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Abhishek Mani Tripathi, Eva Pohanková, Milan Fischer, Matěj Orság, Miroslav Trnka, Karel

Klem and Michal V. Marek

The Evaluation of Radiation Use Efficiency and Leaf Area Index Development for the
Estimation of Biomass Accumulation in Short Rotation Poplar and Annual Field Crops
Reprinted from: Forests 2018, 9, 168, doi:10.3390/f9040168 . . . . . . . . . . . . . . . . . . . . . . . 276

Ian McIvor and Valérie Desrochers

Tree Willow Root Growth in Sediments Varying in Texture
Reprinted from: Forests 2019, 10, 517, doi:10.3390/f10060517 . . . . . . . . . . . . . . . . . . . . . 292

vi



About the Special Issue Editors

Ronald S. Zalesny Jr. is a Supervisory Research Plant Geneticist at the USDA Forest Service,

Northern Research Station. He specializes in bioenergy, biomass, ecophysiology, ecosystem services,

forest genetics, intensive forestry, phytotechnologies, and short rotation woody crops.

William L. Headlee is a Forest Biometrician at Weyerhaeuser Co. He specializes in the effects of

genotype, environment, and management on tree/forest growth, stand dynamics, and developing

harvesting schedules for industrial forests.

Raju Y. Soolanayakanahally is a Research Scientist at the Agriculture and Agri-Food Canada,

Saskatoon Research and Development Centre. He specializes in poplar and willow genetic

improvement, agroforestry, ecophysiology, production of bioenergy crops on marginal lands, and

phytoremediation.

Jim Richardson is Technical Director of the Poplar and Willow Council of Canada. He specializes

in poplar and willow production, management and genetic improvement, agroforestry, bioenergy

crops, ecosystem services, and silviculture.

vii





Preface to ”Short Rotation Woody Crop

Production Systems for Ecosystem Services and

Phytotechnologies”

While international efforts in the development of short rotation woody crops (SRWCs)

have historically focused on the production of biomass for bioenergy, biofuels, and bioproducts,

research and deployment over the past decade has expanded to include broader objectives

of achieving multiple ecosystem services. In particular, silvicultural prescriptions developed

for SRWCs have been refined to include woody crop production systems for environmental

benefits such as carbon sequestration, water quality and quantity, and soil health. In addition,

current systems have been expanded beyond traditional fiber production to other environmental

technologies that incorporate SRWCs as vital components for phytotechnologies, urban afforestation,

ecological restoration, and mine reclamation. In this Forests Special Issue titled Short Rotation

Woody Crop Production Systems for Ecosystem Services and Phytotechnologies we explore the broad

range of international current research dedicated to our topic. The issue can be found online at

https://www.mdpi.com/journal/forests/special issues/woody crop production.

There are a total of 18 papers in this book, reprinted from the online Special Issue. Ten of the

papers are from the 2018 Woody Crops International Conference that was held from 22–27 July 2018

throughout Minnesota and Wisconsin, USA (these papers are indicated with an asterisk following

the lead authors’ names below). The remaining 8 manuscripts are open submissions from worldwide

SRWC researchers. The first paper of the book is a Conference Report by Gardiner* et al. that provides

a compilation of abstracts from each of the 38 oral and poster presentations delivered during the

technical program. The conference included technical sessions framed under these topics: Genetics

and Physiology; Phytotechnologies; Stakeholders, Bioproducts, Harvesting and Logistics; Biomass Production;

and Ecosystem Services. To be consistent with this structure, the remaining 17 papers are organized

according to these topic areas, with conference papers listed first and followed by open submissions.

The book includes one paper for Genetics and Physiology from Hu* and Thomas, who tested

the hypothesis that intra-specific breeding of disparate populations of balsam poplar in Alberta and

Québec, Canada, would lead to the expression of hybrid vigour. They also determined the role of

endogenous hormones linked to ecophysiological and growth performance.

Three Phytotechnologies manuscripts are included. Zalesny et al. tested the survival, height

growth, and phytoextraction potential of eight hybrid poplar clones (versus Russian olive) grown

on soils categorized according to low, medium, and high initial salinity levels in North Dakota, USA.

Rogers et al. evaluated how root–shoot allocations related to biomass production and the overall

health of poplar and willow clones grown in soil treatments from landfills in southeastern Wisconsin,

USA. Finally, Mosseler and Major assessed soil properties in relation to foliar concentration of

nutrients and metals in 1-year-old coppice regrowth from willow clones grown at two adjacent coal

mine spoil sites in New Brunswick, Canada. They quantified these growth differences for selection of

superior clones for phytoremediation, biomass production, and land reclamation purposes.

Furthermore, there are 4 papers related to Stakeholders, Bioproducts, Harvesting and Logistics.

Hart* et al. (including an erratum) conducted a qualitative case study and presented results

of an exploratory feasibility investigation based on conversations with agricultural and natural

resources stakeholders in southwestern Washington, USA, which complemented a techno-economic
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modelling of a hypothetical biorefinery near Centralia, Washington, USA. Rockwood* et al. described

eucalyptus’ potential for maximizing SRWC productivity through site amendment and genetic

improvement in Florida, USA; they also documented eucalyptus’ suitability for biochar production

and assessed biochar’s potential for improving soil properties, tree nutrition, and eucalyptus’ growth.

Therasme* et al. evaluated changes in the fuel quality (moisture, ash, and heating value) of stored

spring harvested shrub willow and hybrid poplar chips with respect to pile protection treatments,

location within the storage piles, and length of storage in northern New York, USA.

Biomass Production includes 8 papers. Niemczyk* et al. assessed the potential of tree improvement

through hybridization to enhance aspen productivity in northern Poland, and they investigated the

effects of hybridization on the growth and cellulosic pulp properties for papermaking purposes.

Stanton* et al. evaluated the influence of gains in biomass yield and quality on investment in rapid

propagation techniques that speed the time to commercial deployment of hybrid poplar in the Pacific

Northwest, USA. Ghezehei* et al. documented biomass, biomass allocation, and wood properties

of poplars in relation to growing conditions, physiography, and topography of three physiographic

provinces in North Carolina, USA. In Estonia, Heinsoo and Tali evaluated shoot and root production

of willow grown in hydroponic conditions to test whether this methodology was valid for predicting

early biomass growth. Nissim et al. investigated the effects of genotypes, environments, and their

interactions on the growth and biomass yield of willows in short-rotation coppice (SRC) under

different harvesting cycles (i.e., 2 vs. 3 year rotations) in Québec, Canada. Truax et al. evaluated

planting density and site effects on hybrid poplar productivity and stem dimensions at 8 and 14

years in southern Québec, Canada, as well as how density and site conditions affected biomass

accumulation and carbon stocks in different plantation compartments, biomass partitioning at the

stand-level, soil carbon stocks, and soil nutrient supply rate (after 14 years). Pray et al. tested

whether current inoculation methods with mycorrhizal fungi, coupled with reduced fertilization, can

demonstrate a growth benefit in SRC willows on marginal lands in Québec, Canada. Lastly, Tripathi

et al. evaluated the potential of radiation use efficiency (RUE) and leaf area index (LAI) as indicators

for bioenergy production and responses to changing environmental conditions for hybrid poplar,

barley, wheat, maize, and oilseed rape in the Czech Republic.

The book includes one paper for Ecosystem Services from McIvor* and Desrochers, who

investigated the early root development of willow grown from cuttings in different riverbank

sediments (silt, sand, and stones) in New Zealand.

The aforementioned conference was designed as a forum to enhance information exchange while

also building a platform for developing future collaboration around SRWC production systems. We

believe this book will help move this information exchange forward, using key results to inform

the development of SRWC technologies that enhance ecosystem services, regardless of their end

use. Enjoy.

Ronald S. Zalesny Jr., William L. Headlee, Raju Y. Soolanayakanahally, Jim Richardson

Special Issue Editors
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Abstract: The 2018 Woody Crops International Conference was held from 22 to 27 July 2018
throughout Minnesota and Wisconsin, USA to unite world-leading short rotation woody crop
(SRWC) organizations at a forum designed to enhance information exchange while also building
a platform for developing future collaboration around SRWC production systems. The meeting
included pre-conference and post-conference tours in Minnesota and Wisconsin and technical
sessions in Rhinelander, Wisconsin. Technical sessions were framed under the topics: Genetics
and Physiology, Phytotechnologies, Stakeholders, Bioproducts, Harvesting and Logistics, Biomass
Production, and Ecosystem Services. This Conference Report provides a compilation of abstracts
from each of the 38 oral and poster presentations delivered during the technical program. It should
serve to enhance future discussions among scientists, academicians, regulators, and the general
public relative to sustainable application of SRWC technologies for a multitude of current objectives.

Keywords: Populus L.; Salix L.; biomass production; bioenergy; tree breeding; ecosystem services;
environmental technologies; phyto-technologies; ecological restoration; production systems

1. Preface

International efforts supporting the development of short rotation woody crops (SRWCs) have
historically focused on the production of biomass for bioenergy, biofuels, and bioproducts while
research and deployment over the past decade have expanded to include broader objectives of
achieving multiple ecosystem services [1]. In particular, silvicultural prescriptions developed for
SRWCs have been refined to include woody crop production systems for environmental benefits
such as carbon sequestration, water quality and quantity, and soil health [1]. In addition, current
systems have been expanded beyond traditional fiber production to other environmental technologies
that incorporate SRWCs as vital components for phyto-technologies (e.g., phytoremediation), urban
afforestation, ecological restoration, and mine reclamation [2].

The 2018 Woody Crops International Conference was held from 22 to 27 July 2018 throughout
Minnesota and Wisconsin, USA, under the sponsorship of the Short Rotation Woody Crops Operations

Forests 2018, 9, 693; doi:10.3390/f9110693 www.mdpi.com/journal/forests1
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Working Group, the Poplar and Willow Council of Canada, the International Union of Forest Research
Organizations (IUFRO) Working Party 2.08.04 (Physiology and Genetics of Poplars and Willows),
the IUFRO Working Party 1.03.00 (Short Rotation Forestry), the International Energy Agency Task 43
(Biomass Feedstocks for Energy Markets), and the International Poplar Commission Environmental
and Ecosystem Services Working Party. The goal of the Conference was to unite these world-leading
SRWC organizations at a forum designed to enhance information exchange while also building
a platform for developing future collaboration around SRWC production systems. In particular,
the event consisted of an optional pre-conference tour (22–23 July 2018) that showcased poplar (Populus
spp.) tree improvement in Minnesota, a technical program (23–25 July 2018) held on the campus of
Nicolet College in Rhinelander, Wisconsin, that delivered 38 presentations on current advancements
in science and technologies and an optional post-conference tour (25–27 July 2018) that highlighted
phyto-technology applications in Wisconsin. The technical program began with plenary presentations
from four speakers and continued with five technical sessions and a poster session. Technical sessions
were framed under the topics: Genetics and Physiology, Phyto-technologies, Stakeholders, Bioproducts,
Harvesting and Logistics, Biomass Production, and Ecosystem Services. The conference attracted
accomplished scientists, students, practitioners, business managers, and policy advocates from nine
countries. This conference report provides an abstract of each of the 38 oral and poster presentations
delivered during the technical program. The reader is referred to Appendix A for an index listing
of each presentation title. We hope these efforts will enhance significant future discussions among
scientists, academicians, regulators, and the general public.

2. Summary of Scientific Presentations

2.1. Current Trends and Challenges in North American Poplar Breeding

Thomas, B.R.

Background: Poplar (Populus spp.) breeding in North America, like everywhere, is dependent on
funding and markets. The opportunities afforded by poplars and poplar breeding, however, remain
far greater and more diverse than with conifer programs. As the needs have shifted, so have the
selection traits, while the basics of any breeding, testing, selection, and production remain the same.
Diverse parent populations are costly to maintain and programs are always at the mercy of changing
priorities. In Canada, the number of active programs has diminished while the basic resources are
still in place. Government programs have become the only programs able to maintain long-term
genetic and landrace trials and only such programs have the luxury of conducting the testing that
is required to fully determine if new clones are stable in a given set of environments. Examples of
current poplar breeding and research are presented, which highlights the risks faced to maintain
these programs. In the USA, the number of active poplar and willow (Salix spp.) breeding programs
has also significantly decreased while those that are active have become integrated across much of
the country. The regional nature of programs and poplar adaptability, however, make integrating
programs challenging while the installation of plantations on private land ensures new hybrids with
potential can be deployed and used to their maximum potential for energy, reclamation/restoration,
phytoremediation, or fiber.

Conclusions: Poplar and willow programs are under threat and this primarily means having
the funds and local interest to maintain live plant material in a clone bank or in situ genetics trial.
Markets driving demand for poplar wood and fiber are also often cyclical. Parent material that is
typically of exotic pure species often takes decades to acquire and bring to full flowering production
for breeding and this material is always at risk due to reprioritization, diseases and insects, or simply
neglect. Despite these challenges, poplars remain one of the most flexible timber species available
for the industry (forestry and energy sector), communities, farmers, and individual homeowners.
Collaborative efforts across North America and globally continue to allow us to benefit from the

2



Forests 2018, 9, 693

exchange of genetic material, institutional knowledge, and continued learning about the potential uses
of this fiber including uses as varied as fuelwood from structural building materials to nanocrystals.

2.2. Investigation of Phytoremediation Potential of Poplar and Willow Clones in Serbia: A Review

Pilipović, A.; Orlović, S.; Nikolić, N.; Borišev, M.; Župunski, M.; Arsenov, D. and Kebert, M.

Background: The Institute of Lowland Forestry and Environment (ILFE) at the University of
Novi Sad was established in 1958 as the Poplar Research Institute with the objective of implementing
and improving forestry practices for the production of poplar (Populus spp.) and willow (Salix spp.)
in the Socialist Federal Republic of Yugoslavia. Decades of research and international and national
cooperation resulted in registration and implementation of 16 poplar and 4 willow clones exhibiting
nearly 10-fold increases in biomass compared to 1958 productivity levels. Following contemporary
worldwide trends in research and practice related to poplars and willows, which are collaborations
since the early 2000s with colleagues from the Faculty of Sciences-Department of Biology and Ecology
at the University of Novi Sad have focused on the investigation of phytoremediation potential of
poplar and willow clones from the Institute’s genepool. This resulted in numerous publications and
methods. The objective of this presentation is to review 15 years of research results obtained at the
University of Novi Sad, which are related to phytoremediation using poplars and willows.

Methods: Phytoremediation research has focused on fast-growing trees from two genera (Populus
L. and Salix L.) and three different groups of contaminants (nitrates, heavy metals, and petroleum
hydrocarbons). Poplar clones studied were primarily Populus × canadensis Moench, Populus
deltoides Marsh. and intersectional hybrids while willow clones studied were primarily Salix alba
L., Salix viminalis L., Salix nigra Marsh., and Salix matsudana Koidz. Research was conducted
in the greenhouse with hydroponics and pot experiments and, to a lesser extent, in the field.
Traditional growth variables, physiological variables, morpho-anatomical variables, biochemical
markers, and degradation/extraction efficacy were investigated for various clones.

Results: Research results have shown broad variability in the response of clones relative to their
phytoremediation potential. For example, growth responses ranged from high phytotoxicity to a lack
of growth impacts in the presence of contaminants. Physiological processes were either suppressed
or increased depending upon species and genotype. These responses are often the result of different
metabolic and anatomical changes expressed as genotype × environment interactions.

Conclusions: Results obtained have led to the overall conclusion that there is extensive diversity
among the clones in the Institute’s gene banks. The best performance for phytoremediation of both
heavy metals and organic compounds was shown for P. deltoides clones. The P. × canadensis clones most
commonly used in Europe showed limitations for phyto-extraction due to their anatomical properties.
In contrast, differences among willows were not driven by their species origin. Their potential
for heavy metal phytoremediation, as expressed through high phyto-extraction, was even more
pronounced than that of poplars.

2.3. Potential for the Agricultural Sector to Produce Poplar Wood as Contribution to the Forestry Wood
Industry Chain

Van Acker, J.

Background: The potential of woody biomass production in both volume and quality is key for
the future of the forest-based sector. The balance between wood material use and bioenergy use will
inevitably lead to a higher competition for the same resource and could evolve into a critical shortage.
Vertical integration alongside a better tree and wood quality concept should lead to a more structured
approach for dealing with whether some wood products need to be prioritized and how we could
deal with the substitution of man-made (building) materials that require more energy. Combining the
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production of low energy input wood products with the important option to produce green energy
based on woody biomass is a major challenge for the future.

The wood resource obtained from the fast growing tree species of the genera Populus (poplars) and
Salix (willows) is considered important in order to enable higher production in the future. Selection and
breeding of these deciduous trees has long been a major part of silvicultural and even agricultural
frameworks. Furthermore, in many ways, poplar trees can be considered having a potential as a prime
alternative for softwood species use in engineered wood products. Applications related to biomass
for energy and other end uses that do not require high tree quality should be part of an integrated
approach as well.

For traditional products like plywood, but also for constructional timber, poplars are readily
available. For example, aspen-OSB (Oriented Strand Board) has been an established product
for decades in North America given specific strength and stiffness, which are surely interesting
characteristics. However, the ability to select quality trees with a major impact on production yield
are also an asset. Today, researchers are reassessing the potential of solid timber products using
poplar wood. Dimensional stability and biological durability are improved by using modern wood
modification methods besides traditional treatments. In this respect, both glulam and CLT (cross
laminated timber) show major potential.

Conclusions: Short rotation woody crops are primarily intended for the production of biomass
for energy but can also contribute in the future to an integrated forestry wood industry chain. Both the
production of chips and small trees are options and different new production methods are emerging
partly based on agroforestry. Among the new methods to produce woody biomass, options to
produce chips as well as timber are being assessed in a wide range of agricultural systems. Some are
indicated as polycyclic plantations while others are classified under short rotation agroforestry systems.
These dual-purpose production systems could be an option to provide, in a sustainable way and
based on mid-term strategic decision-making processes, lignocellulosic raw materials for material and
energy use. The use of fast growing poplar for high end-products will also profit from developments
in using hardwoods for construction and several wood modification options.

2.4. Reaching Economic Feasibility of Short Rotation Coppice (SRC) Plantations by Monetizing Ecosystem
Services: Showcasing the Contribution of SRCs to Long Term Ragweed Control in the City of Osijek, Croatia

Kulišić, B.; Fištrek, Ž.; Gantner, R.; Ivezić, V.; Glavaš, H.; Dvoržak, D. and Pohajda, I.

Background: In Europe, biomass for the energy from Short Rotation Coppice (SRC) plantations is
seldom feasible except in unique site-specific cases. If society placed priority and value on ecosystem
services, then SRC plantations would increase in favorability for providing bioenergy feedstock.
Showcasing examples of plantations providing multiple ecosystem services along with monetizing
those services could prove important in moving public opinion. We report the case study of Osijek,
which is a city of 100,000 inhabitants in Northern Croatia, where an interdisciplinary team of experts
investigated planting SRCs for bioenergy as a long-term measure for control and eradication of an
allergen and invasive plant, common ragweed (Ambrosia artemisiifolia L.). The ultimate goal is to
improve living standards of the citizens of Osijek.

Methods: Based on a literature review of ragweed biology and the effectiveness of eradication
trials, an assumption was made that SRC plantations in the outer ring of the town could serve as
wind/pollen barriers and, thus, a long-term hygiene measure at infestation pathways. Based on
local meteorological data, prevailing wind currents for pollen distribution were established and
suitable locations for SRC wind barriers were identified. Our analysis considered the attractiveness of
planting SRC willow (Salix spp.) plantations on agricultural land, public funds spent for short-term
interventions against ragweed, and costs (days of sick leave) to the local economy. Economic models
used in our analysis were based on: (1) a societal interest in planting SRC plantations for long-term
ragweed control that would offset public money invested in the compensation for allergy symptoms
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and (2) opportunities for farmers to change land use from agricultural crop production to SRC
plantations. Net revenues from expected biomass yields for bioenergy markets were assessed to offset
investment costs.

Results: Positioning SRC investments as wind barriers together with net revenues from biomass
for bioenergy illustrated a new perspective on the economics of SRCs. While production of biomass for
bioenergy from SRC plantations was not an attractive option to crop farmers, the addition of ecosystem
services from strategically located planting sites changed investment attractiveness. A high replicability
potential has been identified based on model results for common ragweed distribution, projected
climate change, and expected increased sensitivity of the human population to ragweed pollen.

Conclusions: Biomass for bioenergy is needed to supply the society with renewable carbon.
SRC plantations have demonstrated carbon savings, various ecosystem services, and sustainable
biomass supply. Yet, the feasibility of SRC plantations remains a challenge. Overlapping ecosystem
services with biomass production can yield positive benefits, but interdisciplinary research is needed to
identify and monetize ecosystem services that would have positive economics and high reproducibility.
This case demonstrates viable methods that can be presented to policy makers and the general public
who are not directly familiar with SRC plantings, bioenergy, or ecosystem services.

