−1 of soil in the evapotranspirative willow system
before wastewater addition (Start) and after the 1st rotation for the three clones of S. alba (‘V 093’,
‘V 052’ and ‘V 160’).

Start After 1st Rotation
‘V 093’ ‘V 052’ ‘V 160’

Fe 28,700 29,200 29,300 31,000
Cd 0.7 0.6 0.7 0.6
Cu 66.2 67.2 66.5 72.8
Ni 80.9 78.1 81.3 86.6
Pb 36.4 34.1 35.5 42.2
Zn 153 161 172 166
Cr 63 60 59 67
Hg 0.56 0.79 0.76 0.65
Co 16.1 16.3 16.5 18.3
Mo 1.2 1.3 1.3 1.5
As 8.7 8 8.2 8.1
Mn 1012 1146 1110 1069

4. Discussion
4.1. Wastewater

Mass loading rates to the EWS were dependent on the composition of the influent
wastewater, willow water use, and root system development. The most significant increase
in mass loading rate was from the 1st to the 2nd year of the 1st rotation, when the most
vigorous root development is assumed. Since the loading rate increased only slightly or
remained in the same range in the following years, it is assumed that the root system
developed almost to full capacity in the 2nd growing season. This is also in agreement with
Rytter [45], who reported the highest increase in total belowground production (coarse and
fine roots) in the 2nd growing season after planting.

The organic and nutrient loading rates in this study, i.e., 1.6–7.9 g COD, 0.10–0.53 g
TN, and 0.02–0.08 g TP, applied per m2 per day during the growing season, were in the
same range as those reported by Amiot et al. [46], who applied 3.4–5.1 g COD, 0.48–0.72 g
TN, and 0.05–0.07 g TP per m2 per day to an SRWC vegetation filter, and reported efficient
removal of pollutants from domestic wastewater during the growing season.

4.2. Willow Growth and Biomass Production

Cutting back is known to stimulate the formation of multiple shoots; however, differ-
ent clones, planting densities, irrigation regimes, available nutrients, and plant age may
result in significantly different numbers and heights of shoots [5,47]. The S. alba clones in
this study developed 12–20 shoots per stump at the end of the 2nd rotation, while Holm
and Heinsoo [5] reported 1.5–7.1 shoots per stump for clones of S. viminalis, S. burjatica,
S. dasyclados, and S. schwerinii irrigated with municipal wastewater in Estonia. In addition,
the willows in the EWS had higher and significantly more shoots compared to the controls,
confirming the positive effects of adequate water and nutrient supply from wastewater.
Although the controls were planted at the edges of the system and had more space avail-
able, they still developed fewer shoots compared to the densely vegetated willows in the
EWS. The reduction in shoot number in the 2nd year of the 2nd rotation might indicate that
in some clones a certain number of shoots becomes dominant and overtakes the growth
while weaker shoots die off. In our study, this was particularly observed for clones ‘V 160’
and ‘V 052’.

The annual biomass production (17–19 and 17–30 t DM ha−1 y−1, for willows aged
2/3 and 2/5, respectively) was in the same range or higher than that reported by Kajba and
Andrić [38] (10–19 and 19–24 t DM ha−1 y−1, for willows aged 2/3 and 2/5, respectively),
who tested biomass production of several clones, including those tested in this study,
under controlled conditions in a nursery in Croatia. Similar biomass production was also
reported by Lachapelle-T. et al. [22], namely, 22–26 t DM ha−1 y−1 for S. miyabeana aged
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1/8, irrigated with wastewater under Canadian humid continental climatic conditions.
However, both studies were conducted at almost the same geographical latitude (45◦51′29”
N and 45◦52′32” N for Canadian and this study, respectively) that confirms the concordance
between the studies, and shows that the latitude and the corresponding total amount of
incoming solar energy might have more impact on biomass production than climate.

Willows in short-rotation plantations usually achieve the highest annual increment
three to four years after planting, and it has been reported that an increase in the 2nd
rotation is 18–62% compared to the 1st rotation [48]. Similarly, in our study, biomass
production in ‘V 093’ and ‘V 052’ increased by 21% and 55% respectively, while there
was no increase in ‘V 160’. In subsequent rotations, the well-established root system
supports the growth of aboveground shoots by providing the stored fixed carbon [27],
thus maintaining the high annual increment.