2.5. Genetic Parameter Estimates for Coppiced Hybrid Poplar Bioenergy Trials

Gantz, C.; Stanton, B.J.; Shuren, R.; Espinoza, J. and Murphy, L.

Background: Selection of highly productive hybrid poplar (Populus spp.) varieties is perhaps
the most cost-efficient way of increasing biomass plantation yields. Genetic parameters such as
clonal repeatability and genetic correlations among different traits obtained from clonal trials are
critical to make informed selection decisions. As part of the Advanced Hardwood Biofuels program
for sustainable bioenergy production, GreenWood Resources established four hybrid poplar clonal
screening trials in Western USA. Trials were established at Hayden, Idaho, and Jefferson, Oregon, in
2012 and at Pilchuck, Washington, and Clarksburg, California in 2013. Our objective was to estimate
genetic parameters for coppiced clonal trials to understand the level of genetic control and relationships
among traits during the coppice cycle. We discuss our work from Jefferson and Hayden in this report.

Methods. Seventy clones were established in clonal trials at Jefferson, Oregon, and Hayden,
Idaho, using a biomass density of 3600 trees per ha. Trials were coppiced two years after planting.
Diameter at breast height, diameter of the largest stem of the stump, and number of stems per stump
were measured three years after coppice. Mean diameter, basal area, and dry matter per stump were
estimated. Specific gravity and moisture content were measured the third year after coppice on the best
twenty clones. Statistical analysis was done using mixed linear models with Proc Mixed in Statistical
Analysis Software (SAS version 9.4, Cary, North Carolina, USA) to estimate variance components.
Clonal repeatability, genetic correlations among traits, and age-age genetic correlations were estimated.
Genetic gains in biomass from selecting the best clones are also reported.

Results: Agronomic traits showed a two to three-fold increase between years one and three after
coppice and a decrease in the number of stems per stump. Clonal repeatability for agronomic traits
were moderate to high at the Jefferson trial. Wood traits repeatability was higher than for agronomic
traits. Genetic correlations among traits were high and positive between diameter related traits, but
negative between the diameter and the number of stems per stump. Specific gravity had a high
negative genetic correlation with wood moisture content. The genetic correlations between age three
and age two after coppice were all high. Important genetic gains in dry matter per tree can be obtained
by selecting the best 10 clones in the trials.

Conclusions: Clonal repeatability at the Jefferson trial indicated that agronomic traits were
under strong genetic control after the second and third coppice seasons. Genetic correlations among
agronomic traits suggested that it would be possible to select clones based on the measurement of the
main stem of each stool. Age-age genetic correlations indicated that it would be possible to reduce
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the selection cycle by selecting after the second growing season instead of waiting for one additional
year. Important genetic gains in dry matter per stump were obtained by selecting the best five clones
at each site.

2.6. Genetic and Environmental Effects on Variability in First-Rotation Shrub Willow Bark and Wood
Elemental Composition

Fabio, E.S. and Smart, L.B.

Background: The elemental composition of woody biomass has important consequences for both
energy conversion processes and agronomic management of nutrient budgets. Elemental ash content
in bark and wood can be problematic for thermal conversion and can decrease pretreatment efficiencies
in liquid fuel conversion. It is assumed that a high bark-to-wood ratio in short-rotation crops like shrub
willow (Salix spp.) will necessarily contribute to high elemental ash content, but little data exists on the
genetic and environmental contributions to elemental composition in willow. In support of previous
research describing variability in biomass composition of shrub willow crops, we sought to evaluate
the contributions of genotype, environment, and their interactions on elemental composition of shrub
willow biomass. Specifically, we tested concentrations of macronutrients and micronutrients as well as
heavy metals in biomass along with export rates across a range of species and growing environments.

Methods: First rotation biomass samples from six genotypes in four yield trial locations were
separated into bark and wood samples, milled and analyzed for C, N, and H by the combustion method,
and, for elemental composition, inductively coupled plasma atomic emission spectroscopy (ICP-AES)
with acid digestion. An additional set of biomass samples for the same six genotypes from an additional
six yield trial locations were milled whole (bark + wood) and analyzed for C, N, H, and elemental
composition, which resulted in 252 total independent observations. Factorial analyses of variance
were conducted separately for each of the 19 elements in bark and wood to assess the influence of
cultivar, the environment, and their interaction. Tukey’s honestly significant difference test was used
to determine significant differences among factor levels. Multivariate principal components analysis
(PCA) bi-plots were used to visualize relationships among elements and growing environments.
Lastly, yield values were combined with biomass elemental concentrations to obtain nutrient harvest
export rates.

Results: There were significant genotypic differences in elemental concentrations especially for
macronutrients and micronutrients. The general trends were that Salix purpurea L. genotypes had
high N, Mg, and Fe concentrations in bark while Salix miyabeana Seemen genotypes had high Ca
concentrations in both bark and wood. Hybrids between these two species displayed intermediate
values in elemental composition, which suggests an additive mode of inheritance for these traits.
Multivariate analyses of the broader suite of biomass samples showed strong environmental effects on
elemental composition, but there were a number of significant genotype × environment interactions.
Nutrient export rates at harvest were largely a function of yield, but some genotypes showed signs of
luxury uptake when N was abundant. Evidence from this study did not support the expectation that
greater bark-to-wood ratios increase total ash content, but rather there are strong genotypic effects on
element deposition in stems.

Conclusions: These results showed important genotype-specific preferences in nutrient uptake,
which will likely need to be addressed through nutrient management plans. Although our test sites
did not include heavy metal contaminated soils, significant genotype × environment interactions
for a number of elements suggest that there may be capacity to exploit existing genetic resources for
improving phytoremediation applications and for the development of effective riparian buffer strips
to reduce excess nutrient export.

6



Forests 2018, 9, 693

2.7. Is Hybrid Vigor Possible in Native Balsam Poplar Breeding?

Hu, Y. and Thomas, B.R.

Background: When two or more species are crossed to produce hybrid progeny, some of them can
be expected to yield growth performance far superior than either parent (i.e., hybrid vigor/heterosis).
To date, there have been few attempts to examine whether hybrid vigor can be achieved by crossing
disparate populations of the same species. Balsam poplar (Populus balsamifera L.) is a transcontinental
tree species in North America ranging from Alaska to Newfoundland. This wide range makes balsam
poplar an ideal species to study intraspecies hybrid vigor as a tool for increasing genetic gain in growth
through increased genetic diversity (i.e., heterozygosity). We tested the hypothesis that intraspecies
breeding of widely spaced populations of balsam poplar would lead to the expression of hybrid vigor
through both field and greenhouse assessments. We determined the role of exogenous hormones
linked to physiological and growth performance.

Methods: In September 2009, three field trials (two in Alberta (AB), Canada (Field 7 and 23),
and one in Quebec (QC), Canada (Field QC)) were established in conjunction with Alberta-Pacific
Forest Industries Inc. (Al-Pac) and Mr. Pierre Périnet (Ministry of Forestry, Quebec). Five male parents
from each province with five female parents from Quebec and four female parents from Alberta were
used for breeding intra-region and inter-region crosses. Based on six-year height and diameter results
from the Alberta field trials, the AB × QC cross type was selected for further study. In 2016, clones
from within this cross-type were grown in a randomized complete block design under near-optimal
greenhouse conditions with families identified as slow and fast growing in cross-type AB × QC to use
extremes for examining the relationship of hormone levels and growth performance of the genotype
and/or family. Diameter and height growth was measured biweekly and gas exchange data were
collected on Day 33 (after transplanting) just prior to harvest. In late June, internode tissue samples
were collected from two to three trees from each cross to analyze for the hormones that included
gibberellic acids (GAs), indole-3-acetic acid (IAA), and abscisic acid (ABA). These hormones have been
shown to play a role in regulating plant growth and will help to elucidate whether hybrid vigor was
correlated with hormone levels and/or linked to photosynthetic performance. All growth data (height,
diameter, stem volume) were analyzed with ANOVA procedures using Statistical Analysis Software
(SAS version 9.4, Cary, North Carolina, USA). Following significant main effects, multiple comparisons
among means were completed by using the Student-Newman-Keuls test. Correlation coefficients (r
or r2) and probability (P) were determined with Pearson’s correlation analysis using the statistical
package in SigmaPlot 13.0 (Systat Software, Inc., Chicago, Illinois, USA). We used α ≤ 0.05 to indicate
the significance of all tests.

Results: Preliminary results indicated that stem volumes calculated from height and diameter
of two-month-old rooted cuttings grown under optimal greenhouse conditions were positively and
significantly correlated with stem volumes of eight-year old field-grown trees (Field 7, R2 = 0.396,
p = 0.012; Field 23, R2 = 0.384, p = 0.014, Field QC, R2 = 0.346, p = 0.021, respectively). Additionally,
hybrid vigor is correlated with hormone levels and linked to photosynthetic performance (i.e.,
R2 = 0.679, p = 0.001) for the greenhouse photosynthesis rate (A) vs. GA19 content (ng g−1 DW).

Conclusions: The project will determine the potential of using disparate, native populations of
balsam poplar to produce superior progeny with enhanced stem growth traits.

2.8. Uncovering the Genetic Architecture of Growth-Defense Tradeoffs in a Foundation Forest Tree Species

Riehl, J.F.; Cole, C.; Morrow, C. and Lindroth, R.

Background: Physiological tradeoffs in plant allocations to growth and defense govern the ecology
and evolution of tree-insect interactions and influence the sustainable production of forests. Despite the
importance of plant defenses to forest health, a fundamental gap remains in our knowledge concerning
genetic architecture of growth-defense trade-offs. Populus L. provides an ideal model system to study
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the underlying genetic architecture of different resource allocation strategies since phenolic defense
compounds (e.g., phenolic glycosides, condensed tannins) are strongly and negatively correlated
with growth. This study aims to identify the genetic architecture underlying variation in key growth
and chemical defense traits that determine growth-defense trade-offs in a foundation forest tree
species (Populus tremuloides Michaux) by using genome-wide association analysis combined with
complementary methods (e.g., multiple marker association analysis, extreme phenotype sampling,
and transcriptomic data).

Methods: A large association mapping common garden of P. tremuloides was established in 2010
with four replicate blocks of genotypes (n = 515) collected from a north-south transect throughout
Wisconsin, USA (WisAsp population). We evaluated a suite of important tree traits (including tree
height and diameter at breast height (DBH), leaf morphology, bud break, and phenolic glycoside
concentrations) between 2014 and 2017. Approximately 45,000 probes were used to perform sequence
capture genotyping of the full WisAsp population via the Illumina HiSeq2000 platform (San Diego,
California, USA), which resulted in the discovery of ~170,000 single nucleotide polymorphisms (SNPs)
used in the genome-wide association (GWA) analyses. Leaf material from a subset of genotypes
with very high or very low levels of phenolic compounds were collected for RNA (ribonucleic acid)
sequencing during the last phenotypic data collection in 2017.

Results: In our preliminary analysis, bud break and phenolic glycosides showed high broad-sense
heritability (H2 = 0.70–0.89) while growth traits (volume, relative growth, leaf morphology) showed low
to moderate heritability (H2 = 0.24–0.49). Traditional single-marker GWA analysis revealed significant
SNPs in only two traits known as the specific leaf area (SLA) (uncharacterized gene putatively involved
in growth regulation) and the spring bud break (three genes involved in cell wall biogenesis and
environmental stress response). Multiple-SNP GWA analysis further elucidated potentially why so
few significant SNPs were identified. Traits with both high and low heritability, bud break, and SLA,
respectively, exhibited a higher amount of variability explained by our SNP set as compared to other
growth and defense traits. This indicated that our SNP set may not have covered portions of the
genome controlling the other highly heritable traits (e.g., phenolic glycosides). However, for all traits,
no more than 40% of the variation explained by our SNP set was attributed to SNPs with larger effects,
which means that these traits were likely controlled by many small-to-moderate effect genes.

Conclusions: From these initial results, we have determined that traditional single-marker GWA
alone is unlikely to provide concrete answers as to what genes underlie important tree traits. Thus,
future association analyses should begin incorporating complementary methods such as multiple-SNP
GWA and expression data (in progress) to help dissect the genetic architecture of important quantitative
tree traits to improve tree breeding and conservation.

2.9. The Great Lakes Restoration Initiative: Reducing Runoff from Landfills in the Great Lakes Basin, USA

Zalesny, R.S., Jr.; Burken, J.G.; Hallett, R.A.; Pilipović, A.; Wiese, A.H.; Rogers, E.R.; Bauer, E.O.;
Buechel, L.; DeBauche, B.S.; Henderson, D.; Peterson, M. and Seegers, R.

Background: Increasing human population growth and associated industrial development since
the 1960s has greatly influenced water quality in the Great Lakes and their watersheds. Closed landfills,
dumps, and similar sites contribute to non-point-source pollution of nearshore health especially given
the potential impacts of runoff and leakage from such sites. Short rotation woody crops such as
poplars (Populus spp.) and willows (Salix spp.) are ideal for phytoremediation (i.e., the direct use of
plants to clean up contaminated soil, sediment, sludge, or groundwater) because they grow quickly,
have extensive root systems, and hydraulic control potential. All of these factors serve as biological
systems that remediate such pollution. The United States Department of Agriculture Forest Service
researchers have developed phyto-recurrent selection, which is a tool for choosing generalist plant
varieties that remediate a broad range of contaminants, or specialist plants that are matched to specific
pollutants. The ability to select varieties across contaminants allows for broad applicability of these
phytoremediation systems. While the science of phytoremediation has undergone rapid growth in the
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last two decades, there is some uncertainty about the efficacy of using existing forests to remediate
liability sites. However, the recent development and patenting of phytoforensic technologies promote
the use of plants not only for remediation but also to delineate polluted sites and to monitor remediation
progress. Phytoforensics is the use of plant sampling as a way to detect and quantify pollutants in the
environment around the plants. Using both phyto-recurrent selection and phytoforensics, the overall
objective of this project is to establish 15 phytoremediation buffer systems throughout the Great Lakes
Basin to reduce untreated runoff from landfills, which mitigates non-point-source pollution impacts
on nearshore health. The objective of this presentation was to describe the landfill runoff reduction
project in the context of the overall Great Lakes Restoration Initiative Program, so as to provide context
for potential collaborations as well as for abstract 2.10 (Hallett et al.), which is a study within the
overall research program. To date, a total of 10 phytoremediation systems have been established,
which included 10,000 trees being planted. During summer 2019, we will establish another 5000 trees
across five more phytoremediation systems.

2.10. Evaluating Poplar Genotypes for Future Success: Can Phyto-Recurrent Selection Assessment Techniques
be Simplified?

Hallett, R.A.; Zalesny, R.S., Jr.; Rogers, E.R.; Wiese, A.H.; DeBauche, B.S.; Bauer, E.O. and Pilipović, A.

Background: Anthropogenic impacts (e.g., runoff from landfills) have been detrimental to water
quality and quantity in the Great Lakes. Phyto-technologies could contribute to reducing these
ecological impacts. Short rotation woody crops such as poplars (Populus spp.) and willows (Salix spp.)
are ideal for these systems given their elevated biomass relative to slower-growing species and their
associated hydraulic control potential. Phyto-recurrent selection is a phyto-technologies method that
is used for genotype selection of generalist varieties that are adapted to broad productivity zones or
specialists that are matched to specific site conditions such as those at landfills impacted from runoff.
We developed phyto-recurrent selection techniques to select poplar and willow genotypes that are
best suited to individual field sites by evaluating performance in the greenhouse using weighted
rank summation indices consisting of height, root number, root dry mass, leaf number, leaf area, leaf
dry mass, and stem dry mass. These variables were selected based on their importance for early
establishment. Our overarching objective was to test whether total biomass during evaluation in the
greenhouse may be an indicator of future success in the field.

Methods: We used three greenhouse phyto-recurrent selection cycles to reduce a base population
of 174 poplar and willow genotypes (cycle 1) to 60 and 24 varieties in cycles 2 and 3, respectively.
To make final genotype selections for planting (i.e., cycle 4) at five landfills along the western shore
of Lake Michigan, we tested whether genotypes differed for the previously mentioned traits when
grown in soil treatments from the five landfills and a commercial potting soil control. For the current
presentation, data from cycle 3 (n = 270) were compared by using stepwise linear regression techniques
to create a simplified model that predicted growth in the greenhouse, which was defined by the
total biomass.

Results: We found that the diameter and total leaf number can be used to predict total biomass
(R2 = 0.82, p < 0.001). In addition, total biomass was significantly correlated with height growth
(r = 0.85, p < 0.001), which is another key factor in rapid establishment.

Conclusions: Diameter and leaf number are easily measured in the greenhouse and may be the
only variables needed to predict success in the field. Future studies will need to establish the broad
scale applicability of this relationship and include field trials and validation.

2.11. Growth of Poplars in Soils Amended with Fibercake Residuals from Paper and Containerboard Production

Rogers, E.R.; Zalesny, R.S., Jr.; Wiese, A. and Benzel, T.

Background: Phyto-technologies that use poplars (Populus spp.) and other woody plants are
commonly implemented to remediate polluted soils and groundwater. In addition to environmental
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clean-up applications, phyto-technologies include the reuse of industrial byproducts. For example,
fiber cake residuals are byproducts from paper and containerboard production that have been used
as amendments to provide nitrogen and other benefits (e.g., increased organic matter content) to
agricultural and forest soils. In this study, we tested early survival and development of poplars
grown in fiber cake residual-amended soil treatments to determine the most effective soil-fiber cake
combinations for future nursery and field production of selected poplar genotypes.

Methods: Fiber cake residuals were obtained from two different Northern Wisconsin, USA sources.
Expera Specialty Solutions (Rhinelander, WI, USA) provided papermaking residuals while Packaging
Corporation of America (PCA) (Tomahawk, WI, USA) provided residuals from containerboard
production. Both residuals were combined primary (wood fiber) and secondary (bacterial biomass)
blended byproducts. The Expera fiber cake was known to release available N while the PCA residual
was known to immobilize N when applied to agricultural sites. Three hybrid poplar genotypes (Populus
deltoides Marsh. × Populus maximowiczii Henry ‘DM114’; Populus × canadensis Moench ‘DN170’; Populus
nigra L. × P. maximowczii ‘NM2’) were grown in a greenhouse for 35 days. Cuttings (12.7 cm long)
were established in eleven soil treatments that included a commercial potting mix control, a nursery
soil collected at the United States Department of Agriculture Forest Service, Rhinelander Experimental
Forest, Rhinelander, WI (site of the future out planting), and nine nursery soil-fiber-cake mixes that
were blended based on expected N uptake of the trees and the Wisconsin Department of Natural
Resources regulations for field N loading. In particular, there were three blends of nursery soil mixed
with Expera residuals and three blends with PCA residuals as well as a three-component blend of
nursery soil + Expera + PCA. Soil concentrations were determined volumetrically and mixed to achieve
application rates of 50, 100, and 200 kg available N ha−1. Analyses followed a split-plot experimental
design with three blocks, 11 soil treatments (whole plots), three clones (subplots), and five trees per
treatment × clone combination.

Results: Trees grown in the 50 kg N ha−1 nursery-Expera blend (A1) had the largest average
height (19.54 cm) and diameter (3.02 mm) among all nursery-fiber-cake treatments. Expera soil
treatments produced the darkest average leaf color overall (2.92 out of 3) and, thus, the healthiest
trees. Trees grown in treatment A2 (100 kg N ha−1 nursery-Expera blend) had the lowest average
above-ground and below-ground biomass (4.26 g and 0.032 g, respectively) while treatment A1 had
the greatest aboveground biomass (4.52 g) and treatment B1 (50 kg N ha−1 nursery-PCA blend) had
the greatest belowground biomass (0.11 g). Treatments B2 (100 kg N ha−1 nursery-PCA blend) and B3
(200 kg N ha−1 nursery-PCA blend) produced trees with the smallest average leaf area (48.95 cm2 and
48.60 cm2, respectively).

Conclusions: Based on preliminary analyses, there is a wide variability in the measured
traits across the differing blends of nursery and fiber cake residuals from both industrial sources.
Further data analyses are being conducted to identify the optimal soil treatments for each genotype.

2.12. Growth and Physiological Responses of Three Poplar Clones Grown on Soils Artificially Contaminated
with Heavy Metals, Diesel Fuel and Herbicides

Pilipović, A.; Zalesny, R.S., Jr.; Orlović, S.; Drekić, M.; Pekeč, S.; Katanić, M. and Poljaković-Pajnik, L.

Background: Land use associated with agricultural practices is often limited by environmental
degradation including soil contamination. Biologically sustainable cleanup methods such as
phytoremediation are needed to rehabilitate such soils for agricultural and forestry production.
Short rotation woody crops such as poplars, cottonwoods, and aspens (Populus spp. and their hybrids)
have proven effective for phytoremediation of a broad spectrum of contaminants, which results in
economic and ecological benefits. The objective of this study was to test the growth and physiological
responses of three different poplar clones grown on soils contaminated with heavy metals, diesel fuel
and herbicides.

Methods: Poplar trees belonging to three clones (Populus deltoides Marsh. ‘Bora’ and ‘PE 19/66’,
and Populus × canadensis Moench ‘Pannonia’) were grown for three years at the Experimental Estate of
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the Institute of Lowland Forestry and Environment, University of Novi Sad (former Poplar Research
Institute), Serbia. Trees were spaced 2.0 × 0.5 m apart, which is consistent with biomass production
plantings throughout Europe. The field was divided into seven plots containing an uncontaminated
control and the following six artificially polluted soil treatments: (1) 10.6 kg Ca ha−1, (2) 183.3 kg
Ni ha−1, (3) 247 kg Cu ha−1, (4) 6667 L diesel fuel ha−1, (5) 1320 g Pendimethalin ha−1, and (6)
236 g Oxyfluorfen ha−1. Net photosynthesis, transpiration, stomatal conductance, and chlorophyll
fluorescence were assessed during the first two vegetation periods while height and diameter were
measured after cessation of growth each year. After the third growing season, plants were harvested
and weighed to assess biomass production.

Results: There were significant differences among clones for growth and biomass production
(p < 0.0001). Treatment with heavy metals affected growth of clones at the beginning of the experiment
but the effects were not significant during the third growing season (p > 0.05). Net photosynthesis,
stomatal conductance, and transpiration were significantly affected by the treatments in the first
growing year for all clones (p < 0.0001) while chlorophyll fluorescence showed fewer differences
between treatments and investigated clones.

Conclusions: Preliminary results showed promise for clones ‘Bora’ and ‘PE 19/66’, which had
5.3 and 7.9 times greater biomass than ‘Pannonia’, respectively, across all soil treatments.
Despite non-significant genotype × treatment interactions at the end of the study, ‘Bora’ and ‘PE
19/66’ grown in all treatment soils exhibited greater biomass than ‘Pannonia’ with trees growing in the
control soils exhibiting 13.8 and 19.6 times greater biomass than ‘Pannonia’, respectively. Unfavorable
and favorable genotype × soil treatment interactions need to be considered along with the applicability
of using ‘Bora’ and ‘PE 19/66’ in larger-scale systems.

2.13. Mitigating Downstream Effects of Excess Soil Phosphorus through Cultivar Selection and Increased
Foliar Resorption

Da Ros, L.M.; Soolanayakanahally, R.Y. and Mansfield, S.D.

Background: Phosphorus is a non-renewable resource pivotal to global food security since it often
limits plant growth and development. Concomitantly, due to its diffuse source run-off from agricultural
land and role in promoting algal growth, phosphorus is also characterized as a pollutant in aquatic
environments. Movement of nutrient contaminants such as phosphorus into riparian ecosystems could
be limited via the widespread planting of Populus L. (poplar) and Salix L. (willow) hybrids on the
agricultural landscape. A comparative study using commercially available high biomass-producing
tree species was performed to: (1) evaluate the natural variation in phosphate uptake, storage, and
resorption in Salicaceae hybrids, (2) recommend promising genotypes for field trials, and (3) identify
current barriers to the efficient phytoremediation of phosphorus-rich sites.

Methods: Multiple greenhouse trials involving 15 genotypes were conducted at the University
of British Columbia Horticulture Greenhouse, Vancouver, British Columbia, Canada. Trees were
grown from cuttings and are exposed to five phosphorus treatments ranging from optimal (0.4 mM P)
to 15× optimal levels (6.3 mM P). Half of the trees were harvested at bud-set after 100 days of
growth while the remaining trees were harvested after autumnal leaf senescence. Phenotypic
differences in phosphorus storage and allocation were analyzed by using inductively coupled
plasma atomic emission spectroscopy (ICP-AES) and high-performance liquid chromatography
(HPLC). Semi-quantitative polymerase chain reaction (SQ-PCR) was used for gene expression analysis.
R version 3.3.2 (R Core Team 2016; https://www.r-project.org/) was used to fit linear mixed-effects
models with the packages lmerTest and nlme. Bland-Altman analysis for the method comparison was
done using the package MethComp.

Results: Toxicity symptoms were not observed in any genotype across the phosphorus treatments.
Species that demonstrated luxury uptake and storage of phosphorus had leaf concentrations
>5 mg P g−1 as opposed to the 3–4 mg P g−1 observed in low or non-accumulating species at optimal
levels of external phosphorus. Phosphorus resorption efficiencies ranged from 0% to 32% for hybrid
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poplar and 35% to 52% for hybrid willow with a high concentration of mobile phosphate remaining in
leaves after senescence.

Conclusions: A high degree of intraspecies and interspecies variation in luxury consumption
and resorption efficiency exists in poplar and willow genotypes. The poplar hybrid genotype ‘Tristis’
(Populus Tristis) is a promising candidate with luxury consumption of phosphate, large root systems,
and the highest resorption efficiency among the poplar. An alternative candidate would be the hybrid
willow genotype ‘AAFC-5’ (Salix discolor Muhlenberg × Salix dasyclados Wimmer) since it has higher
biomass allocation to the stem, which allows for greater phosphorus removal from the site after
coppice and higher phosphorus resorption efficiency. For the efficient-use of poplar and willow in
agro-ecological and phytoremediation applications, improvements in the translocation of phosphate
out of leaves during autumnal senescence would be beneficial.

2.14. Survival and Growth of Poplars and Willows Grown for Phytoremediation of Fertilizer Residues

Zalesny, R.S., Jr. and Bauer, E.O.

Background: Species and hybrids belonging to the genera Populus L. (poplar) and Salix L. (willow)
have been used successfully for phytoremediation of contaminated soils. However, genotypic screening
using phyto-recurrent selection is necessary prior to large-scale deployment because of the broad
amount of variation among and within poplar and willow clones. To identify promising genotypes for
potential use in future phyto-technologies, the objectives of the current study were to: (1) evaluate the
genotypic variability in survival, height, and diameter of poplar and willow clones established on soils
heavily contaminated with nitrate fertilizer residues and (2) assess the genotypic stability in survival
and diameter of selected poplar clones after one and eleven growing seasons.

Methods: We evaluated traits after the first year bud set by testing 27 poplar and 10 willow clones
planted as unrooted cuttings along with 15 poplar clones planted as rooted cuttings. The cuttings were
planted in randomized complete blocks at an agricultural production facility in the Midwestern United
States. After eleven growing seasons and using phyto-recurrent selection, we surveyed survival and a
measured diameter of 27 poplar clones (14 unrooted, 13 rooted) that were selected based on superior
survival and growth throughout plantation development.

Results: There was a broad amount of genotypic variability in survival, height, and diameter
during the establishment. Overall, willow exhibited the greatest survival while poplar had the greatest
height and diameter. At eleven years after planting, superior clones were identified that exhibited an
above-average diameter growth at establishment and rotation-age in which most had stable genotypic
performance over time.

Conclusions: Our results verified that the broad clonal variation among and within poplar and
willow genotypes was an important positive indicator for the potential of long-term phytoremediation
of NO3

−-contaminated soils because the selection is proportional to variation and establishment is
the first requirement for any long-term success of the system. Given the broad range in height and
diameter among genotypes and the ability to select better clones within this variation, our findings
suggest that the selection of specific clones was favorable to genomic groups based on the geographic
location and soil conditions of the site.

2.15. Stakeholder Assessment of the Feasibility of Poplar as a Biomass Feedstock and Ecosystem Services
Provider in Rural Washington, USA

Hart, N.M.; Townsend, P.A.; Chowyuk, A. and Gustafson, R.

Background: Growing poplar (Populus spp.) as an energy crop in southwestern Washington,
USA could also provide ecosystem services for wastewater management and flood control. Models of
poplar growth and land use show that the region has enough suitable land to support a poplar-based
bio-products industry. In addition, the region’s economically depressed rural communities could
benefit from new cropping and industrial production opportunities. Evaluating the feasibility of a
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poplar-based industry requires an understanding of the local social-ecological context and stakeholder
opinions on converting land to poplar. This study was conducted as part of Advanced Hardwood
Biofuels Northwest, a United States Department of Agriculture, National Institute of Food and
Agriculture-funded consortium of university and industry partners developing the framework for
a poplar-based biofuel and bio-based chemical industry in the Pacific Northwest. We conversed
with stakeholders to: (1) capture information about the context of the agricultural landscape in the
study region, (2) identify perceived opportunities and challenges to growing poplar for a bio-products
industry, (3) explore the validity of techno-economic modeling assumptions and ecosystem services
potential, and (4) compile stakeholder questions.

Methods: During the winter of 2018, we conducted 15 in-depth, semi-structured interviews
(30–60 min each), a focus group meeting (90 min), and a short discussion (20 min). The stakeholder
conversations were recorded and then fully transcribed. The transcripts were coded using descriptive
and initial (i.e., open) coding methods to sort the data based on recurrent topics.

Results: Stakeholders expressed a desire for a new economic opportunity that “pencils out”
and were generally optimistic about win-win scenarios for floodplain management (when outside
of riparian restoration buffers). Stakeholders had questions about the business model for farmers,
the inputs and outputs of the biorefinery, and the technical feasibility of growing and harvesting
poplar in the region. They also discussed several salient obstacles to growing poplar for bio-products
such as past failures to profit from poplar production (for pulp/sawlogs), competing land use practices
(for conservation and forage), and limited drivers for alternative wastewater solutions.

Conclusions: A successful poplar-based bio-products industry could meet multiple needs in
rural, Southwestern Washington. Given a credible business model, participants did not think it
would be difficult to find suitable land and secure willing growers. However, landowners require
assurance of turning a profit to convert to poplar and large initial investments (e.g., covering the costs
of bio-refinery construction, harvesting equipment, and poplar farm establishment) would be needed
to start the industry.

2.16. Barriers and Opportunities for Use of Short Rotation Poplar for the Production of Fuels and Chemicals

Townsend, P.A.; Dao, C.; Bura, R. and Gustafson, R.

Background: Poplar (Populus spp.) is widely recognized as excellent feedstock for the production
of bio-based fuels and chemicals. The rapid growth of poplar, ease of fractionation, ample sugar content,
and potential for year round harvesting make it an attractive candidate as a dedicated feedstock
for a bio-refinery. To demonstrate this potential, Advanced Hardwood Biofuels Northwest (AHB)
established four demonstration sites with short-rotation poplar in the Pacific Northwest. To produce
a reliable biomass supply, we envision that poplar tree farms would be harvested approximately
every three years allowing for coppice regeneration. Whole tree harvesting would be enabled by
forage harvesters that cut and chip the poplars in a single pass. The short rotation cycle and use
of biomass from the entire tree that includes wood chips as well as leaves, stems, and bark results
in a poplar feedstock that is quite different from clean poplar chips that have been investigated in
past bioconversion research projects. It is important that the bioconversion of poplar biomass be
thoroughly investigated before commercial short rotation tree farms are established. The objective of
this research is to investigate the bioconversion of whole tree poplar biomass to produce fuels and
chemicals. Specific issues investigated were: (1) the impact of leaves on conversion processes, (2) the
ease of sugar release from different poplar clones, and (3) the efficacy of preprocessing poplar chips to
improve enzymatic hydrolysis and fermentation processes.

Methods: Whole tree poplar biomass harvested at the AHB tree farms were processed at the
University of Washington laboratories by acid catalyzed steam explosion, enzymatic hydrolysis, and
fermentation to ethanol. Liquid and solid phases from each processing step were analyzed to assess
sugar release and fermentation yields.
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Results: Our results show that leafy material had a significant impact on enzymatic hydrolysis
and that poplar leaves would need to be removed either prior, during, or after harvesting to have
reasonable product yields. Differences in sugar release were found between various poplar clones
grown at the same demonstration sites. Moreover, consistent differences in sugar release were observed
even when the same poplar clones were grown at different tree farm locations. More rapidly growing
clones tended to have lower sugar releases. Lastly, we observed whole tree poplar chips with both
inorganic and organic components that should be removed for good sugar release and fermentation
yields. Use of acidic preprocessing, followed by water washing, was more effective than just water
washing of poplar chips to remove detrimental components. Water washing alone, however, resulted in
higher sugar and fermentation yields than was observed with poplar chips that were not preprocessed.

Conclusions: Poplar remains an excellent feedstock for the production of fuels and chemicals.
Different poplar clones have significant differences in their ease of sugar release and this will need to
be investigated further before establishing commercial tree farms. Effective use of whole tree poplar
biomass obtained from trees grown on short-rotation cycles may require some additional processing
steps to increase sugar and final product yields. The potential to extract high value chemicals from
whole tree biomass using preprocessing needs to be investigated further.

2.17. Short Rotation Eucalypts: Opportunities for Bioproducts

Rockwood, D.L.; Ellis, M.F.; He, Z.; Liu, R. and Cave, R.D.

Background: Eucalypts (Eucalyptus spp.) are the world’s most valuable and widely planted
hardwoods (18 million ha in 90 countries) and have numerous potential applications as short rotation
woody crops (SRWC) due to many well understood conversion technologies and several promising
technologies under development. Using experience in Florida, USA, we describe the potential
for eucalypts to maximize SRWC productivity through site amendment and genetic improvement,
document their current energy applications, and assess their potential for short-term and likely
long-term bio-products.

Methods: An intensively cultured eight plus ha demonstration plot of Eucalyptus grandis W. Hill
ex Maiden × Eucalyptus urophylla S.T. Blake cultivar ‘EH1’ was planted in May 2011 on former citrus
beds near Hobe Sound, FL. Plantings were established on two spacings and they were monitored
through harvest in December 2017. In 2012, a Eucalyptus grandis cultivar ‘G2’ was commercially planted
near Ft Pierce, FL along with Corymbia torelliana (F. Muell.) K.D. Hill & L.A.S. Johnson progenies.
Stemwood samples from these and two other species were assessed for biochar characteristics.
Biochar and organic fertilizer treatments applied to a windbreak of E. grandis W. Hill ex Maid.
Cultivars and C. torelliana progenies at the Indian River Research and Education Center (IRREC) in
February 2018 were periodically evaluated through soil, foliage, and tree growth monitoring.

Results: Through 81 months, the ‘EH1’ cultivar was more productive at the nominal 3.05 × 1.22 m
spacing than the 3.05 × 2.13 m spacing (63.6 vs. 57.6 green MT ha−1 year−1). ‘EH1’, C. torelliana,
and ‘G2’, as well as Eucalyptus amplifolia Naudin and live oak (Quercus virginiana Mill.) are suitable
for commercial biochar production in Florida. Soils data from the IRREC biochar test suggest that
biochar greatly enhances the nutrient properties of inherently poor Florida soils and four-month
foliage and growth results document rapid response to the biochar amendment. We also review
other potential Eucalyptus bio-products that may be classified as naturally occurring, generated by
biochemical processes, or as the result of thermochemical processes.

Conclusions: Eucalypts can be very productive when intensively grown as SRWCs.
Biochar produced from Eucalyptus spp. and other species may be a useful soil amendment for
their intensive culture. Many products currently derived from petrochemicals can be produced from
SRWCs and these bio-products have a broad and exciting range of applications for enhancing the
value of SRWCs.
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2.18. Variability of Harvester Performance Depending on Phenotypic Attributes of Short Rotation Willow Crop
in New York, USA

de Souza, D.P.; Volk, T.A. and Eisenbies, M.H.

Background: Fossil fuels remain the dominant energy source despite current environmental,
social, and economic concerns. However, renewable energy sources such as short rotation woody crops
(SRWC) like shrub willow (Salix spp.) have been receiving more attention in recent years. Harvest is
the single largest cost in the production of SRWC, but the systems previously used in North America
have not been optimized for these crops. Contemporary research has focused on the performance of
single pass cut and chip systems and, while there is implicit recognition that crop attributes such as
standing biomass, field size and condition, and operator experience could affect the system, there is
little concrete information about their effects. The objective of this project is to determine if phenotypic
attributes of shrub willow crops in New York State are related to the operating performance of a New
Holland FR9090 (Turin, Italy) forage harvester fitted with a 130FB coppice header.

Methods: The study is based on data collected from a 5-ha harvest conducted in Solvay, New York.
Prior to harvesting, willow characteristics such as height, stem diameter, number of stems, and plant
form were measured. Material capacity (Mg hr−1), field capacity (ha hr−1), standing biomass
(Mg ha−1), and other attributes of the harvest operation were determined.

Results: Despite promising results shown by the FR-series forage harvester in past harvests,
up to 10 percent of woody biomass is not processed by the harvester and remains on the field.
Drop losses (biomass left on the site) were collected after the harvest to determine the amount of
harvestable biomass remaining on site and its relationship with the crop’s phenotypic attributes.
Preliminary results show slight but positive effects of diameter (p ≤ 0.0001), height (p = 0.0002),
and stems > 50 mm ha−1 (p ≤ 0.0001) on material capacity and negative (also slight) effects of stems
ha−1 (p = 0.0359) and yield (p ≤ 0.0001). Additionally, field capacity appears to be slightly and
negatively affected by diameter (p = 0.0119), stems > 50 mm ha−1 (p = 0.0178), yield (p = 0.0009), and
cultivar (p ≤ 0.0001).

Conclusions: This ongoing study will help illuminate the characteristics of willow crops that limit
the harvester’s operation and what plant phenotypes optimize harvester performance and minimize
operating costs.

2.19. Cover Protection Affects Fuel Quality and Natural Drying of Mixed Leaf-On Willow and Poplar
Woodchip Piles

Therasme, O.; Eisenbies, M.H. and Volk, T.A.

Background: Short-rotation woody crops (SRWC), which include shrub willow (Salix spp.),
have the potential to make substantial contributions to the availability of biomass feedstock for the
production of biofuels and bio-products. The objective of this study was to evaluate changes in fuel
quality of stored leaf-on willow and poplar (Populus spp.) chips with respect to the degree of protection,
location within the storage piles, and duration.

Methods: Harvested leaf-on willow and poplar wood chips with moisture content in the range of
42.1% to 49.9% (wet basis) were stored at the State University of New York, College of Environmental
Science and Forestry field station in Tully, New York in piles for five months from May to October 2016.
Three piles contained 25–30 Mg and three piles contained 35–40 Mg of wood chips. Three protection
treatments were randomly assigned within each of the two groups of piles. The unprotected treatment
exposed piles to direct solar radiation and rainfall. The second treatment had canopies covering the
piles to limit direct rainfall. The final treatment had canopies plus a dome aeration system installed
over the piles.

Results: Results indicate that cover protection can play a significant role in reducing and
maintaining low moisture content in wood chip piles. Within 30 days of storage, moisture content in
the core of covered piles decreased to less than 30% and was maintained between 24% to 26% until
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the end of the storage period. Conversely, there was an increase of moisture content in unprotected
piles during the first two months of storage. For the conditions tested, core material (>45 cm deep)
dried faster than shell material (<45 cm deep). The lower heating value, which strongly depends on
the moisture content, was the highest for covered piles at the end of the storage.

Conclusions: Leaf-on SRWC biomass stored in piles created in late spring under climatic
conditions similar to central and northern New York showed differing moisture contents when stored
for more than 60 to 90 days. Overhead protection could be used to preserve or improve the fuel quality
in term of moisture content and heating value.

2.20. Historical Perspective and Evolution of the Short Rotation Woody Crops Program at Rhinelander,
Wisconsin, USA

Isebrands, J.G.

Background: Tree improvement research began in Rhinelander, Wisconsin, USA in 1931 at the
Hugo Sauer Nursery. It was part of the United States Department of Agriculture (USDA) Forest Service,
Lake States Forest Experiment Station’s effort to develop superior planting stock of northern forest
species for reforestation. In 1957, the Northern Institute of Forest Genetics (IFG) was founded at the
present location near the Nursery. Over time, the IFG staff expanded with increased political support
and funding for USDA Forest Service research priorities. The expansion was largely due to significant
accomplishments of IFG scientists. Soon the IFG rose to national and international prominence in
disciplines of radiation biology, ecology, physiology, genetics, and phytoremediation.

In 1966, the IFG became part of the North Central Forest Experiment Station and later became the
Forestry Sciences Laboratory (FSL). There were several building additions as the research program
grew. In 1971, the multidisciplinary Maximum Yield Program was founded under the direction
of David H. Dawson with the goal to maximize wood production to meet growing national needs.
A worldwide oil embargo and energy shortage in 1973–1974 accelerated the need for increasing wood
yields on short rotations for wood and bioenergy. After testing, poplars (Populus spp.) and willows
(Salix spp.) surfaced as promising species because of their rapid growth rate and ease of genetic
improvement and culture. The Program soon became known as the Short Rotation Intensive Culture
research program. Then the United States Department of Energy became a continuing important
funding partner for the research.

There was close collaboration with Canadian scientists from the beginning as well as numerous
university scientists. In the 1980s, global climate change became an international issue as the world
population grew. Poplars and willows became model forest species for studying bioenergy and global
climate change.

Research at the FSL led to the first genetically modified tree in the world, which was a poplar
at Rhinelander. It also led to the establishment of the world’s largest field experiment on carbon
dioxide and tropospheric ozone enrichment of forest trees at the Harshaw Experimental Farm near
Rhinelander. Canadian forest scientists were part of the multidisciplinary team along with numerous
international university scientists.