The well-established root system together with the increased number of shoots also
seems to increase the conversion of wastewater to biomass, as significantly more DM
per m3 of wastewater was produced in the 2nd rotation in all three clones, including
‘V 160’, which had the same total biomass production (34 and 33 t DM ha−1), but produced
2.6 and 5.8 kg DM per m3 of wastewater in the 1st and 2nd rotation, respectively.

The stimulatory effect of wastewater on willow growth can be demonstrated by
comparing the biomass production of willows irrigated with wastewater and control
willows irrigated with fresh water. In this study, control willows received only rainwater
(about 1330 mm per year) and produced 5.5 t DM ha−1 y−1, while biomass yield increased
by 318% in EWS, which is much higher compared to other studies: Börjesson and Berndes
[21] reported a 30–100% increase in wastewater-fertigated willow plantations compared
to rainfed systems in Sweden, and Lachapelle-T. et al. [22] reported an 83–117% increase
compared to S. miyabeana irrigated with potable water under Canadian climatic conditions.
Similarly, Fabio and Smart [49] reported a 61% yield increase in willows irrigated with
municipal waste, sludge, or wastewater, which was even higher than the yield increase
from synthetic fertilizers (48%). This confirms that water is also a limiting factor for
willow growth and that wastewater has a dual stimulating effect—it provides nutrients
and increases water availability. The significantly higher yield increase in our study
demonstrates the increased importance of water availability in the sub-Mediterranean
climate. Despite the high annual precipitation (1330 mm), uneven distribution of rainfall,
high average annual temperatures (13.5 ◦C), high solar radiation and strong winds caused
high evapotranspiration (reference ET0 975 mm) and lower water availability for control
willows, resulting in lower biomass production.

4.3. Fate of Macronutrients

The original soil in EWS was already nutrient-rich before the addition of wastewater.
The P2O5 content of 144 mg in 100 g was far above the target values of fertile soil in
agricultural production (13–25 mg in 100 g), and the organic content of 7% was higher than
the normal organic content (3%) in the surrounding agricultural lands. To our knowledge,
there are no upper limits for available P content in the soil. On the other hand, the values
of K2O were lower (13 mg in 100 g) compared to the target values in agriculture in Slovenia
(20–30 mg in 100 g) [50]. The cation exchange capacity (CEC) was relatively high, as
expected, due to the high content of clay and organic matter. Irrigation with wastewater
caused changes in some soil chemical properties, as is well documented for agricultural
wastewater reuse [51].

Many authors reported that wastewater meets the nutrient requirements of willows
and that P may be present in excessive concentrations [12,20,22]. Thus, N, P and K are
expected to be utilized by willows, while excess amounts are immobilized in the soil and N
can be denitrified and released to the atmosphere in the form of N2. Production of NOX and
N2O in the denitrification process is not expected, due to high concentrations of dissolved
organic carbon applied by wastewater and anoxic conditions in the system.
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4.3.1. Carbon and Organic Matter

The primary treated wastewater applied to the EWS contained mainly organic matter
and fewer inorganic nutrients. Despite significant amounts of organic matter applied to the
EWS (2620–10,640 kg COD ha−1), there was no significant increase in soil organic matter or
organic carbon content, as is consistent with Lachapelle-T et al. [22], indicating the efficient
decomposition of organic matter in the EWS. The C stored in the willow biomass was
derived from the atmosphere. In this study, the C content in dry biomass was equal among
clones and between test and control trees, varying between 473 and 477 mg C kg−1 DM,
which is lower compared to the 502 mg C kg−1 DM reported by Stolarski et al. [52] in S. alba
and the 491–518 mg C kg−1 DM reported by Matthews and Lamlom and Savidge [53,54]
for different willow species. This variability is consistent with the findings of Stolarski
et al. [52] that C content in willows differs according to location and genotype.