Conclusions: More recently, the FSL became part of the reorganized Northern Research Station.
Today’s emphasis is on landscape ecology and ecosystem services research such as phytoremediation.
The FSL has a long history of phytoremediation research since the late 1980s. Archiving important
genetic materials for bioenergy and phytoremediation is also a priority. The FSL was renamed the
Institute of Applied Ecosystem Studies to reflect these priorities. Numerous examples of historical
photos, scientific milestones, international awards received, and international meetings held at
Rhinelander are given throughout the presentation.
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2.21. Tree Willow Root Growth in Sediments Varying in Texture

McIvor, I. and Desrochers, V.

Background: Willows (Salix spp.) are used for riverbank stabilization in New Zealand where
they are planted into a range of sediments. River engineers have expressed concern that willow root
systems failing under flood conditions may be weakened by the giant willow aphid (Tuberolachnus
salignus (Gmelin)). However, the river engineers lack sound information on how a ‘normal’ root system
develops in varying river sediments. We investigated the early root development of Salix nigra Marsh.
in sediments typical of the sediments found in New Zealand riverbanks. The sediment types largely
sort on particle size including silt, sand, and stones.

Methods: Cuttings of S. nigra were grown for 10 weeks in layered sediment types in five large
planter boxes established outside. Each box differed in the proportion of silt, sand, and stones (gravel)
with stones layered in the bottom and silt layered on the top in each box. Boxes were kept in ambient
conditions and watered by the overhead sprinkler twice a day. Three, 90-cm long cuttings were planted
to 5 cm off the floor of each box. At 10 weeks, the boxes were disassembled to extract roots and roots
were sorted into diameter classes, according to sediment type and depth. Root length and dry mass
were measured and root length density (RLD) and root mass density (RMD) calculated. Shoot number
and mass were also recorded.

Results: Root development of S. nigra cuttings varied with sediment type, either silt, sand, or
stones. Roots were initiated from the entire length of the cutting in the substrate, but root initials were
concentrated at the bottom and close to the bottom of the cutting. There was substantial root extension
into all three sediments and at all depths. Root length for roots ≥1 mm diameter was greatest for plants
grown in approximately even proportions of silt, sand, and stones and least for plants grown in the
lowest proportions of silt (30%, 20%) and the highest proportions of stones (50%, 70%). Root mass was
greatest for cuttings in the box with the highest proportion of silt. Generally, RMD was highest in the
stones because it was influenced by having the bottom of cuttings located in stones for four of the five
treatments. RMD was highest for roots <1 mm diameter. However, RLD for roots >0.5 mm diameter
was highest in sand while RLD of roots with diameter <0.5 mm was lowest in sand. Roots were
extracted easiest from sand and with the most difficulty from silt.

Conclusions: Roots of S. nigra were least effective in binding sand primarily because of the low
RLD of root <0.5 mm diameter. It is surmised that sand lacks water and nutrients sufficient to sustain
growth of fine roots compared with silt and even stones. RLD for roots >0.5 mm diameter was the
lowest in silt likely due to the greater resistance of the substrate to root penetration or possibly the
greater investment into smaller roots that have stronger absorption capability.

2.22. Environmental Benefits of Shrub Willow as Bioenergy Strips in an Intensively Managed
Agricultural System

Cacho, J.F.; Negri, M.C.; Zumpf, C.R.; Campbell, P.; Quinn, J.J. and Ssegane, H.

Background: Integrating perennial biomass crops into predominantly agricultural landscapes is
gaining interest because of the potential to address sustainability issues in commodity crop production
while providing multiple environmental benefits. This approach takes advantage of intra-field variation
in soil productivity and suitability of second-generation biomass crops with their perennial growth
characteristics and distinct physiological traits (e.g., deep rooting system, greater resiliency to marginal
conditions, etc.). To test the viability of such a system, we are conducting a study in east-central
Illinois where shrub willow (Salix miyabeana Seemen ‘SX61’) was introduced in areas of a 6.5-ha
intensively managed corn (Zea mays L.) field that were considered less productive and/or vulnerable
to environmental degradation (marginal areas). Specifically, we were interested in evaluating (1) the
ability of shrub willow to intercept and utilize leached nutrients (particularly nitrate) from adjacent
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corn and (2) relative influence of shrub willow on other environmental quality indicators including
water quantity, soil health, and greenhouse gas emissions.

Methods: Our research site was established using a randomized blocked design with plots of
shrub willow and corn blocked on lowland floodplains in Comfrey loam soil (fine-loamy, mixed,
superactive, mesic Cumulic Endoaquolls) with 0% to 2% slope (northern or N-plots) and on upland
plains in Symerton silt loam soil (fine-loamy, mixed, superactive, mesic Oxyaquic Argiudolls) with 2%
to 10% slope (southern or S-plots). The N-plots served as a pseudo-control located in fertile, floodplain
soil with limited nitrate leaching. Conversely, the S-plots with higher nitrate leaching were categorized
as marginal areas. Nutrient cycling was assessed by sampling soil, soil water, groundwater, and
vegetation for nutrient loss and uptake. Additionally, biomass, groundwater elevation, soil moisture,
transpiration, and greenhouse gas flux were measured.

Results: Results show that, where the shrub willow was established, annual soil water nitrate
concentrations were reduced by up to 87% as compared to where corn was established. Rates of water
use and soil nutrient utilization in areas under the shrub willow were comparable to areas planted in
corn. Furthermore, soils under shrub willow cover showed subsoil carbon sequestration potential and
nitrous oxide (N2O) emissions were reduced when compared to soils planted in corn.

Conclusions: Our study demonstrates that careful placement of perennial biomass crops such
as shrub willow within intensively managed agricultural fields can provide multiple environmental
benefits in addition to bioenergy feedstock.

2.23. Quantifying the Unknown: The Importance of Field Measurements and Genotype Selection in Mitigating
the Atmospheric Impacts of Poplar Cultivation

Kiel, S.; Potosnak, M.J. and Rosenstiel, T.N.

Background: Many woody crops including Populus (poplar) and Salix (willow) emit significant
quantities of volatile organic carbon (VOCs) especially the reactive hemiterpene isoprene to the
atmosphere. The emission of VOCs from these woody crops play important roles in influencing
regional and local atmospheric chemistry including influencing the formation of ground-level ozone
and secondary organic aerosols. However, despite this knowledge, relatively few field-based studies
have attempted to quantify the magnitude and diversity of VOC emissions from woody crops under
actual field conditions or have evaluated how woody crop genotype selection and the cultivation
method may affect overall VOC emissions. To address this general lack of understanding, the objectives
of the present study were to deploy a novel field-based method to quantify VOC emissions in situ
(relaxed eddy accumulation flux analysis) from a large-scale poplar biomass plantation established
as part of the Advanced Hardwood Biofuels Northwest (AHB) Project. In addition, we evaluated
leaf-scale variation in VOC emission from field-grown poplar genotypes over multiple growing seasons
and we examined the impact of genotype selection on the potential for whole canopy VOC emission
as a consequence of poplar cultivation.

Methods: We evaluated leaf-scale VOC emissions from eleven field-grown bioenergy poplar
genotypes over multiple seasons as part of a large-scale field trial near Jefferson, Oregon, USA.
In addition, we developed and deployed a field-based whole-canopy flux measurement system to
quantify peak summer-time VOC emissions associated with the genotypes of this high-productivity
coppiced poplar system.

Results: There was surprising and significant variation in leaf-level VOC emissions among the
poplar genotypes examined. In addition, using our field-based relaxed eddy accumulation methods,
we have observed some of the largest ecosystem fluxes of isoprene emission to date with whole canopy
surface fluxes in excess of 100 nmol m−2 s−1.

Conclusions: Results from this field-based study suggest that intensive woody crop cultivation
is generally proposed for both poplar and willow and may represent a significant and poorly
characterized, landscape-level source of VOC emissions with potentially significant implications on
regional atmospheric chemistry. However, the observation of significant variation in VOC emissions
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among poplar genotypes suggests that both targeted breeding and genetic engineering may be an
effective strategy for reducing the unintended atmospheric consequences associated with woody
crop cultivation.

2.24. Greenhouse Gas and Energy Balance of Willow Biomass Crops Are Impacted by Prior Land Use and
Distance from End Users

Volk, T.A.; Yang, S.; Fortier, M.-O. and Therasme, O.

Background: Few life cycle assessment (LCA) studies of willow (Salix spp.) biomass crops have
investigated the effects and uncertainty of key parameters, e.g., soil organic carbon (SOC) changes
associated with land use change and transportation distance with a spatially-explicit perspective.

Methods: This study uses a spatial LCA model that incorporates Geographic Information System
(GIS) data in Central and Northern New York, USA to provide specific estimates of greenhouse gas
(GHG) emissions and energy return on investment (EROI) of land use conversion and willow biomass
production with SOC change in the model.

Results: Ninety-two percent of 9718 suitable parcels for willow biomass production had
negative GHG emissions in willow biomass production indicating climate change mitigation potential.
The average life cycle GHG emissions in the region were −126.8 kg CO2eq Mg−1 biomass on cropland
or pasture land and ranged from −53.2 kg to −176.9 kg CO2eq Mg−1 biomass across the region.
However, for grassland converted to willow biomass crops, there was a modeled decrease in SOC
resulting in a slightly positive (27.7 kg CO2eq Mg−1 biomass) GHG balance. Changes in SOC associated
with land use change, willow crop yield and transportation distance had the greatest impact on GHG
emissions. The uncertainty analysis showed large variations of probability distributions of GHG
emissions in the five counties arising from differences in these key parameters. The average EROI of
19.2 was not affected by land use change but was influenced by transportation distance and yield.

Conclusions: The results showed substantial potential to reduce GHG emissions in the region by
growing willow biomass crops as well as the potential to provide a woody biomass feedstock with a
high EROI. Furthermore, these results suggest that willow biomass can serve as a low carbon and high
EROI energy source in other regions of the world with similar infrastructure and soil conditions.

2.25. Growth Patterns and Productivity of Hybrid Aspen Clones in Northern Poland

Niemczyk, M.; Kaliszewski, A.; Wojda, T.; Karwański, M. and Liesebach, M.

Background: Rapid growth and favorable wood properties make aspen (Populus tremula L.)
suitable for production of pulp and paper as well as reconstituted panels and pallets. Thus, plantations
of fast-growing aspen and its hybrids seem to be a promising source of wood for satisfying the
increasing need for wood-based products. In this study, we assessed the potential of tree improvement
to enhance the productivity of aspen and its hybrids in northern Poland.

Methods: We studied a common garden trial that included 15 hybrid aspen clones of Populus
tremula L. × Populus tremuloides Michaux, four hybrid clones of P. tremula × Populus alba L., and one
P. tremula intraspecific cross. Hybrid clones had been crossed and selected in Poland and Germany
and their growth was previously tested in the countries they were bred. For a comparison, clones of P.
tremula plus trees selected in Białowieża Forest were studied. Tree height and diameter at breast height
(DBH) were measured after four, five, six, and seven growing seasons. We calculated tree volume and
the mean annual increment (MAI) for each clone at a given age. Data were analyzed using the Zero
Inflated Generalized Linear Mixed Models (ZI-GLMM). Survival probability was calculated with the
logistic model and the log-ANOVA model was used for trees that survived. Choice of the optimal
model was based on the Akaike Information Criterion (AIC). All statistical analyses were performed
with the Statistical Analysis Software (SAS version 9.4, Cary, North Carolina, USA).

Results: Survival probability for all clones was generally high (0.820 to 0.998). Biometric characteristics
differed noticeably among clones but were significantly greater for all hybrids (inter- and intraspecific
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crosses) compared to pure species. Of the 21 analyzed clones, ‘Białowieża’ as a progeny of pure species
had the poorest growth. In contrast, the clone ‘Wä 13’ (P. tremula × P. tremuloides) showed the highest
DBH, height, volume production, and MAI (25.4 m3 ha−1 year−1) among all studied clones. The mean
estimated stem volume of ‘Wä 13’ at age 7 was 4.6 times greater than pure P. tremula. Overall, significant
clone by year interaction was observed for height and MAI. During the studied period, clones showed
an increasing MAI that progressed over each analysis year.

Conclusions: All hybrid clones performed better than the offspring of pure P. tremula. Results of
this study contribute to our understanding of aspen hybrid vigor (heterosis) and growth patterns.
Experiments with aspen have been rarely completed in Poland. Therefore, our study has important
practical implications since we demonstrated that aspen breeding can result in increased biomass
productivity that could bring significant economic benefit.

2.26. The Economics of Rapid Multiplication of Elite Hybrid Poplar Biomass Varieties: Expediting the Delivery
of Genetic Gains

Stanton, B.J.; Haiby, K.; Shuren, R.; Gantz, C. and Murphy, L.

Background: Poplar (Populus spp.) hybridization is key to advancing biomass yields and
conversion efficiency. Once superior varieties are selected, there is a lag in commercial use while
they are multiplied to scale. Considering the density of bioenergy plantations (3600 stems ha−1) and
the sizable area required for refinery operations, the length of the multiplication period impedes the
expeditious delivery of genetic gains. The purpose of this study was to determine the level of gain
in biomass yield and quality that justifies investment in advanced propagation techniques to speed
the time to commercial deployment. Underlying objectives were: (1) quantify varietal variation in
the efficiency of in vitro micro-propagation and greenhouse hedge and serial propagation and (2)
determine the investment rate of return (IRR) into these propagation techniques at varying levels
of genetic gains in biomass yield and quality throughout a 20-year rotation comprising a two-year
establishment cycle and six three-year coppice cutting cycles.

Methods: Five varieties were studied by using the Finnish Populus × wettsteinii Hämet-Ahti model
of in vitro shoot proliferation [3], which was followed by greenhouse propagation of succulent cuttings.
Micro-cuttings were produced by in vitro culture and used in establishing greenhouse hedges that
were sheared five times for succulent cuttings. Cutting yield and survival at each of the five hedgings
were compared to five successive rounds of serial propagation. Data were analyzed as a 2 × 5 factorial
analysis of variance.

Results: Variation in the time to initiate in in vitro culture (i.e., 26 to 47 days) and in the rate of
laboratory shoot proliferation (i.e., 1.7× to 2.1×) was observed among the five varieties. Analysis of
variance in the yield of succulent cuttings during greenhouse propagation showed that the main effects
and the interaction of the propagation method and the timing of propagation were highly significant.
The production of succulent cuttings during hedge propagation exceeded serial propagation by 72%.
The seasonal effect was also quite strong with succulent cutting yield maximized during the late spring
and the early summer. Economic modeling of returns from investment into the in vitro and greenhouse
propagation system following a 20-year rotation of seven biomass harvests showed that attractive
IRRs between 5% and 12% were achievable when revenues were increased due to: (1) premium
pricing among refineries for improved feedstock that undergoes hydrolysis more cost effectively and
(2) incremental biomass yield. The presentation demonstrated the relative change in IRR per-unit
increases in yield and price.

Conclusions: Tacamahaca inter-specific hybrids adapted well to the Finnish propagation system.
Variation during laboratory and greenhouse propagation can be exploited to improve propagation
efficiency. Ultimately, increases in biomass yield and quality are required to justify investment in
advanced propagation techniques to speed the deployment of elite varieties.
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2.27. The Biomass Production Calculator: A Decision Tool for Hybrid Poplar Feedstock Producers and Investors

Shuren, R.A.; Busby, G. and Stanton, B.J.

Background: GreenWood Resources managed four large-scale hybrid poplar (Populus spp.)
biomass demonstration farms under the United States Department of Agriculture-National Institute
of Food and Agriculture, Agriculture and Food Research Initiative, Coordinated Agriculture
Projects (AFRI CAP) program, Advanced Hardwood Biofuels Northwest (AHB) from 2012 to 2018.
Each demonstration was managed for a five-year rotation comprised of a two-year establishment
cycle and an ensuing three-year coppice cycle during which biomass yields and production activities
and costs were compiled and documented. A principal AHB deliverable is an interactive decision
tool—the biomass production calculator (BPC)—that growers and developers can use in evaluating
hybrid poplar as a renewable energy feedstock crop or as a biomass investment opportunity. The BPC
was also designed as a strategic planning tool to optimize feedstock production economics.

Methods: BPC employs a set of linked Excel worksheets that detail the full range of agronomic
production activities, the costs of land, equipment, labor, chemicals, fuel, and the expense of biomass
harvesting, and transportation. These are integrated with yields and anticipated biomass pricing in
deriving internal rates of return specific to each of the main poplar production regions of the Pacific
Northwest and northern California, USA. The calculator allows users to specify rotation lengths
along with the regularity and duration of the constituent coppice cutting cycles. The frequency of
each production activity, the extent of treated area, types of farming equipment, hours of operation,
and manual labor needs can be tailored to each grower’s situation. Harvesting assumptions are based
on single-pass operations that cut, chip, and transfer biomass to off-loading equipment for farm gate
delivery and reloading into trucks for bio-refinery transport. Yields are taken from actual inventories
of mono-varietal production blocks within each demonstration farm. Users can adjust yields as percent
increases or decreases from regional averages for specific varieties and growing conditions.

Results: Biomass yields of the top performing varieties varied among the four farms from 38 to
66 dry metric tons per ha (DMT ha−1) and averaged 51 DMT ha−1 for the three-year coppice cycle.
The combined costs of crop care and harvesting during the coppice cycle varied between $1904 and
$2835 per ha. Delivered biomass cost for the coppice ranged from $60 to $119 per DMT with higher
prices driven by crop care costs including irrigation at the California site.

Conclusions: The biomass production calculator is a valuable decision tool for organizations
considering the advisability of adopting poplar as a woody energy crop once basic cost information
has been determined. The calculator is used to determine the relative importance of cost components
in optimizing production systems. It can be used nationwide to refine future assessments of biomass
production potential.

2.28. Growth and Yield of Hybrid Poplar Mono-Varietal Production Blocks for Biofuel Production

Espinoza, J.; Shuren, R.; Zerpa, J. and Stanton, B.J.

Background: GreenWood Resources managed large-scale hybrid poplar (Populus spp.) farms
ranging in size from 20 to 38 ha in Idaho, Oregon, California, and Washington, USA to demonstrate
biomass yields, production costs, and harvesting technology in growing renewable feedstocks under
the Advanced Hardwood Biofuel Northwest project (AHB). The purpose of this study was to quantify
biomass yields and associate variation in productivity with leaf area indices for a range of clonal
varieties suited to each of the four regions in which the demonstration farms were established.

Methods: Between seven and eleven mono-varietal production blocks of hybrid varieties were
established at a density of 3588 trees ha−1 for each location. Mono-varietal production blocks
varied from 2 to 4 ha at each farm. Inventory of permanent plots and destructive sampling of 1,
2, and 3-year-old coppice stands were conducted annually for each variety at all four locations.
Yield equations were developed for each variety by least squares regression to predict individual tree
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dry weight from measurements of breast height diameter and tree height. Fertilizers were not applied
during the coppice cycle. The leaf area index (LAI) was measured with a LAI-2200C Plant Canopy
Analyzer (LI-COR, Lincoln, Nebraska, USA) for all varieties during the latter part of the third coppice
season of the second production cycle.

Results: Yield of top-performing hybrid varieties during the three-year coppice production cycle
at the Idaho, Oregon, California, and Washington farms was 15.7, 18.1, 12.9, and 22.2 dry metric tons
per ha per year (DMT ha−1 year−1), respectively. Varieties of the Populus maximowiczii Henry × Populus
deltoides Marsh. taxon predominated at the Oregon farm while Populus × generosa Henry and Populus
trichocarpa Torrey & Gray × Populus nigra L. taxa predominated at the Idaho farm. Top-rated varieties at
the California farm belonged to the Populus × canadensis Moench taxon. Production at the Washington
farm was highest for P. deltoides × P. maximowiczii and P. × generosa varieties. Linear correlations
between yield and LAI consistently exhibited moderately good and positive associations at all four
farms (e.g., r = 0.75–0.89). LAI generally ranged between 3.7 and 5.6. Taxa with the highest LAI were
P. deltoides × P. maximowiczii followed by P. × generosa.

Conclusions: Important differences in biomass production were found among hybrid varieties
at each location with the top-performing clones showing mean annual biomass increments of 13
to 22 DMT ha−1 year−1. LAI exhibited a moderately high correlation with biomass production,
which implies the potential of LAI to predict biomass production and to use as a selection criterion for
highly productive varieties.

2.29. Poplar Productivity as Affected by Physiography and Growing Conditions in the Southeastern USA

Ghezehei, S.B.; Hazel, D.W.; Nichols, E.G. and Maier, C.

Background: Poplars (Populus spp.) have high productivity potential as Short Rotation Woody
Crops (SRWC) provided that site-suitable clones are planted. The Coastal Plain, Piedmont, and Blue
Ridge Mountain physiographic regions make up a significant part of the eastern and the southeastern
USA and the assessment of productivity and adaptability of poplars in these regions provides valuable
information to support successful large-scale implementation of poplar stands. Our objectives were
to examine how the physiography and growing conditions in the Eastern and Southeastern USA can
affect green wood productivity of poplar clones.

Methods: Woody biomasses of four-year-old poplar clones were estimated by using a volume
equation derived by destructively sampling trees obtained from three physiographic regions (Coastal
Plain, Piedmont and Blue Ridge Mountains). Clonal rankings of wood biomass were compared across
growing conditions (including irrigation, marginality of lands) and the three physiographic provinces.

Results: Productivity of poplars varied among sites due to differences in site conditions,
presumably fertility. There were variations in clonal rankings of wood biomass due to physiography
and growing conditions. Changes in wood productivity by poplar due to physiography and growing
conditions were more structured at the genotype level than the clonal level.

Conclusions: Even though clones that showed greater biomass variation to growing conditions
generally belong to the same genotype, clone-level selection could produce greater wood biomass
gains than selection at the genotype-level.

2.30. Hybrid Poplar Stock Type Impacts Height, DBH, and Estimated Total Dry Weight at Eight Years in a
Hybrid Poplar Plantation Network

Hillard, S.C. and Froese, R.E.

Background: There are a number of plantation initiation decisions a potential hybrid poplar
(Populus spp.) producer must decide upon. Major considerations include clone selection as well as
planting stock, which impact initiation costs, growth, and yield. The long-term consequences for the
initial choices of clone and planting stock on productivity are not fully understood. The objectives for
the study were to utilize an eight-year annual growth data set from a hybrid poplar plantation network
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in northern Michigan, USA, to evaluate: (1) tip dieback in the out-planted stock, (2) growth models for
height and diameter at breast height (DBH) using a mixed model approach, (3) performance of the
clone × stock combinations using the growth models, and (4) assess potential financial outlook.

Methods: Eight years of growth data for three plantations of hybrid poplar clones (Populus ×
canadensis Moench ‘DN34’ and Populus nigra L. × Populus maximowiczii Henry ‘NM6’) and three stock
types (poles, rooted stock and cuttings) were utilized to develop mixed effects models describing
height and DBH growth for each stock type and clone combination. Models used nested random effects
for individual tree, site, and treatment type. Planting stock (poles and rooted stock) tip dieback were
evaluated by using mixed models with random effects for treatment type and site. Differences were
tested by using the general linear hypothesis within species while between species differences were
evaluated with t-tests and the Tukey’s honestly significant difference test. The DBH model was used
to inform an allometric model for hybrid poplar biomass and a financial model developed based on
recent economic parameters.

Results: Differences in dieback were significant between clones for rooted stock but not pole stock
and not significant between ‘DN34’ rooted stock and ‘NM6’ pole stock. Cutting stock differences were
not significant in the height models while pole and rooted stock heights showed significant differences
with ‘DN34’ yielding greater growth compared to ‘NM6’ on these sites. All growing stocks showed
significant differences in height yields. DBH models were only significant between cuttings for the
clones, while within the clone, there was no difference in DBH for cuttings and rooted stock. Significant
differences in DBH were found between poles and rooted stock and poles and cuttings within clone.
The estimated productivity of these treatments produced plantations with varying financial outlook
at estimated peak mean annual increment. Overall ‘NM6’ pole stock was the closest to achieving a
positive financial outlook.

Conclusion: This study demonstrates an evaluation of many initial choices available to a potential
grower and how they impact growth as well as financial outlook of the operation. Poles had the most
positive height growth outlook. Due to the high cost of poles, cuttings that showed DBH growth
similar to rooted stock may be a viable option to reduce initiation costs. Efforts to reduce costs of
inputs and harvest as well as increase productivity would improve financial outlook for biomass
production systems.

2.31. Developing Phytoremediation Technology Using Pseudomonas Putida and Poplar for Restoring
Petroleum-Contaminated Sites

Dewayani, A.A.; Zalesny, R.S., Jr.; Jose, S.; Nagel, S.C. and Lin, C.H.

Background: The majority of energy sources used for daily life in Indonesia and the United States
are derived from petroleum and natural gas. There are more than 750 chemicals used for mining
processes and many of these chemicals behave as endocrine disruptors for humans and animals.
The organic pollutants, benzene, toluene, ethylbenzene, and xylene (BTEX) have been found in
contaminated soils and water at and/or near mining sites. Due to the increasing number of petroleum
mining operations and the potential increase of shale gas exploitation, it is necessary to develop a
cost-effective and environmentally-friendly restoration strategy to reduce exposure of the remaining
toxic chemicals into ecosystems. The objective of this study was to develop methods to degrade BTEX
compounds especially toluene by introducing the bacterium degrader Pseudomonas putida into the
rhizosphere of Populus spp. seedlings.

Methods: Pseudomonas putida has the todC1 gene that is responsible for the production of toluene
dioxygenase enzyme, which enables P. putida to use toluene as the sole carbon source and take up
toluene from the soil ecosystem. The P. putida could be introduced to the rhizosphere of poplar
for restoring petroleum-contaminated sites. Solid-phase micro extraction (SPME) followed by gas
chromatography mass spectrometry (GCMS) analyses were used to determine the degradation rates of
toluene by the bacterium in a liquid phase experiment. The persistence of the introduced degraders
was assessed by quantitative real-time polymerase chain reaction (qRT-PCR).
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Results: During the 24-h incubation time, the concentration of toluene in the system was reduced
97% from 412 to 8.7 ppm. Current efforts are to evaluate the persistence of the introduced degraders in
the poplar system and calculate the degradation kinetics of the pollutants.

Conclusions: The overarching outcome of this research is that such methods show the potential
for refinement and application to help protect public health and restore ecological balance at mining
sites in Indonesia, the USA, and other oil producing countries.

2.32. Comparison of Statistical Techniques for Evaluating the Fiber Composition of Early Rotation Pine and
Hardwood Trees for the Production of Cellulose

Foust, A.M. and Headlee, W.L.

Background: With characteristics such as high strength and flexibility, cellulose has garnered
much attention for its potential use in producing nano-material for the biomedical and engineering
fields. Because cellulose naturally occurs in wood, small diameter trees from early rotational thinnings
could be prime source material for nano-cellulose products. Ideal source material for nano-cellulose
production would contain high cellulose and low lignin concentrations to expedite the cellulose
extraction process. The selection process for source material would be assisted by a statistical technique
that employs a single test for differences in recalcitrance rather than separate tests for each fiber
component. The purpose of this study was to determine the fiber composition (i.e., percentage of
nonpolar extracts (NPE), hemicellulose, cellulose, and combined lignin and ash) of small diameter pine
and hardwood trees, compare the results of a single cumulative logit model using ordinal multinomial
regression (OMR) analysis with those of a nested analysis of variance (ANOVA) with type 3 sums of
squares analysis for each fiber component, and to determine if the former could provide a simpler test
for species and spacing effects on overall recalcitrance.

Methods: Tree cores were collected from three different sites that had undergone an early
rotational thinning or were of similar size and age class that would benefit from such a thinning.
Sites include a hardwood spacing trial near Monticello, Arkansas, USA, containing sweetgum
(Liquidambar styraciflua L.) planted at two spacings that underwent two thinning treatments. A loblolly
pine (Pinus taeda L.) spacing study near the University of Arkansas Pine Tree Research Station with
three replications of four spacing arrangements and a study at the University of Arkansas Pine Tree
Research Station with four replications each of three oak species: cherrybark (Quercus pagoda Raf.),
Nuttall (Quercus texana Buckl.), and Shumard (Quercus shumardii Buckl.). The fiber composition of tree
cores from each study was analyzed using the ANKOM 2000 Automated Fiber Analyzer (ANKOM
Technology, Macedon, New York, USA). Results were analyzed cumulatively using OMR analysis and
by individual fiber components using ANOVA.

Results: In general, p-values from most of the OMR analyses for total fiber composition fell within
the range of p-values from the ANOVA analyses for individual fiber components. The only instance
that the OMR p-value did not fall within the span of ANOVA p-values was the spacing effect for the
loblolly pine. There was a significant shift in the fiber composition for the plot within-spacing effect of
the loblolly pine, which indicates differences in fiber composition between plots that may be due to
tree survival differences. There was also a significant change in fiber composition among the three
oak species with cherrybark oak showing a significant difference in fiber composition compared to
Shumard oak.

Conclusions: Fiber composition can be analyzed more efficiently by conducting one OMR analysis
compared to an ANOVA for each individual component. Since the OMR analysis is able to assess
overall recalcitrance, it can more readily track significant shifts in fiber composition in response to
treatment variables and has the added benefit of its confidence intervals being constrained within
values of 0% to 100%. Thus, using the OMR analysis is a more convenient and biologically sound
method for evaluating ideal source material for cellulose production.
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2.33. Freshkills Anthropogenic Succession Study: Phase I: Deer Cafeteria Study

Hallett, R.A.; Piana, M.; Johnson, M.; Simmons, B. and Zalesny, R.S., Jr.

Background: Freshkills Park is an 890-ha public park being built on top of a landfill reclamation
project on Staten Island in New York City, New York, USA. The Freshkills anthropogenic succession
study is a designed experiment that was installed “off cap” but is on top of a “legacy dump.”
The experimental goal is to test three planting palettes for their ability to out compete exotic invasive
plant species and become established on a site with highly disturbed soils.

Methods: Palette 1 included willow (Salix spp.) and poplar (Populus spp.) genotypes selected
using phyto-recurrent selection techniques. Palette 2 included a mix of 18 species of shrubs and trees
selected by the New York City Department of Parks and Recreation for the site. Palette 3 was a 50/50
mix of Palettes 1 and 2. The study area was not fenced and there are 52 white-tailed deer (Odocoileus
virginianus Zimmermann) per km2 on Staten Island. Tree growth and diameter were recorded along
with mortality and deer browse severity.

Results: Early successional species had the highest mortality and were preferentially browsed.
In the spring of the second growing season after planting, there was over 82% mortality on the site.

Conclusions: The process of creating a designed experiment in New York will be described along
with future plans for what will hopefully be a long-term study on how to grow a forest in the city.

2.34. Adapting an Aspen Short Rotation Yield Model to Represent Hybrid Poplar Yield for Regional Hybrid
Poplar Production Estimation

Hillard, S.C. and Froese, R.E.

Background: The upper Great Lakes Region (i.e., Michigan, Minnesota, and Wisconsin, USA)
has abundant underutilized agricultural land that is suitable for hybrid poplar (Populus spp.)
production. Interest in primary woody crop production systems is often hampered by low energy
prices. Equally important, however, is the lack of targeted policies to encourage deployment. Current
regional production estimates could benefit from improvements in scale. Improving the scale of
regional productivity estimates could provide needed context to local legislators, policy makers,
and stakeholders, which reduces barriers to increased production and improves targeted policies.
Hybrid poplar generally lacks specific site index curves and growth and yield models that tie into
remotely-sensed data to estimate productivity. The objectives for this study were to: (1) adapt a short
rotation aspen (Populus tremuloides Michaux) growth and yield model to represent hybrid poplar and
developing a link between aspen site index and hybrid poplar productivity, (2) apply the new growth
model to a regional site index model for aspen, and (3) compare the new regional production estimates
to previous regional productivity estimates.

Methods: Hybrid poplar yield was adapted to estimated aspen yield by tuning an existing aspen
growth and yield model for the Great Lakes Region. Tuning used observed hybrid poplar heights from
a plantation network and modeled aspen heights. Linear regression was used to develop a scaling
function between aspen yield and hybrid poplar yield, which resulted in the development of a link
between aspen site index and poplar biomass. A regional site index model developed for aspen was
used to apply the model to extrapolate predicted hybrid poplar yield across the region. Spatial outputs
were compared to previous regional production estimates via gridded raster outputs.

Results: Linear models linking aspen and hybrid poplar biomass had R2 values ranging from
0.72 to 0.91 with standard errors of 0.03 to 0.10 Mg ha−1. Using a Moderate Resolution Imaging
Spectroradiometer (MODIS) derived site index model for aspen improved resolution of poplar yield
estimates from 32 km, as reported in previous efforts, to 250 m. Model-estimated productivity
for the hybrid poplar clone Populus × canadensis Moench ‘DN34’ ranged from <2 Mg ha−1 year−1

to 9 Mg ha−1 year−1 at age 10 while that of clone Populus nigra L. × Populus maximowiczii Henry
‘NM6’ ranged from <2 Mg ha−1 year−1 to 15 Mg ha−1 year−1 at age 10. For both models, this was
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approximately 5 Mg ha−1 year−1 less on average compared to previous models. The new regional
estimates captured the same longitudinal gradient in productivity found previously and improved
upon more localized yield estimates, which may have been impacted before by data limitations.
Modeled yield estimates were compared to literature values using equivalence tests with no evidence
to reject the null hypothesis of similarity.

Conclusions: The results indicated that an intragenus yield model may be adapted effectively to
represent a species lacking a yield model. This technique can be applied to take advantage of remotely
sensed variables and improve spatial resolution of production estimations. Improving resolution of
estimates is vital for more cost-effective targeting of potentially productive areas, which improves
prospects for short rotation woody crop deployment.

2.35. Potential Biomass Production of Four Cottonwood Clones Planted at Two Densities in the Arkansas River
Valley, USA

Liechty, H.O. and Headlee, W.L.

Background: Eastern cottonwood (Populus deltoides Marsh.) is frequently planted in afforestation
projects on retired agricultural fields in the Arkansas and Mississippi Alluvial Valleys, USA. Interest in
cellulosic bioenergy feedstock production has increased the need to better understand the biomass
production potential of various cottonwood clones grown at high densities with short rotations within
these regions. The purpose of this study was to: (1) assess potential biomass production of four
eastern cottonwood clones (‘S7C20’, ‘S7C8’, ‘S7C4’, ‘F2’) grown on a six-year rotation and (2) evaluate
differences in growth, stem, and crown dimensional characteristics with different planting densities
(8442 and 16,885 trees ha−1).

Methods: Cuttings were planted in eight double rows (0.76 m between rows, 1.83 m between
double rows) on either a 0.46 m or 0.91 m spacing in 2011. This planting design was replicated at three
locations (row lengths of 345 m) in a retired sod farm field adjacent to the Arkansas River levee in
Central Arkansas. In 2016, survival was visually assessed along the six double rows at each of the three
clone, density replications. A total of eight plots (6.4 m long) encompassing the two middle double
rows were located within the three clone, density replications where 75% or more of the planted trees
survived. Each plot include 28 or 56 planted cutting locations depending on the initial establishment
spacing. Diameter at breast height (DBH), total tree height, height to live crown, crown dieback,
and crown class were determined. Tree biomass was determined from DBH and height measurement
using equations developed by Dipesh et al. [4].

Results: Total dry woody biomass accumulation averaged between 26.3 and 65.5 Mg ha−1

(4.38 and 10.91 Mg ha−1 year−1) for the eight clone, density combinations. Mean annual dry wood
production for the highest and lowest establishment densities was 9.78 ± 1.59 and 7.81 ± 1.71 Mg ha−1

year−1, respectively. Production significantly differed between high and low planting densities (10.79
and 4.39 Mg ha−1 year−1) for only the ‘S7C20’ clone. Production was similar among clones except
within the low density treatment where ‘S7C20’ had significantly lower total wood accumulation than
the other three clones. The lower production of the ‘S7C20’ clone at this density treatment appeared to
be related to the site conditions at which the plots were located rather than any inherent survival or
characteristics associated with the clone.

Conclusions: Potential production in this study represented a best case scenario where survival of
the planting stock was optimal. Under these conditions, wood production after six growing seasons
was similar for the four selected clones and two planting densities. Thus, any productivity advantage
associated with higher planting density had dissipated by the sixth year. Rotations of less than six
years may result in higher production rates with the higher planting density relative to the lower
planting density.
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2.36. Growth Performance and Stability of Hybrid Poplar Clones in Simultaneous Tests on Six Sites in
Minnesota, USA

Nelson, N.D.; Berguson, W.E.; McMahon, B.G.; Cai, M. and Buchman, D.

Background: Commercial adoption of poplar (Populus spp.) plantations requires genetic
improvements for increased and consistent yield, disease resistance, and broadened adaptability
across a range of climate and soil types. Genotype × environment interaction (G × E) is a limitation
that relates directly to adaptability, which complicates growth performance testing and reduces
overall genetic gains. The objectives of this study were to: (1) identify clones that are superior
in growth rate, disease resistance, and had acceptable genetic stability and G × E across different
environments as candidates for moving into field tests approximating commercial conditions (i.e.,
yield blocks), (2) investigate clonal stability and G × E of the clones tested, and (3) discover general
principles for understanding, controlling, and using clonal stability and G × E in hybrid poplar genetic
improvement programs.

Methods: Growth, stability, and G × E were investigated for sixty-nine clones after five years
at six agricultural sites in Minnesota, USA. Fifty-three of the clones were Populus deltoides Marsh. ×
Populus nigra L. (D × N) crosses, nine P. deltoides × Populus maximowiczi Henry, and seven other crosses
of which most were previously screened in Minnesota. The experiment was a randomized complete
block design with six blocks within each site and a clone trial, which is part of our sequential breeding
and testing system.

Results: Five-year diameter (DBH) and basal area (BA) at 1.38-m height averaged 93.5 mm
and 72.11 cm2, respectively, over the six sites. DBH site means varied from 79.4 mm to 109.0 mm.
The fastest-growing clone BA was 64% and 49% larger than the mean of the two commercial standards
and the mean of the population, respectively. Clone, clone × site, and error were highly significant
in the analysis of variance (ANOVA). The variance component for clone was over twice that of
clone × site (G × E), which was promising for achieving genetic gains. Clonal rank did not change
among sites. G × E interaction was dominated by relative performance differences of clones on the
different sites with 26% of clones being stable (little change in growth among sites) and 74% unstable.
Stability coefficients of the unstable clones varied over a 99% range. Only 15% of clones were both
stable and fast growing. Seven D × N clones were selected for future testing in yield blocks based on
growth, stability, and disease occurrence.

Conclusions: There was a strong and significant clone effect and it predominated over G × E.
Clone stability and G × E are separate parameters. A collection of clones can be unstable, but exhibit
low variance for stability, which results in low G × E. Most clones we studied were unstable and
stability was widely variable. Selecting clones within the 85th percentile of growth gave an estimated
genetic gain of 53% versus commercial control clones. Continuing large genetic improvements in yield
are expected in further generations of a breeding system like ours that utilizes clonal selection within a
family structure, which captures both additive and non-additive inheritance. Intentionally reducing
G × E does not appear to be a feasible objective for inter-specific poplars in an applied breeding
program i.e., without sacrificing productivity gains. This is because the fastest-growing clones have
large variability in clonal stability and this variation is the driver of G × E.

2.37. Genetic Development, Evaluation, and Outreach for Establishing Hybrid Poplar Biomass Feedstock
Plantations in the Midwestern United States

Nelson, N.D.; Host, G.E.; Lazarus, W. and Reichenbach, M.R.

Background: Hybrid poplar (Populus spp.) represents a promising long-term biomass feedstock
for biofuels and the emerging bioproducts industry with significant potential for improving rural
economies of the Midwestern United States. The economic viability of hybrid poplar is limited,
however, by the current scale of breeding, selection, and testing and varies with shifts in commodity
and petroleum prices and energy policies. Commercial adoption of poplar plantations requires genetic
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improvements for increased and consistent yield, disease resistance, and broadened adaptability
across a range of climate and soil types. This project, commencing in 2018, leverages the extensive
collection of Populus genetic material developed over several decades at the University of Minnesota
Duluth-Natural Resources Research Institute to produce the next generation of genotypes for the
Midwest, which is an epicenter for anticipated large-scale adoption of poplar culture. Specifically, we
will test the hypothesis based on a preceding test in Indiana, that Populus inter-specific parentages
incorporating Populus deltoides Marsh. originating from southern Minnesota and Populus nigra L. from
a pan-European collection. Both species screened in northern Minnesota will provide fast growth and
acceptable genotype × environment interaction (G × E) for sites as far south as southern Indiana.
This will be accomplished by: (1) selecting promising genotypes based on our past breeding and field
trials from a 500+ clone germplasm bank, (2) establishing replicated clonal field trials in Minnesota,
Iowa, and Indiana, (3) annually monitoring survival, growth, and disease resistance, and (4) assessing G
× E to identify broadly adapted clones. Ancillary novel experiments will test whether: (1) within-clone
variation within sites can be used to predict G × E among sites and (2) nitrogen fertilization changes
clonal rankings and G × E. The genetics component will be complemented by an assessment, which is
closely linked to the genetics results of economic trade-offs between poplar versus other commodity
production and integrated into regional Extension outreach programs. An Extension innovation will
be the targeting of emerging bioenergy and bioproducts companies who may be seeking a captive
biomass source from a dedicated energy crop on agricultural land.

Conclusions: This project will focus on the economically-viable deployment of improved poplar
clones across the Midwest. Fundamental project outcomes are quantified genetic advances to improve
the economics of poplar feedstock plantations and reduced production and investment risk for farmers
and industry stakeholders.

2.38. Citizen Science in the Greenhouse: A Phytoremediation Case Study

Rogers, E.R.; Zalesny, R.S., Jr.; Hallett, R.A. and Westphal, L.M.