4.3.2. Nitrogen

The fertilization of commercial SRWC is usually based on N requirements [49]. Ad-
ditionally, N uptake by willows is an important design parameter for SRWC vegetation
filters [22]. The influence of N uptake by willows was also observed in this study, as the in-
tensive growth of willows in the 2nd season reduced the percentage of total N accumulated
in the soil during the 1st season. Total N applied via wastewater during the 2nd growing
season in this study was 440–540 kg N ha−1, which is in the same range as that reported by
Lachapelle-T et al. [22] (370–580 kg N ha−1). The uptake into woody biomass corresponds
to 35–48% of the total N applied via wastewater, and the rest of the applied N (52–65%) was
stored in roots and leaves or denitrified. The distribution is similar to that of Lachapelle-T
et al. [22], i.e., 18–59% was stored in woody biomass, and 35–70% was accumulated in
soil, roots, and leaves or denitrified. In both studies, the amount of N applied was much
higher compared to the recommended N fertilization in commercial SRWC, which ranges
from 40–180 kg N ha−1 [32,49]; however, N uptake was in the same range: 250–300, 88–260
and up to 311 kg N ha−1 for this study (S. alba aged 2/3), wastewater-irrigated SRWC
(S. viminalis aged 3/3 and S. miyabeana aged 1/8) [17,22], and commercial SRWC (different
species and ages) [49], respectively. Additionally, in this study, N concentrations in the
woody biomass of control (rainfed) and test (wastewater-irrigated) trees of different clones
did not differ significantly. This suggests a universal N uptake capacity of willows regard-
less of climate, N application and/or willow species/clones, and that excess applied N is
subject to denitrification, accumulation in the soil, or leaching in the case of SRWC.

4.3.3. Phosphorus

Despite high P2O5 concentrations in the initial soil, P2O5 concentrations did not
increase during the first two growing seasons in this study. The total P applied via
wastewater in the 2nd growing season was higher in this study (71–86 kg P ha−1) compared
to that in Lachapelle-T et al. [22] (37–58 kg P ha−1), while the percentage of total applied P
incorporated into the woody biomass was similar (31–45% and 18–59% for this and the
Canadian study, respectively) resulting in different P concentrations in the woody biomass:
34–45 and 9–26 kg P ha−1 for this study on S. alba (aged 2/3) and Lachapelle-T et al. [22] on
S. miyabeana (age 1/8), respectively. Again, a different P uptake was reported by Curneen
and Gill [17], namely, 28–35 kg P ha−1 for S. viminalis (aged 3/3). Additionally, in our
study, there was no significant difference in P accumulation between the control (rainfed)
and test (wastewater-irrigated) trees, while ‘V 052’ accumulated more P compared to the
other two clones in EWS. This indicates differences in P uptake between different willow
species/clones. The rest of the applied P was stored in leaves and roots and immobilized in
the soil in a form unavailable to plants. The recommended P application is 24 kg P ha−1 [32],
which is much lower compared to our and similar studies, suggesting that EWS might
accumulate P in the soil during long-term operation. When the soil is saturated, an increase
in P that is available in the soil is expected, as also observed by Lachapelle-T et al. [22].
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4.3.4. Potassium

Potassium is not a basic wastewater parameter and is therefore rarely monitored
in municipal wastewater. Its concentrations in wastewater range from 10–30 mg/L [55],
which in the case of our wastewater load would result in 100–353 kg K ha−1 applied in
the 2nd growing season, which is in the same range or higher than the recommendation
for commercial SRWC, i.e., 120–155 kg K ha−1 [32]. In this study, K2O levels were slightly
elevated in the soil of the EWS, suggesting that the applied wastewater may have met the K
requirement of the willows and excess K was accumulated in the soil. Accumulation of K in
the woody biomass was 70–87 kg K ha−1. According to K concentrations in wastewater as
reported in the literature [55], this would result in 20–80% uptake of applied K into woody
biomass, which is too wide a range to draw any conclusions regarding the distribution
of applied K in the system. However, the accumulation of K in the woody biomass was
much higher than the 21–29 kg K ha−1 reported by Curneen and Gill [17], and lower than
the 85–123 kg K ha−1 reported by Gregersen and Brix [12], suggesting possible differences
between willow species and clones and/or a response to the elevated environmental K
concentrations (loads), as also observed for P but not for N. Similarly, Adegbidi et al. [56]
also reported a significant increase in K and P, but also N in the case of fertilizer application.
Although the applied wastewater appeared to have sufficiently high K concentrations for
the needs of the willows and excess K was accumulated in the soil, the control willows
in this study had significantly higher K content in the woody biomass, questioning the
availability of K in the EWS.