Background: Phyto-recurrent selection has been implemented for over a decade to determine
superior Salix and Populus genotypes for field-scale phytotechnologies. Citizen science is the collection
of data by scientifically-trained members of the general population. This study compares data collected
by different citizen science cohorts and experts to determine the potential for citizen scientists to
help with the phyto-recurrent selection process. The primary goals of this research were to: (1)
assess the similarity of citizen-collected data compared with expert-collected data and (2) evaluate
the effectiveness of a specifically-designed tree health rubric in collecting accurate phyto-recurrent
selection data.

Methods: Three groups of eight citizens (high school students, science teachers, and young
professionals) collected tree health data on 48, 49-day-old Populus and Salix trees. One group of eight
experts also collected tree health data on the same trees. The trees were grown in six soils (five landfill
soils and on control soil) in a greenhouse in Rhinelander, Wisconsin, USA. A health rubric developed
for urban afforestation projects was adapted for the current study. Assessment variables were: height,
diameter, leaf count, discoloration, and live crown ratio. Each group received the same training session
on how to use the rubric and how to collect data. Comparisons were made assuming an acceptable
range of accuracy of 10%.

Results: The citizen-collected averages for height, diameter, leaf count, and live crown ratio were
all within 7% of the corresponding averages from the expert-collected data. The greatest variability
occurred in the diameter average reported by the science teacher and student groups. The averages
were 6.53% larger (Salix) and 5.02% larger (Populus) than that of the expert group, respectively. The least
variability occurred in the average live crown ratio in which all citizen groups were within 2.53% of
the expert group’s average.
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Conclusions: From these results, citizen-collected data were within an acceptable range of accuracy
when compared to expert-collected data, which indicates that citizen scientists could play a valuable
role in the evaluation of genotypes to predict future success when planted in the field.
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Appendix A

Table A1. List of presentations delivered at the 2018 Woody Crops International Conference,
Rhinelander, Wisconsin, USA, 22–27 July 2018.

1. Current Trends and Challenges in North American Poplar Breeding

2. Investigation of Phytoremediation Potential of Poplar and Willow Clones in Serbia: A Review

3. Potential for the Agricultural Sector to Produce Poplar Wood as Contribution to the Forestry Wood Industry Chain

4. Reaching Economic Feasibility of Short Rotation Coppice (SRC) Plantations by Monetizing Ecosystem Services: Showcasing the
Contribution of SRCs to Long Term Ragweed Control in the City of Osijek, Croatia

5. Genetic Parameter Estimates for Coppiced Hybrid Poplar Bioenergy Trials

6. Genetic and Environmental Effects on Variability in First-rotation Shrub Willow Bark and Wood Elemental Composition

7. Is Hybrid Vigor Possible in Native Balsam Poplar Breeding?

8. Uncovering the Genetic Architecture of Growth-defense Tradeoffs in a Foundation Forest Tree Species

9. The Great Lakes Restoration Initiative: Reducing Runoff from Landfills in the Great Lakes Basin, USA

10. Evaluating Poplar Genotypes for Future Success: Can Phyto-Recurrent Selection Assessment Techniques be Simplified?

11. Growth of Poplars in Soils Amended with Fiber Cake Residuals from Paper and Containerboard Production

12. Growth and Physiological Responses of Three Poplar Clones Grown on Soils Artificially Contaminated with Heavy Metals,
Diesel Fuel and Herbicides

13. Mitigating Downstream Effects of Excess Soil Phosphorus through Cultivar Selection and Increased Foliar Resorption

14. Survival and Growth of Poplars and Willows Grown for Phytoremediation of Fertilizer Residues

15. Stakeholder Assessment of the Feasibility of Poplar as a Biomass Feedstock and Ecosystem Services Provider in Rural
Washington, USA

16. Barriers and Opportunities for use of Short Rotation Poplar for the Production of Fuels and Chemicals

17. Short Rotation Eucalypts: Opportunities for Bio-Products

18. Variability of Harvester Performance Depending on Phenotypic Attributes of Short Rotation Willow Crop in New York, USA

19. Cover Protection Affects Fuel Quality and Natural Drying of Mixed Leaf-On Willow and Poplar Woodchip Piles

20. Historical Perspective and Evolution of the Short Rotation Woody Crops Program at Rhinelander, Wisconsin, USA

21. Tree Willow Root Growth in Sediments Varying in Texture

22. Environmental Benefits of Shrub Willow as Bioenergy Strips in an Intensively Managed Agricultural System

23. Quantifying the Unknown: The Importance of Field Measurements and Genotype Selection in Mitigating the Atmospheric
Impacts of Poplar Cultivation

24. Greenhouse Gas and Energy Balance of Willow Biomass Crops are Impacted by Prior Land Use and Distance From End Users

25. Growth Patterns and Productivity of Hybrid Aspen Clones in Northern Poland

26. The Economics of Rapid Multiplication of Elite Hybrid Poplar Biomass Varieties: Expediting the Delivery of Genetic Gains

27. The Biomass Production Calculator: A Decision Tool for Hybrid Poplar Feedstock Producers and Investors

28. Growth and Yield of Hybrid Poplar Mono-Varietal Production Blocks for Biofuel Production

29. Poplar Productivity as Affected by Physiography and Growing Conditions in the Southeastern USA

30. Hybrid Poplar Stock Type Impacts Height, DBH, and Estimated Total Dry Weight at Eight Years in A Hybrid Poplar
Plantation Network

31. Developing Phytoremediation Technology Using Pseudomonas putida and Poplar for Restoring Petroleum-Contaminated Sites

32. Comparison of Statistical Techniques for Evaluating Fiber Composition of Early Rotation Pine and Hardwood Trees for the
Production of Cellulose

33. Freshkills Anthropogenic Succession Study: Phase I: Deer Cafeteria Study

34. Adapting An Aspen Short Rotation Yield Model to Represent Hybrid Poplar Yield for Regional Hybrid Poplar
Production Estimation

35. Potential Biomass Production of Four Cottonwood Clones Planted at Two Densities in the Arkansas River Valley, USA

36. Growth Performance and Stability of Hybrid Poplar Clones in Simultaneous Tests on Six Sites in Minnesota, USA

37. Genetic Development, Evaluation, and Outreach for Establishing Hybrid Poplar Biomass Feedstock Plantations in the
Midwestern United States

38. Citizen Science in the Greenhouse: A Phytoremediation Case Study
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Abstract: Balsam poplar (Populus balsamifera L.) is a transcontinental tree species in North America,
making it an ideal species to study intra-specific hybrid vigour as a tool for increasing genetic gain
in growth. We tested the hypothesis that intra-specific breeding of disparate populations of balsam
poplar would lead to the expression of hybrid vigour and we determined the role of endogenous
hormones linked to ecophysiological and growth performance. In September 2009, three field trials
were established in Canada (two in Alberta (AB), i.e., Fields AB1 and AB2, and one in Quebec (QC),
i.e., Field QC1) in conjunction with Alberta-Pacific Forest Industries Inc. and the Ministry of Forests,
Wildlife and Parks, Quebec. Five male parents from each province as well as five female parents from
QC and four female parents from AB were used for breeding intra-regional and inter-regional crosses.
Based on a significant difference at year six for height and diameter, from the AB1 and AB2 field
trials, the AB × QC cross-type was selected for further study. Cuttings from the AB × QC cross-type
were grown in a randomized complete block design under near-optimal greenhouse conditions.
Families were identified as slow- or fast-growing, and the relationship between hormone levels and
growth performance of the genotypes within the families were examined. In late June, after 34 days
of growth, internode tissue samples collected from each progeny were analyzed for gibberellic acids,
indole-3-acetic acid, and abscisic acid content. Stem volume of two-month-old rooted cuttings,
grown under optimal greenhouse conditions, was positively and significantly correlated with the
photosynthetic rate, greenhouse growth, and stem volume of 8-year-old field-grown trees (Fields AB1
values: r = 0.629 and p = 0.012; AB2 values: r = 0.619 and p = 0.014, and QC1 values: r = 0.588 and
p = 0.021, respectively). We determined that disparate and native populations of balsam poplar can
be bred to produce superior progeny with enhanced stem growth traits.

Keywords: balsam poplar; disparate populations; hybrid vigour; plant physiology

1. Introduction

Heterosis, or hybrid vigour, refers to the phenomenon in which hybrids outperform their parents
in yield, biomass, biotic and abiotic stress tolerance, or other traits [1]. Hybrid vigour, typically
achieved through the controlled crossing of two species, or pure genetic lines of the same species,
has long been exploited in agriculture [2–4] and in some tree species including Populus [5]. For poplars,
including the aspens, two or more species are typically crossed to produce hybrid progeny, some of
which can be expected to yield growth performance far superior than either parent (i.e., hybrid vigour
or heterosis). Balsam poplar (Populus balsamifera L.) is a transcontinental species in North America
ranging from Alaska to Newfoundland [6]. This species occupies a wide range of climatic and site
conditions and often grows in mixed stands with conifers or other broadleaf trees, contributing to stand
and landscape level diversity [6]. This wide range makes it an ideal species to study within-species
hybrid vigour as a tool for increasing genetic gain in volume for a given population and rotation
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age [7,8]. Because of the clonal nature of this species and its ease of propagation from cuttings, any
volume gain achieved through hybrid vigour can be rapidly exploited in a tree improvement program
through cloning the superior individuals [9].

Knowledge regarding the physiological basis of heterosis is sporadic and has mainly focused on
specific traits, such as freezing tolerance in Arabidopsis [10]. In addition, however, there have also been
studies on the role of gibberellic acids (GAs) in the regulation of heterosis (e.g., [11]). The majority
of GA metabolism genes in various plant species have been identified and characterized [12,13].
Gibberellins, a group of tetracyclic diterpenoid compounds, function as plant hormones that play
an important role in the regulation of many aspects of plant growth and development, such as seed
germination, stem elongation, leaf expansion, flower and fruit development, and wood formation [14].
Gibberellins residing in three different cellular compartments (plastid, endoplasmic reticulum, and
cytoplasm), being synthesized via the terpenoid pathway, require terpene synthase (TPSs), cytochrome
P450 mono-oxygenase (P450s), and 2-oxoglutarate dependent dehydrogenase (2 ODDs) for the
biosynthesis of bioactive GA from geranylgeranyl diphosphate (GGDP) in plants [15]. The GA
20-oxidases (GA20ox) and GA 3-oxidases (GA3ox) convert the early GA structures (GA12 or GA53) to
the growth-active structures, GA4 and GA1, via the early non-13 hydroxylation pathway (leading to
GA4) and the early 13-hydroxylation pathway (leading to GA1), respectively [11]. The inactivation
of these growth-activating GAs and many of their early precursors is achieved by GA 2-oxidases
(GA2ox) [16].

Recent work in rice has revealed evidence that endogenous gibberellins play a key role regulating
heterosis [11]. Moreover, Rood et al. [17] analyzed the differences in responsiveness to the exogenous
application of GA3 and endogenous levels of GAs between F1 hybrids and their inbred parents of
diallele combinations in maize (Zea mays). They concluded that the increased endogenous concentration
of GA in the hybrids could provide a phytohormone basis for heterosis for shoot growth. Additionally,
Park et al. [14] compared the growth of young conifer seedlings under optimal conditions with the
field performance of the same seedlings via a retrospective approach and found that endogenous GA
levels may explain much of the natural variation seen in tree stem size in even-aged pine forests.

Indole-3-acetic acid (IAA), the most common plant hormone of the auxin class, has been linked to
tree stem radial growth both for conifers [18] and deciduous trees [19]. IAA regulates various aspects
of plant growth and development and acts as a positional signal that controls cambial growth rate
by regulating the radial number of dividing cells in the cambial meristem, which is an important
component in determining cambial growth rate [20]. Overall, IAA promotes cell division, elongation,
and differentiation, whereas abscisic acid (ABA) regulates IAA biosynthesis and activity [21]. Abscisic
acid, a sesquiterpene, plays an important role in seed development and maturation and induces
dormancy in buds, underground stem, and seeds [22]. ABA is also called a stress hormone because the
production of hormones is stimulated by drought, water logging, and other adverse environmental
conditions by regulating stomatal closure, inducing the expression of stress responsive genes and the
accumulation of osmo-compatible solutes [23].
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In order to test the role of endogenous hormones including links to physiological and growth
performance in balsam poplar produced from breeding disparate populations, a greenhouse study was
designed to grow progeny from selected families under near-optimal growing conditions. The stem
tissue was harvested, prior to any senescence or corresponding hormone degradation, for GA, IAA,
and ABA analysis in order to examine whether there is a causal relationship between hormone
concentration in the elongating stem (internodes) tissue and growth rate of the vegetatively propagated
progeny from selected families of balsam poplar.

2. Materials and Methods

2.1. Selection of Families and Progeny

In order to test the hypothesis that within-species breeding will lead to the expression of hybrid
vigour, a series of controlled crosses were completed including local × local and local × distant
parental types from both Alberta (AB) and Quebec (QC) sources of balsam poplar. Five male parents
from each province (Abitibi, QC and Athabasca, AB regions) as well as five female parents from QC
and four female parents from AB were used for breeding, both for within-region and between-region
crosses. Parent trees were identified in AB and QC and bred in the winter of 2005, the seedlings were
grown in stool-beds, and cuttings were taken to establish three field trials in September 2009. In each
field trial trees were planted in 4-tree family plots, with 10 blocks at a 2.5 × 2.5 m spacing on two sites
(Fields AB1 and AB2) in AB (Alberta-Pacific Forest Industries Inc. (Al-Pac) millsite, 54◦ N, 112◦ W,
575 m, mean annual precipitation of 458 mm [24]), and a single site (Field QC1) in QC located at
Trécesson, (48◦ N, 78◦ W, 348 m, mean annual precipitation of 890 mm [25]). The crosses produced a
total of 33 families of AB × AB, AB × QC, QC × AB, and QC × QC cross-types, respectively. Each
progeny from each family is represented once in each trial across the 10 blocks. In summer 2016,
a greenhouse trial using families identified as slow- and fast-growing in cross-type AB × QC were
selected in order to use extremes of performance for examining the relationship between hormone
levels and growth performance of the selected genotypes within specific families.

Stem volumes were calculated using the 6-year-old tree data from AB1 and AB2 field sites.
The relationship between individual progeny and stem volume for the AB × QC cross-types was
then plotted (Figure 1). Across the eight families in this cross-type, there were distinctly different
patterns of stem volume in the progeny. Three groups with three progeny per family were selected as
follows: (1) a fast-growing (FG) group (families AP5396, AP5402, and AP 5416); (2) a slow-growing
(SG) group (families AP5401, AP5411, and AP5414); and (3) three slow-growing progeny selected
from the fast-growing families (SFG) (families AP5396, AP5402, and AP 5416). The selection of these
progeny and families allowed for the following comparisons: slow-growing vs. fast-growing within
the same family group, and slow-growing vs. slow-growing between different family groups. In total,
27 individual progeny were selected for study within each family and group type within the AB × QC
cross-type (Table 1).
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Figure 1. Mean stem volumes (cm3) (+SE) for 6-year-old Alberta × Quebec cross-type families grown
at two Alberta sites (AB1 and AB2). Significant differences between family means are indicated by
different letters at p ≤ 0.05.

Table 1. Family codes, and selected progeny for each group type, fast-growing (FG), slow-growing
(SG), and slow fast-growing (SFG), based on 6-year-old growth from two field sites (AB1 and AB2).

Family
Fast-Growing

Progeny
Group

(Fast-Growing (FG))
Slow-Growing

Progeny

Group (Slow-Growing in Fast-
Growing Group (SFG) or

Slow-Growing (SG) Group)

AP5396 147071 FG 147043 SFG
147083 FG 147051 SFG
147072 FG 147041 SFG

AP5401 178092 SG
178073 SG
178104 SG

AP5402 180071 FG 180093 SFG
180103 FG 180063 SFG
180081 FG 180094 SFG

AP5411 255081 SG
255011 SG
255102 SG

AP5414 270051 SG
270101 SG
270061 SG

AP5416 272084 FG 272024 SFG
272102 FG 272071 SFG
272091 FG 272023 SFG
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2.2. Greenhouse Propagation

Dormant branch cuttings that were 40–50 cm long were collected on March 31, 2016 from the
selected 27 progeny located in the AB1 field at the Al-Pac mill site, placed in black plastic bags and
stored in the freezer for eight days at −4 ◦C, until the greenhouse experiment started. Cuttings were
soaked in cold water for two days at room temperature in the lab without the use of any additional
rooting hormone [26], with water replaced daily with fresh cold water. On April 11, eight stem cuttings
6–9 cm long with a minimum of two buds for each of the 27 progeny were rooted in Format 360 Hillsons
Rootrainers trays (Beaver Plastics Ltd., Acheson, AB, Canada) filled with Sunshine Mix #3 (Sun Gro
Horticulture, Vancouver, BC, Canada). Budburst was scored and recorded three times over the course
of one week. Upon bud flush, and after height growth of approximately 10 cm was reached (~Day 40
after striking), cuttings were transplanted directly into 2 L pots filled with Sunshine Mix #4 (Sun Gro
Horticulture, Vancouver, BC, Canada). The rooted cuttings (stecklings) were grown in the greenhouse
at the University of Alberta and Day 1 of the experiment started on 24 May 2016 under natural light
supplemented by cool-white fluorescent lamps to provide a 21 h long photoperiod and a minimum
photosynthetic photon flux density (PPFD) of 400 μmol m−2 s−1 at plant level. Maximum day and
night temperatures were maintained at approximately 25 ◦C and 18 ◦C, respectively, throughout the
experimental period. The stecklings were kept well-watered and fertilized using a 20-20-20 commercial
water-soluble fertilizer (20:20:20 plus micronutrients (Fe 0.1%; Mn 0.05%; Zn 0.05%; Cu 0.05%; B 0.02%;
Mo 0.0005%)) (Plant Products Co. Ltd. Brampton, ON, Canada) at a pH of 5.8–6.3, adjusted by
adding phosphoric acid (H3PO4). The greenhouse was well ventilated and PPFD, humidity, and air
temperature were continuously monitored and recorded using a HOBO U12-012 data logger (Onset
Computer Cooperation, Pocasset, MA, USA). The potted stecklings were rotated weekly to minimize
position effect in the greenhouse [27].

2.3. Measurements, Harvest and Selection for Hormone Analysis

Caliper, measured at the base of the new stem, and height growth were measured every 10 days
after transplanting, starting on Day 1 of the experiment (24 May 2016). Gas exchange measurements
including photosynthetic rate (A), stomatal conductance (Gs), and intrinsic water use efficiency (iWUE)
were made using a CIRAS-3 infrared gas analyzer (IRGA) (PP Systems, Amesbury, MA, USA) and
a broad leaf cuvette (PLC4 (B) Broad Leaf Cuvette, PP Systems, Amesbury, MA, USA), the cuvette
window being 18 mm diameter in size with a total area of 2.5 cm2, just prior to harvesting on Day 34,
27 June 2016 (near the longest day of the year). In all, 15 progeny were selected (six from FG, six from
SFG, and three from SG) from three families for further hormone analysis.

At harvest, 8 ramets of each of the 15 progeny (genotypes) were grouped based on a visual
assessment of vigour, which in turn was based on height and diameter, to select: (a) the largest, (b) the
second largest, and (c) the third largest ramet for use in the hormone level analysis in the elongating
internode stem tissue [14].

For each of the selected ramets, leaves were snipped off at the base of their petiole, along the
chosen length of stem while the tree was still intact. The upper 20–30% (all internodes which were
still elongating plus two lower internodes which had ceased to elongate) of the stem were harvested,
wrapped in a double-layer of aluminum foil forming a package, and placed onto dry ice for storage
prior to preparation for the hormone analysis. The roots were then carefully washed and put into
paper bags. The biomass components (leaves, remaining stem tissue, and roots) were stored in paper
bags before drying for two days at 65 ◦C, then measured using a model AV53 scale (readability
0.001 g, OHAUS Adventurer Pro, Melrose, MA, USA). After drying, the leaves were ground in a ball
grinder (Model MM200, Retsch Inc., Haan, North Rhine-Westphalia, Germany) and stored in 20 mL
plastic scintillation vials (Fisher Scientific, Hampton, NH, USA) in preparation for δ13C analysis at the
University of Alberta’s Natural Resources Analytical Laboratory (NRAL). After five days in the −80 ◦C
freezer, the stem samples, which were harvested earlier for hormone analysis, were freeze-dried in
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a FreeZone®2.5 L Benchtop freeze dry system (Labconco Corporation, Kansas City, MO, USA) for
three days.