4.3.5. Sulfur

The S content in control and test trees (1.1 to 1.9 mg S kg−1 DM) was much higher
than the 0.57 mg S kg−1 DM determined by Stolarski [57] in shoots of S. alba. The difference
may be due to the different S uptake of different clones of S. alba and the location [52],
suggesting that the studied clones ‘V 093’, ‘V 052’ and ‘V 160’, when grown in a sub-
Mediterranean climate, may emit more SO2 during combustion when used as an energy
crop. On the other hand, they allow a higher uptake of S from wastewater and have better
S recycling potential.

4.3.6. Calcium and Magnesium

Different willow species can accumulate different concentrations of Ca and
Mg [56,58]. In this study, the test trees of ‘V 160’ accumulated more Mg compared to
the other two clones. Since fertilization has been shown not to increase Ca and Mg uptake
in willows [56], the excess of these elements supplied via wastewater can be expected
to accumulate in EWS in the long term. In our study, there was a slight increase in soil
Ca concentration and no apparent changes in Mg concentration, which may indicate an
adequate amount of available Ca and Mg for willow growth. An increase in soil Ca was
also observed by Lachapelle-T et al. [22] when SRWC was irrigated with higher wastewater
loads. Despite the slight increase in soil Ca in the EWS, the test trees had significantly
lower Ca concentrations compared to the control trees. This is consistent with significantly
lower K concentrations in the test trees and a significant increase in Na concentration in
the soil, indicating increasing salinity in a zero-discharge EWS. Salinity can lead to nutrient
deficiencies or disproportions, due to the competition of Na+ with K+ and Ca2+ in the
soil–root system [59]. Increasing salinity in EWS was recognized as a potential problem
already when systems were designed [12]; however, the systems in Denmark have been
operated for more than 20 years with no apparent detrimental effects of salinity on willow
growth or evapotranspiration [13]. According to Gregersen and Brix [12], the electrical
conductivity in EWS beds did not increase during the first two years of operation and did
not show an increase in salinity; however, the results of the current study on soil Na con-
centration and Ca and K uptake indicate that an increase in salinity and nutrient imbalance
can already be observed during the first years of operation. For an efficient EWS operation,
suitable willow species and clones tolerant to increasing salinity need to be selected, and
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more attention should be paid to the response of willows (evapotranspiration, nutrient and
metal uptake) to the combination of long-term flooding and salinity, as the combination of
these two plant stressors is known to be stronger than either stress alone [31].

4.3.7. Removal of Nutrients by Harvesting

Biomass harvesting removes some nutrients from the system, representing nutrient
recovery potential. In the current study, one-third to one-half of the applied N and P was
accumulated in the harvestable woody biomass and the remainder was stored in the soil,
denitrified, or taken up by roots and leaves, as is consistent with Lachapelle-T et al. [22]. This
is a significant amount compared to constructed wetlands as the most common plant-based
wastewater treatment systems. For example, harvesting Phragmites australis in a constructed
wetland can only remove about 4% and 5% of applied N and P, respectively [60]. In SRWC
systems, harvesting is usually done after the leaves have fallen, so the nutrients stored in
the leaves remain on-site and are recycled through decomposition in the topsoil. This inter-
nal nutrient cycling reduces the need for fertilizers. However, to recover more nutrients
from the wastewater in EWS, the biomass could be harvested before leaf abscission. In
addition, the harvesting cycle can significantly affect nutrient removal and nutrient use
efficiency, which also needs to be considered in the operation and management of EWS.
In fact, Adegbidi et al. [56] found that the annual harvest cycle had the lowest nutrient
efficiency and the highest nutrient removal, and suggested this type of cycle for nutrient
phytoremediation in vegetation strips. Similarly, an annual harvest cycle should be consid-
ered for higher nutrient recovery in EWS. Willow woodchips produced in this way can be
used as a soil amendment in agriculture [61] to return nutrients to the food chain.

Despite the high potential for nutrient removal through harvesting, EWS soil may
become saturated with nutrients after a certain period of operation. The nutrient-rich
media can be used as a fertilizer or soil amendment [12], which can also return nutrients to
the food chain; however, the presence of heavy metals and persistent organic pollutants
must be investigated prior to application. By reusing the soil and utilizing the willow
biomass, the material cycle of EWS can be closed.

4.4. Fate of Metals

Concentrations of heavy metals in the woody biomass and soil media can affect the
potential for their reuse. Typical concentrations of heavy metals in municipal wastewater
are expectedly low, ranging from a few to a few hundred µg L−1 [41]; however, heavy
metals showed a slight increase in soil concentrations, due to high wastewater loads and
zero-discharge operation of EWS, which was also observed by Gregersen and Brix [12].
Studies of SRWC irrigated with wastewater or landfill leachate generally do not report
elevated heavy metal concentrations in soil, due to leaching to surrounding water bodies or
to the subsurface [8,35]; however, in the case of EWS, all influent heavy metals are retained
in the system and are available for uptake by willows or accumulate in the soil. As salinity
increases over the long term, the availability and uptake of heavy metals may change and
the accumulation of heavy metals in the soil between years may not be linear.

The response of willows to increased salinity from irrigation with wastewater and
landfill leachate has been reported in many studies [62–64]; however, the effect of salinity
on heavy metal uptake by willows has not been directly investigated. It is known from plant
nutrition research that salinity can affect plant micronutrient concentrations differently,
depending on the plant species and salinity level [59]. In this study, test trees under higher
salinity conditions accumulated less Fe, Mo, Sr, Ba, Ti, and B compared to control trees,
even when these elements were present in the soil at higher concentrations (e.g., Fe and
Mo), indicating a possible competition of these cations with salt ions, particularly Na.

In addition to increasing salinity, the dynamics of heavy metals in EWS are also
affected by waterlogging—during the winter period (low evapotranspiration), influent
wastewater accumulates in the system, leading to soil saturation and anaerobic conditions
that can convert metals such as Fe and Mn to reduced and more soluble forms [31].
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The uptake of heavy metals by willows depends on both heavy metal concentrations in
the soil and willow species and clones [38,65]. In agreement with this, our study found some
significant differences in heavy metal accumulation among clones. In addition, studies on
phytoremediation of heavy metal contaminated soils generally report higher heavy metal
concentrations in the woody biomass of willows in response to higher concentrations in the
adjacent soil. Reports of heavy metal accumulation and uptake in EWS are rare, and report
low concentrations of the heavy metals studied in plant tissues [12].

5. Conclusions

Evaluation of nutrient recovery from primary treated wastewater by a zero-discharge
willow system under a sub-Mediterranean climate was conducted on a pilot EWS, using
three Salix alba clones (‘V 093’, ‘V 052’ and ‘V160’). The growth dynamics and biomass
production of selected clones were investigated. The study showed that S. alba clones
were suitable for use in EWS and produced significantly more biomass when irrigated
with wastewater. ‘V 052’ was the highest, produced the highest number of shoots and had
the highest biomass yield (38–59 t DM ha−1) in both rotations. In addition, ‘V 052’ had
the highest N and P uptake (48 and 45%) from wastewater, and the highest conversion of
wastewater to biomass (8.5 kg DM per m3 of wastewater). The indigenous white willow
clone ‘V 160’ was the shortest and had the lowest biomass yield and wastewater to biomass
conversion. Nevertheless, ‘V 160’ took up more nutrients from wastewater compared
to ‘V 093’. The uptake of N and P from wastewater into harvestable wood biomass was
significant compared to other plant-based wastewater treatment systems, indicating a good
nutrient recovery potential of EWS. Wastewater composition and loading were consistent
with willow nutrient requirements; however, the uptake of macronutrients and metals
may be hindered or altered by increasing salinity caused by EWS zero-discharge operation.
Increased salinity has been noted as increased Na concentration in the soil and woody
biomass, and decreased Ca and K uptake after only two years of operation; however, the
plants in Denmark have been in full operation for 20 years, and to our knowledge there
have been no reports of decreased willow growth, evapotranspiration, or other deleterious
effects that may be caused by increased salinity, indicating the potential adaptability of
Salix spp. that should be further investigated.
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