2.4. Analysis of GAs, IAA, and ABA

One gram dry weight (DW) of each tissue sample was ground with liquid N2 and washed sea
sand (Fisher Scientific, Fair Lawn, NJ, USA), then extracted in 80% MeOH (H2O:MeOH = 20:80,
v/v). Following this, 250 ng [13C6] IAA (gift from Dr. J. Cohen, available from Cambridge Isotope
Laboratories, Inc., Tewksbury, MA, USA), 200 ng [2H6] ABA (a gift from Drs. L. Rivier and M. Saugy,
University of Lausanne, Lausanne, Switzerland), and 20–40 ng each of [2H2] GA15, GA24, GA9, GA20,
GA4, GA1, GA8, and GA34 (deuterated GAs were obtained from Professor L.N. Mander, Research
School of Chemistry, Australian National University, Canberra, Australia) were added to the aqueous
MeOH extraction solvent as internal standards. Subsequent purification, separation, and stable isotope
dilution analysis by gas chromatography–mass spectrometry (GC-MS) selected ion monitoring (SIM)
were accomplished as described by Kurepin et al. [28].

2.5. Data Analysis

All the growth data (height, caliper, and stem volume) were analyzed by ANOVA using SAS
9.4 [29]. Following significant main effects, multiple comparisons among means were completed using
the Student–Newman–Keuls test. A result of p ≤ 0.05 was considered significant. The correlation
coefficient (r) and probability (p) were determined by Pearson’s correlation analysis using the Statistical
Package in SigmaPlot 13.0 (Systat Software Inc., San Jose, CA, USA).

3. Results

3.1. Hybrid Vigour in Intra-Specific Hybrids

Preliminary analysis of the 6-year-old tree height, diameter, and stem volume data from the
Al-Pac field sites, AB1 and AB2 only, indicated differences in family performance among the different
cross-types. In order to detect the intra-specific hybrid vigour, intra-regional crosses (AB♀× AB♂and
QC♀× QC♂) were used as a control to compare with inter-regional (AB♀× QC♂and QC♀× AB♂)
crosses. In general, AB♀× AB♂(the female is described first) families were the slowest growing,
whereas AB × QC crosses ranked first and significantly better than intra-regional crosses in terms
of growth performance (height, diameter at breast height (DBH), and stem volume) (Table 2). These
results were used to make further selections for families and progeny based on cross-type for the
greenhouse experiment.

Table 2. Mean height (± SE), diameter at breast height (DBH), and stem volume at age six from two
Alberta sites (AB1 and AB2) for the four cross-types as indicated by Alberta (AB) and Quebec (QC)
with the female parent listed first. Significant differences between cross-type means are indicated by
different letters.

Cross-Types Height (m) DBH (mm) Stem Volume (cm3)

AB♀× AB♂ 3.67 ± 0.05 c 33.70 ± 0.76 b 1375.94 ± 65.88 b

AB♀× QC♂ 4.06 ± 0.04 a 37.77 ± 0.54 a 1786.78 ± 59.48 a

QC♀× AB♂ 3.78 ± 0.03 bc 34.73 ± 0.40 b 1389.78 ± 35.27 b

QC♀× QC♂ 3.80 ± 0.05 b 34.52 ± 0.63 b 1433.09 ± 55.63 b

3.2. Greenhouse Growth at Two Months (34 Days after Transplanting)

Initial growth of cuttings after striking, for all families in the FG, SG, and SFG groups, showed
similar heights during the first seven days of growth, early in the growing season. However, after
the emergence of primary leaves, cuttings of the fast-growing group (FG) grew much faster than the
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cuttings of the intermediate (SFG) or the SG group selected from the slow-growing families. By Day
34 after transplanting (about two months old), the FG group performed better than both the SG and
SFG groups in stem volume (Figure 2) and biomass (Figure 3). Additionally, within the same family
(i.e., family AP5416), fast-growing progeny (272084) performed better than the slow-growing progeny
(272023 and 272024) under near-optimal greenhouse conditions, thus indicating the wide range of
performance variability within a single family (Figure 4).

Figure 2. Mean stem volume (mm3) (+SE) of three groups at Day 34 under near-optimal greenhouse
conditions. Note: SG = slow-growing progeny; SFG = slow-growing progeny from a fast-growing
family; and FG = fast-growing progeny. Significant differences between group means are indicated by
different letters at p ≤ 0.05.

Figure 3. Mean component dry biomass (g) (+SE) of three groups at Day 34 under near-optimal
greenhouse conditions. Note: SG = slow-growing progeny; SFG = slow-growing progeny from a
fast-growing family; and FG = fast-growing progeny. Significant differences between group means of
total dry mass are indicated by different letters at p ≤ 0.05.
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Figure 4. Mean stem volume (mm3) (+ SE) of 15 selected balsam poplar progeny at Day 34 under
near-optimal greenhouse conditions. Note: SG = slow-growing progeny; SFG = slow-growing progeny
from a fast-growing family; and FG = fast-growing progeny. Significant differences between progeny
means are indicated by different letters at p ≤ 0.05.

3.3. Greenhouse Gas Exchange

Table 3 shows that higher rates of photosynthesis were correlated with growth (height, caliper,
and stem volume) at Day 34 (after transplanting, about 2-months old), just prior to harvest.
Additionally, increased photosynthetic demand was supported by an increased supply of CO2 through
an increase in stomatal conductance (gs). It was also found that δ13C in the leaf tissue showed a
significant negative correlation with height which supports the gs results, indicating that the stomates
were open, promoting an increase in gas exchange and carbohydrate production, resulting in an
increase in height growth.

Table 3. Pearson’s correlations (r) analysis among physiological variables under optimal growth
condition in greenhouse for selected progeny growth at two months.

Height (cm) Caliper (mm) Stem Volume (mm3) A gs iWUE δ13Cleaf (�)

Height (cm) 1 0.933 ** 0.861 ** 0.751 * 0.532 * 0.606 * −0.545 **
Caliper (mm) 1 0.890 ** 0.743 * 0.614 * 0.517 * −0.502
Stem volume (mm3) 1 0.556 * 0.327 0.344 −0.495
A 1 0.596 * 0.796 ** −0.461
gs 1 0.205 −0.563 *
iWUE 1 −0.505 *

* Significant at p ≤ 0.05: (1) ** Significant at p ≤ 0.01. A: Photosynthetic rate (μmol CO2 m−2 s−1); gs: stomatal
conductance (mol H2O m−2 s−1); iWUE: intrinsic water use efficiency (μmol CO2 mmol−1 H2O); δ13C leaf: carbon
isotope composition.

3.4. Comparisons of Greenhouse Growth at Day 34 and Field Growth Performance at Age Eight Years

The Pearson’s correlation analysis showed that stem volumes calculated from height and caliper
of Day 34 stecklings grown under near-optimal greenhouse conditions are positively and significantly
correlated with stem volumes of 6-year- and 8-year-old field-grown trees of the same genotypes
(Figure 5). Additionally, positive and significant correlations were also obtained when stem dry
biomass and stem volumes of Day 34 stecklings grown under near-optimal greenhouse conditions
(Table 4) were regressed against each of 6- and 8-year-old stem diameters and stem volume of
field-grown trees of the same genotypes.
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Figure 5. Pearson’s correlation (r) between field stem volume and greenhouse growth at Day 34 (after
transplanting) for 15 selected progeny in 2017 for: (a) Year 8, Field AB1, AB; (b) Year 8, Field AB2,
AB; and (c) Year 6, Field QC1, QC. Symbols represent individual progeny that had been previously
grouped with FG (�), SFG (�), and SG (•). Note: SG = slow-growing progeny; SFG = slow-growing
progeny from a fast-growing family; and FG = fast-growing progeny. AB = Alberta and QC = Quebec.

Table 4. Pearson’s correlation (r) analysis between phenotypic characteristics of 8-year-old field-grown
hybrid Populus balsamifera trees and Day 34 greenhouse-grown stecklings for the same 15 genotypes.
AB = Alberta and QC = Quebec.

Field AB1

Stem parameters of 8-year-old
trees at FieldAB1

Day 34 stem volume (mm3) Day 34 stem dry weight (g)

Height (cm) 0.550 *1 0.516 *
DBH (mm) 0.608 * 0.584 *
Stem volume (cm3) 0.629 * 0.601 *

Field AB2

Stem parameters of 8-year-old
trees at

Day 34 stem volume (mm3) Day 34 stem dry weight (g)

Height (cm) 0.654 ** 0.686 **
DBH (mm) 0.537 * 0.604 *
Stem volume (cm3) 0.619 * 0.671 **

Field QC1

Stem parameters of 6-year-old
trees at

Day 34 stem volume (mm3) Day 34 stem dry weight (g)

Height (cm) 0.758 ** 0.739 **
DBH (mm) 0.666 ** 0.705 **
Stem volume (cm3) 0.588 * 0.684 **

1 All values represent the correlation coefficient (r) from Pearson’s correlation analysis. DBH = diameter at breast
height (1.3 m). ** Significant at p ≤ 0.01. * Significant at p ≤ 0.05.
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3.5. Hormone Analysis

Since the gibberellin (GA) profiles are likely to be very different between the active growth phase
and growth cessation (bud set) phase, we grew the poplar trees under near-optimal conditions and
harvested the tissue near the longest day of the year to avoid the deficiency and degradation of
bioactive GAs [30].

The concentrations of three endogenous plant hormone classes, namely, ABA, IAA, and GAs,
were quantified in stem tissues of 15 selected FG, SFG, and SG progeny. Stem IAA concentration in
Day 34 stecklings was positively and significantly correlated with stem biomass and stem volume
(Figure 6a,b). In contrast, stem ABA in Day 34 stecklings was negatively and significantly correlated
with stem volume and stem dry biomass (Figure 6c,d).

p
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(b) 

p

(c) 

p 

(d) 

Figure 6. Pearson’s correlations (r) of tissue concentrations of indole-3-acetic acid (IAA) and abscisic
acid (ABA), versus stem dry biomass or stem volume of nursery-grown cuttings (new growth) at Day
34 (after transplanting). (a) New growth stem volume at Day 34 versus IAA in stem tissue at Day 34;
(b) New growth stem dry biomass at Day 34 versus IAA in stem tissue at Day 34; (c) New growth stem
volume at Day 34 versus ABA in stem tissue at Day 34; and (d) New growth stem dry biomass at Day 34
versus ABA in stem tissue at Day 34. Symbols represent individual progeny that had been previously
grouped with FG (�), SFG (�), and SG (•). Note: SG = slow-growing progeny; SFG = slow-growing
progeny from a fast-growing family; and FG = fast-growing progeny.

3.6. Endogenous Plant Growth Hormone in Greenhouse-Grown Stecklings versus Field Growth Performance

The relationships between stem GA levels and stem volume were analyzed through Pearson’s
correlation (Figure 7). Our results showed that stem GA19 and GA20 content were all significant
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and negatively correlated with greenhouse stem volume, which indicates that GA19 and GA20 serve
as persecutors for GA8 (Figure 7a,b). In addition, we confirmed that both GA19 and GA20 play an
important role in the early GA20ox portion of the GA biosynthesis pathway as found by Ma et al. [11].
In the elongated stems of the Day 34 stecklings, a significant and positive correlation between stem
volume and the content of GA8 was detected, with an r of 0.840 (p < 0.001) (Figure 7c). Moreover,
a positive and significant correlation was also detected between field growth (Fields AB1 and AB2)
trees and the content of GA8 in the greenhouse-grown trees for the 15 selected progeny (r = 0.749
(p = 0.001) and r = 0.734 (p = 0.002), respectively) (see Figure 8).
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Figure 7. Pearson’s correlation (r) between greenhouse stem volume at Day 34 (after transplanting)
and plant hormones for 15 selected progeny; (a) GA19 (ng/g DW); (b) GA20 (ng/g DW); and (c)
GA8 (ng/g DW). Symbols represent individual progeny that had been previously grouped with FG
(�), SFG (�), and SG (•). Note: SG = slow-growing progeny; SFG = slow-growing progeny from a
fast-growing family; and FG = fast-growing progeny.
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Figure 8. Pearson’s correlation (r) between greenhouse GA8 (ng/g DW) at Day 34 (after transplanting)
and field stem volume for 15 selected progeny; (a) Field AB1, AB; and (b) Field AB2, AB. Symbols
represent individual progeny that had been previously grouped with FG (�), SFG (�), and SG (•).
Note: SG = slow-growing progeny; SFG = slow-growing progeny from a fast-growing family;
and FG = fast-growing progeny.

4. Discussion

Phenology is the study of the timing of yearly events such as spring bud flush, growth cessation,
autumn bud set, and leaf senescence. The two major environmental cues which are primarily
responsible for the induction of phenological traits are temperature and photoperiod (day length) [31].
There is an apparent trade-off between photosynthetic carbon assimilation rates (A), growth, and
phenology in P. balsamifera [27]. If a transfer south is associated with warmer than optimal temperatures,
growth cessation will be delayed and bud formation will proceed more slowly. If a transfer north
is associated with colder than optimal temperatures, growth cessation will also be delayed and
additionally bud formation will take longer [32]. Trees from the AB genotypes have higher A but
accomplish far less growth than the trees from the QC genotypes because of the latitude differences
that drive the photoperiod differences. However, if no intrinsic physiological constraints exist which
might prevent the combination of high A from the AB parent and the longer growing period of the QC
parent, the progeny of intra-specific crosses between AB and QC populations may accomplish more
growth than local crosses (i.e., heterosis). From our results, the crossing of AB and QC P. balsamifera
(Table 2) showed superior growth and heterosis (hybrid vigour), the phenomenon where hybrids
outperform their parents in yield, biomass, and other traits [1]. Additionally, our findings showed that
intra-specific hybridizations between geographically distant populations may lead to heterosis [33,34]
through bringing together a new combination of alleles. However, there were no significant differences
between the QC × AB cross-type compared with the local crosses, and other intra-regional crosses
may indicate that the maternal effect played a role in the growth of the F1 hybrids, with offspring from
AB mothers exhibiting higher fitness than those from QC mothers [35,36]. This may explain why the
AB × QC cross-type showed better performance than the corresponding QC × AB families.

Several past studies have indicated that morphological measures of young conifer trees grown
under near-optimal conditions can be predictive of inherently rapid stem growth, at the family
level, at older ages (i.e., 9 years or 32 years) [14,37]. However, our study is the first study to show
a significant and positive correlation between greenhouse-grown (Day 34) and field-grown (age
eight) balsam poplars, while similar findings have been found in the literature for conifers, namely,
12 open-pollinated families of Pinus densiflora Sieb. et Zucc., where seedling stem volume at age six
months was significantly correlated with field performance at age 32 years [14]. In addition, Pharis
et al. [37] found that full-sibling families of P. radiata, that is, seedling stem volume at age 138 days,
gave reliable estimates of field performance at any age measured over nine years. Additionally,
six-month heights of full-sibling families of black spruce (P. mariana Mill.) which were grown in a
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greenhouse environment were significantly correlated with age 13 field heights [38]. From the above
discussion, two common characteristics were identified. First, for all the retrospective approaches
studied, the cuttings were grown under near-optimal environmental conditions in greenhouses.
Second, morphological measurements were made prior to the setting of the terminal bud. Therefore,
these findings imply that the early stem and shoot growth of young rooted cuttings (two months) that
are raised under near-optimal conditions can be a useful trait for identifying inherently rapid stem
growth in mature balsam poplar.

Leaf δ13C is largely related to the ratio of CO2 partial pressure inside the leaf and ambient air
(ci/ca) [39], which is driven by stomatal conductance and photosynthetic processes. Several studies
have shown a strong positive correlation between δ13C and plant water use efficiency (WUE) via
ci/ca [40–42], which suggests that leaf δ13C can be measured as a proxy for plant WUE. Water use
efficiency reflects the balance between carbon fixation and the amount of water released by plants.
Water use efficiency trends were assessed through δ13C values of leaf tissue, with higher δ13C values
generally associated with greater WUE, whereas more negative δ13C values were linked to reduced
WUE and greater water loss [43,44]. Trees displaying both high WUE and high productivity, therefore,
likely indicate that WUE is primarily associated with variation in photosynthetic capacity, as opposed
to variation in stomatal conductance, which would theoretically lead to a decrease in productivity.
In conifer species, positive correlations between growth traits and δ13C values have consistently
been found [43,45], and our results, shown in Table 3, also indicate the same trend in a deciduous
species, suggesting variation in WUE is driven primarily by photosynthetic capacity. A high sink
demand resulting from increased growth leads to an increase in photosynthetic rate, and, subsequently,
more positive δ13C values and higher WUE.

High IAA levels have been associated with enhanced levels of expression of two GA biosynthesis
genes, GA20ox and GA3ox [46–48]. Thus, biosynthesis of the GAs required for rapid stem growth may
be dependent on an adequate supply of the auxin IAA. In our study, stem tissue ABA concentrations
in Day 34 stecklings showed a significant negative correlation with stem volume and dry biomass
(Figure 6c,d); thus, an ABA:IAA “balance” may control very early height growth in rooted cuttings.
Recent evidence suggests that IAA acts downstream of the ABA response [49], and there is also the
potential for high ABA concentrations to negatively influence the biosynthesis of GAs [50], including
inhibition at the gene expression level.

Elevated levels of bioactive GA usually suppress the expression of GA20ox and GA3ox while
stimulating the expression of GA2ox; conversely, a drop in the bioactive GA level usually up-regulates
the expression of GA20ox and GA3ox and down-regulates the expression of GA2ox [11,51]. As the
concentration of growth-activating GAs in growing tissues is controlled by the transcriptional control
of biosynthetic (GA20ox and GA3ox) or catabolic (GA2ox) genes [13], the modification of the expression
of these genes alters plant growth, which has been successfully demonstrated in various plant species
including poplars [52–54]. The trend shown in Figure 8 indicates the possibility of using endogenous
GA levels to accelerate the early selection of balsam poplars that possess traits for inherently rapid
stem growth. Moreover, the correlations found between stem volume and GA content in our study
confirm the findings of others such as Zhang et al. [55] who found that GA content was correlated
with heterosis in plant height in wheat hybrids where it was reported that increased elongation of the
uppermost internode contributed most to heterosis for plant height. In the case of Populus, fiber and
vessel lengths increase in the transition zone between juvenile and mature wood [56]. Therefore, the
time it takes for a cell to mature within the different differentiation zones will ultimately determine its
size and cell wall thickness. It is possible that the action of GAs like GA1 and/or GA4 extends this
transition time, and thereby increases the fiber length in hybrid aspen (Populus tremula × P. tremuloides)
compared to pure P. tremula plants [18]. Additionally, these results also provide new insights into the
mechanisms whereby GAs control growth and development in trees. Overexpression of Arabidopsis
GA 20-oxidase (AtGA20ox1) in transgenic hybrid aspen (Populus tremula × P. tremuloides) resulted in
a substantial increase in plant height and fiber length, nearly doubling stem dry weight relative to
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the wild-type control. Additionally, GA20ox appears to play an important role in wood development
through tree growth. Ko et al. [57] showed that poplar GA20-oxidase (PtGA20ox) has the highest
expression in developing xylem, where several GA receptors were highly expressed in the tissue by
using tissue-specific transcriptome analysis.

5. Conclusions

In conclusion, the data presented in this research confirms the widespread occurrence of heterosis
typically found in interspecific crosses, with disparate population breeding of intra-specific hybrids in
balsam poplar. The combined analyses of endogenous GA content and growth data revealed that GAs
play a regulatory role in heterosis for hybrid balsam poplar at the physiological level. Larger scale
investigations of multiple plant hormones at more developmental stages of hybrid balsam poplar are
anticipated to confirm and extend these findings. Moreover, the results obtained from selected progeny
are validated by retrospective comparisons with the stem growth performance of the corresponding
field-grown trees at eight years of age. These results with P. balsamifera also point toward the successful
early selection of progeny from genetic crosses of other deciduous tree species, that is, the identification
of progeny which are inherently fast growing and have high stem biomass production. Additionally,
the relationship between GAs and growth performance (both field and greenhouse) may open up new
ways to manipulate trees to grow faster and produce more biomass by increasing endogenous GA
levels. Moreover, screening for high levels of expression of GA20ox genes may be a useful technique
for future tree-breeding programs. Future RT-PCR work should be used to test GA20oxs, GA3oxs,
and GA2oxs which are the main targets of regulation by GA signaling to establish homeostasis.
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Abstract: Salt-affected soils in the Northern Great Plains, USA, can impact the long-term survival
and growth of trees recommended for agroforestry systems, with Russian olive (Elaeagnus angustifolia
L.) being one of few options that survives on these sites. Similarly, hybrid poplars have been used for
phytotechnologies on high-salinity soils throughout the world. The objective of this study was to test
the survival, height growth, and phytoextraction potential of eight hybrid poplar clones (Populus
deltoides Bartr. ex Marsh. × P. nigra L. ‘Robusta’, ‘DN17’, ‘DN182’, ‘DN5’; P. deltoides × P. maximowiczii
A. Henry ‘NC14104’, ‘NC14106’; P. nigra × P. maximowiczii ‘NM2’, ‘NM6’) versus Russian olive grown
on soils categorized according to initial salinity levels: low (0.1 to 3.9 dS m−1), medium (4.0 to
5.9 dS m−1), and high (6.0 to 10.0 dS m−1). Seven trees per genotype were grown in each salinity
treatment at a spacing of 3 × 3 m for four years in Burleigh County, North Dakota. Survival and
height were determined following the first four growing seasons, and leaf phytoextraction potential
of Al, Ca, Cd, Fe, K, Mg, Mn, Na, and Zn was measured for one-year-old trees. Soil salinity decreased
over time, reflecting the phytoextraction potential of the trees. Russian olive did not survive as well
as expected, having lower overall survival than three of the hybrid poplar clones (‘DN17’, ‘DN5’,
‘NM6’). At the end of three years when trees were removed per a landowner maintenance agreement,
86%, 71%, and 43% of the Russian olive trees were alive in the low-, medium-, and high-salinity
soils, respectively. At this time, ‘NM2’ was the only hybrid poplar clone with similar survival to
Russian olive in the high-salinity soils. Russian olive had greater Na, Cd, and Fe leaf concentrations
than the hybrid poplar clones, but it also had the worst uptake of Ca and Mg of all genotypes.
For hybrid poplar, the P. deltoides × P. nigra genomic group had the broadest clonal variability among
all traits, with ‘Robusta’ and ‘DN182’ exhibiting great potential for establishment on high-salinity
soils. ‘Robusta’ and ‘DN17’ are the same genotype but they came from different nursery sources
(i.e., hence their different nomenclature), and they did not differ for height nor leaf phytoextraction.
Populus deltoides × P. maximowiczii clones were not suitable for the soil conditions and silvicultural
applications (e.g., tree shelters) of the current study, while P. nigra × P. maximowiczii clones exhibited
the most stable performance across all years and salinity treatments. Both ‘NM2’ and ‘NM6’ had
superior fourth-year survival and height, as well as average or above average phytoextraction of all
elements tested.

Keywords: agroforestry; metal uptake; phytoremediation; phytotechnologies; Populus; salt uptake
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1. Introduction

Agroforestry practices such as planting trees and shrubs in agricultural areas are useful for
moderating winds, managing snow distribution, and reducing energy demands for snow removal,
livestock feed, and heating buildings [1]. However, salt-affected soils such as those in the Northern
Great Plains of North Dakota, USA, can prevent or reduce the long-term survival and growth of trees
and shrubs recommended for agroforestry systems [2]. Russian olive (Elaeagnus angustifolia L.) is one
of the few tree species that is salt tolerant and able to withstand these high-salinity soil conditions such
as those in the region [3–5], yet the species is highly invasive and has spread into riparian habitats
throughout much of western North America [6]. As a result, landowners are often faced with the
choice between dealing with Russian olive and the potential for its invasive biology to impact the
environment, or not being able to have viable options for afforestation of their lands.

To address the need for other tree options that can be established on these high-salinity soils,
researchers at the US Department of Agriculture (USDA) Northern Research Station and their
collaborators have been developing genotypes of hybrid poplars (Populus species and their hybrids) for
decades to provide biomass feedstocks for biofuels, bioenergy, and bioproducts [7–9], as well as “green
tools” for phytoremediation and associated phytotechnologies [10,11]. Two advancements in these
regional hybrid poplar development programs have provided the potential for identification of pure
species or hybrids that can survive and thrive on these salty soils. First, phyto-recurrent selection was
developed as a data-driven methodology for choosing hybrid poplar clones to appropriately match the
particular climatic and soil conditions of field sites [12,13]. Second, based on the use of phyto-recurrent
selection in phytotechnologies related to highly-salinity wastewater irrigation, certain hybrid poplar
genotypes have been identified that can tolerate salinities as high as 9 dS m−1 [14–16], which may
provide tree options for planting in the Northern Great Plains.

Similar activities by the USDA Agricultural Research Service (USDA ARS) in the southwestern
United States have corroborated this potential application for hybrid poplars [11,17]. For example,
Bañuelos et al. [18] and Shannon et al. [19] reported broad genetic variation in salt tolerance among
eight hybrid poplar genotypes belonging to three genomic groups. Genotype-specific biomass impacts
occurred at salinities ranging from 3.3 to 7.6 dS m−1, with each salinity unit decreasing biomass by
10 to 15%. More recently, Bañuelos et al. [20] tested hybrid poplar growth and uptake of boron (B)
following irrigation with high salinity and high B waters, and they reported seasonal fluctuations in B
and chloride (Cl−) uptake along with tolerance and lack of biomass impacts of some clones.

Although less salinity research has been conducted for trees than agricultural crops, select
studies have classified salt tolerance of poplars. For example, Mirck and Zalesny [21] classified
poplars as sensitive to moderately salt tolerant depending on genomic groups and specific genotypes
within groups. Regardless of plant type, classifying salinity tolerance depends on salt concentrations,
measurement methods, and source of salinity treatments [21]. In particular, for treatment sources,
salinity may be: (1) introduced via wastewaters such as landfill leachate, (2) present in groundwaters,
or (3) naturally occurring in soils. In addition to those cited above, studies testing salt tolerance of
poplars have included soil salinities ranging from 0.1 to 15.5 dS m−1 [22–25], with tolerance thresholds
ranging from 2.3 to 5.0 dS m−1 and electrical conductivity values of root zone salinity resulting in 50%
biomass reductions (i.e., C50 values) ranging from 3.3 to 5.8 dS m−1 [26]. Salinity studies of poplars
have occurred in short durations under controlled environments [25], and through entire rotations with
practical field applications [27], thus resulting in opportunities for combining poplar phytoremediation
and agroforestry [28].

Recently, Limmer et al. [29] reported results of using hybrid poplar clone ‘HP-308’ (Populus
charkowiensis Schröder × P. incrassata Dode) and Russian olive for phytoremediation of benzene,
toluene, and chlorobenzene, which is the first field-scale report that we know of combining these
genera for phytotechnologies. The objective of the current study was to compare the performance of
known saline-tolerant hybrid poplar genotypes compared with Russian olive at a field site in Burleigh
County, North Dakota that had soils naturally varying in salinity. Specifically, based on initial salinity
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values, we categorized the soils as low (0.1 to 3.9 dS m−1), medium (4.0 to 5.9 dS m−1), and high (6.0 to
10.0 dS m−1) salinity treatments and grew eight hybrid poplar genotypes plus a Russian olive accession
for four growing seasons. We tested for differences among salinity treatments, genotypes, and their
interactions for tree survival, height growth, and phytoextraction potential of salts and metals (i.e., the
uptake of salts and metals into leaf tissue in the current study, where greater concentrations equal
higher potential). This information is important for researchers, land managers, and landowners when
making decisions about species selection for agroforestry systems in the region.

2. Materials and Methods

2.1. Site and Soils Description

The study site was located in Burleigh County, near Bismarck, North Dakota, USA (46.82707◦ N,
−100.59790◦ W) (Figure 1). The soils were classified as Harriet loam, and soil properties of the study
area are shown in Tables 1 and 2. Given heterogeneity in soil salinity across the site, initial salinity
levels were mapped 21 days before planting on 20 May 2014 (Figure 2), and then at seven additional
dates throughout the study (Table 1). Electrical conductivity (EC) readings were measured with a
FieldScout Direct Soil EC Meter at 23 cm depth (Spectrum Technologies, Inc., Plainfield, Illinois, USA).
Salinity values are reported as 1:1 measurements. The initial salinity ranges were categorized into
three soil treatments: low (0.1 to 3.9 dS m−1), medium (4.0 to 5.9 dS m−1), and high (6.0 to 10.0 dS m−1).
Figure 2 illustrates the locations of these treatments across the site.

On 27 August 2014, six soil samples from each salinity treatment were collected to a depth of
30 cm (Figure 2) and brought back to the USDA Forest Service, Institute for Applied Ecosystem Studies
in Rhinelander, Wisconsin, USA for laboratory analyses of pH, EC, chloride (Cl−), and the following
elements: aluminum (Al), cadmium (Cd), calcium (Ca), cobalt (Co), chromium (Cr), copper (Cu), iron
(Fe), potassium (K), magnesium (Mg), manganese (Mn), sodium (Na), nickel (Ni), lead (Pb), and zinc
(Zn) (Table 2).

A Fisher Scientific Accumet XL-50 m (Thermo Fisher Scientific, Carlsbad, California, USA) was
used to measure pH, EC, and Cl−. For pH, 4 g of air-dried, crushed, and sieved soil samples (≤2 mm
particle size) were weighed into 5-dram clear polystyrene vials (Thornton Plastics, Salt Lake City,
Utah, USA), and 5 mL of 0.01 M calcium chloride (CaCl2) was added. The vials were capped, placed
horizontally on an orbital shaker, and shaken at 80 rpm for 40 min. The vials were then placed in
a tray, caps removed, and pH measured using a FisherbrandTM AccuCapTM capillary junction pH
electrode (Thermo Fisher Scientific, Carlsbad, California, USA). The meter was calibrated with buffer
standards prepared from Fisher Buffer Salt of pH 4.01 and 7.41 (Thermo Fisher Scientific, Carlsbad,
California, USA).

For EC and Cl−, 4 g of dried, crushed, and sieved soil samples (≤2 mm particle size) were weighed
into 5-dram clear polystyrene vials (Thornton Plastics, Salt Lake City, Utah, USA), and 5 mL of water
purified with a RODI-T2 reverse osmosis plus Type II DI system (Aqua Solutions, Jasper, Georgia,
USA) was added [15,21]. The vials were handled and shaken in the same manner as for pH. Electrical
conductivity was measured using a FisherbrandTM AccumetTM temperature-compensated two-cell
conductivity probe using standards prepared from 5000 dS m−1 conductivity standard (Ricca Chemical,
Arlington, Texas, USA). After the EC measurements, 0.1 mL of 5-M sodium nitrate (NaNO3) solution
was added as an ionic strength adjustor to each vial. The solution was mixed thoroughly, and Cl−
was measured using a FisherbrandTM AccumetTM solid-state half-cell Cl−-specific electrode using
standards prepared from 1000 mg L−1 Cl− standard (Ricca Chemical, Arlington, Texas, USA).
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Figure 1. (A) Landscape of the Northern Great Plains in North Dakota, USA, with the study plot and
trees planted into tree shelters in the center of the photo. (B) Surface salt crust of the soils at the study
plot; note trees planted into tree shelters in the background. (C) Black weed barrier fabric protecting
each tree from competition. (D) FieldScout Direct Soil EC (electrical conductivity) Meter with 61-cm
T-handle probe used to measure soil salinity levels (Spectrum Technologies, Inc., Plainfield, Illinois,
USA). (E) Trees growing at the study plot. (F) Poplar clone ‘DN5’ (Populus deltoides × P. nigra) growing
out of its 1.5-m tree shelter. All photos were taken by Ron Zalesny (USDA Forest Service) at 77 days
after planting.

An Agilent AA240FS fast sequential atomic absorption spectrometer (Agilent Technologies, Santa
Clara, California, USA) was used to analyze for soil concentrations of Al, Cd, Ca, Co, Cr, Cu, Fe, K,
Mg, Mn, Na, Ni, Pb, and Zn (Table 2). In particular, 4 g of dried, crushed, and sieved soil samples
(≤2 mm particle size) were weighed into 50-mL polypropylene Digestion Cups (Environmental Express,
Charleston, South Carolina, USA), and 45 mL of Mehlich-3 extracting solution was added. The cups
were handled and shaken in the same manner as for pH. Filtermate® filters (Environmental Express,
Charleston, South Carolina, USA) were inserted and carefully pressed through the liquid to leave the
clear supernatant above the filter. These samples were presented to the Agilent AA240FS and analyzed
for the panel of elements presented above.
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Figure 2. Field map showing locations of eight poplar clones and Russian Olive (Elaeagnus angustifolia
L.) established on low- (blue), medium- (gray), and high-salinity (green) soils in North Dakota, USA
(n = 7 trees per soil treatment × genotype combination). Black circles with numbers indicate soil
sampling points (n = 6 samples per soil treatment). Leaves were sampled for phytoextraction potential
from genotypes that are underlined (n = 3 trees per soil treatment × genotype combination). See Table 1
for genotype information. Dotted cells indicate areas where planting was not possible given the
presence of aboveground debris and/or where salinity of the dotted cell was not needed as a planting
site (see Figure 1).

Table 1. Mean value (± standard error; n = 63) for soil salinity (dS m−1) during eight sampling dates in
a study testing the survival, growth, and phytoextraction potential of hybrid poplar in North Dakota,
USA. Initial soil salinity values were categorized into three treatment levels for data analyses: low (0.1
to 3.9 dS m−1), medium (4.0 to 5.9 dS m−1), and high (6.0 to 10.0 dS m−1). The column labeled ‘Overall’
represents the overall mean averaged across all treatment levels (n = 189).

Salinity Treatment

Date Low Medium High Overall

20 May 2014 1.89 ± 0.12 4.87 ± 0.07 7.73 ± 0.15 4.83 ± 0.19
3 July 2014 1.79 ± 0.13 4.26 ± 0.12 6.31 ± 0.19 4.12 ± 0.16
15 July 2014 1.67 ± 0.12 3.61 ± 0.13 5.87 ± 0.16 3.71 ± 0.15

27 August 2014 1.35 ± 0.10 3.08 ± 0.11 4.72 ± 0.14 3.05 ± 0.12
22 October 2014 1.19 ± 0.09 2.77 ± 0.09 3.89 ± 0.17 2.62 ± 0.11

8 July 2015 1.22 ± 0.09 2.74 ± 0.11 4.02 ± 0.17 2.66 ± 0.11
21 June 2016 1.21 ± 0.09 2.14 ± 0.11 3.46 ± 0.16 2.27 ± 0.10

12 October 2016 1.11 ± 0.09 1.43 ± 0.11 2.53 ± 0.12 1.47 ± 0.07
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Table 2. Mean value (± standard error; n = 6) for soil pH, electrical conductivity (EC; dS m−1), and
metals in a study testing the survival, growth, chloride, and phytoextraction potential of hybrid poplar
in North Dakota, USA. Initial soil salinity values were categorized into three treatment levels for data
analyses: low (0.1 to 3.9 dS m−1), medium (4.0 to 5.9 dS m−1), and high (6.0 to 10.0 dS m−1). The column
labeled ‘Overall’ represents the overall mean averaged across all treatment levels (n = 18). Soils were
classified as Harriet loam. See Materials and Methods for details about analytical methods.

Salinity Treatment

Parameter Low Medium High Overall

pH 7.01 ± 0.23 7.68 ± 0.17 8.02 ± 0.15 7.57 ± 0.14
EC 0.96 ± 0.28 2.98 ± 0.54 3.56 ± 0.97 2.50 ± 0.45

g kg−1

Calcium (Ca) 3.56 ± 0.18 4.09 ± 0.70 5.30 ± 0.53 4.32 ± 0.33
Chloride (Cl−) 0.27 ± 0.04 0.76 ± 0.18 1.33 ± 0.28 0.79 ± 0.15

Magnesium (Mg) 1.20 ± 0.08 1.99 ± 0.18 1.89 ± 0.17 1.69 ± 0.12
Sodium (Na) 1.28 ± 0.40 3.91 ± 0.39 5.86 ± 0.72 3.68 ± 0.54

mg kg−1

Aluminum (Al) 533.07 ± 44.86 407.26 ± 70.97 256.94 ± 58.99 399.09 ± 42.21
Cadmium (Cd) 0.08 ± 0.03 0.06 ± 0.03 0.10 ± 0.02 0.08 ± 0.01

Cobalt (Co) 1.69 ± 0.11 2.09 ± 0.23 1.75 ± 0.20 1.84 ± 0.11
Chromium (Cr) 0.54 ± 0.12 0.50 ± 0.08 0.52 ± 0.10 0.52 ± 0.06

Copper (Cu) 2.48 ± 0.79 2.49 ± 0.58 2.77 ± 0.56 2.58 ± 0.36
Iron (Fe) 374.21 ± 19.44 368.29 ± 8.83 344.41 ± 23.33 362.30 ± 10.38

Potassium (K) 711.86 ± 74.87 572.25 ± 22.67 474.99 ± 24.69 586.37 ± 34.87
Manganese (Mn) 187.01 ± 21.23 227.24 ± 24.82 181.12 ± 20.03 198.46 ± 12.99

Nickel (Ni) 22.62 ± 2.08 28.06 ± 2.76 24.79 ± 2.97 25.16 ± 1.53
Lead (Pb) 2.01 ± 0.60 2.33 ± 0.70 3.12 ± 0.67 2.49 ± 0.37
Zinc (Zn) 4.83 ± 0.58 4.16 ± 0.30 3.64 ± 0.23 4.21 ± 0.25

2.2. Plant Material and Experimental Design

Eight hybrid poplar clones [Populus deltoides Bartr. ex Marsh. × P. nigra L. ‘Robusta’, ‘DN17’,
‘DN182’, ‘DN5’; P. deltoides × P. maximowiczii A. Henry ‘NC14104’, ‘NC14106’; P. nigra × P. maximowiczii
‘NM2’, ‘NM6’] and one Russian olive (Elaeagnus angustifolia L.) accession were tested (Table 3).
For consistency with hybrid poplar clones, Russian olive is referred to as ‘RuOlive’ in the Results.
‘Robusta’ and ‘DN17’ are the same genotype but they came from different nursery sources (i.e., hence
their different nomenclature), and they were analyzed as two different clones to evaluate performance
of planting stock from these two sources. ‘Robusta’ was acquired from Big Sioux Nursery, Watertown,
South Dakota, USA, while all other hybrid poplar clonal material (including ‘DN17’) came from
the USDA Forest Service, Institute for Applied Ecosystem Studies in Rhinelander, Wisconsin, USA
from one-year-old coppice shoots collected from stoolbeds at Hugo Sauer Nursery. All hybrid poplar
consisted of 25.4 cm dormant, unrooted cuttings that were grown in 10.16- × 10.16- × 35.56-cm TP414
Treepots (Stuewe and Sons, Inc., Tangent, Oregon, USA) for one growing season at the USDA Natural
Resources Conservation Service, Bismarck Plant Materials Center in Bismarck, North Dakota, USA.
Russian olive was bare root conservation grade stock purchased the year of establishment from Lincoln
Oakes Nursery in Bismarck, North Dakota, USA.

On 10 June 2014, seven trees of each genotype were planted from the TP414 Treepots (hybrid
poplars) and as bare root stock (Russian Olive) in a completely random experimental design at 3.05-
× 3.05-m spacing within each soil salinity treatment (i.e., 189 trees were tested). Given the soil
heterogeneity described above, some trees did not have full tree competition on all sides, resulting in
spacing that was greater than 9.3 m2 per tree (Figure 2). The depth to the bottom of each root ball was
30.48 cm. Due to the sticky nature of the soils, 0.007 m3 of Mandan silt loam soil was used to backfill
each planting hole. Once planted, 1.52 m Tubex® tree shelters (Tubex, Old Hickory, Tennessee, USA)
were installed on each tree for protection from white-tailed deer (Odocoileus virginianus Zimmermann)
(Figure 1). A 1.83 × 1.83 m square of 90.7 g DeWitt Sunbelt woven ground cover (DeWitt Company,
Sikeston, Missouri, USA) was installed around each tree to eliminate competing vegetation (Figure 1).
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Table 3. Populus genomic groups and clones tested on low-, medium-, and high-salinity soils in North
Dakota, USA. Russian olive (Elaeagnus angustifolia L.) (accession number 9019582) was grown as an
experimental control.

Accession a Clone Genomic Group b

9094432 Robusta ‘DN’ P. deltoides × P. nigra
9094423 DN17 “
9094422 DN182 “
9094421 DN5
9094424 NC14104 ‘DM’ P. deltoides × P. maximowiczii
9094425 NC14106 “
9094426 NM2 ‘NM’ P. nigra × P. maximowiczii
9094427 NM6 “

a Accession numbers from the USDA-Natural Resources Conservation Service Bismarck Plant Materials Center,
Bismarck, North Dakota, USA. b Sections and authorities are: Aigeiros Duby—P. deltoides Bartr. ex Marsh, P. nigra L.
Tacamahaca Spach—P. maximowiczii A. Henry.

2.3. Data Collection and Analysis

Survival and tree height (m) were determined following first, second, third, and fourth year
budset. Height was measured from the base of the tree to the tip of the terminal bud. Per a landowner
maintenance agreement, Russian olive was removed after the third growing season to prevent its
spread onto the landscape. Thus, survival and height data were not available for Russian olive during
year four.

On 27 August 2014 leaves from leaf plastochron index (LPI) 5, 10, and 15 [30] were collected from
three trees per soil treatment × genotype combination (i.e., 81 trees were tested) (Figure 2). The leaves
were brought back to the USDA Forest Service, Institute for Applied Ecosystem Studies in Rhinelander,
Wisconsin, USA, for evaluation of phytoextraction potential via laboratory analyses of Al, Ca, Cd, Fe, K,
Mg, Mn, Na, and Zn using an Agilent AA240FS fast sequential atomic absorption spectrometer (Agilent
Technologies, Santa Clara, California, USA). In particular, leaf tissue was ground with a Cyclotec
1093 sample mill (Foss North America, Inc., Eden Prairie, Minnesota, USA) using a 20-mesh screen.
For each tree, 100 to 400 mg of ground leaf tissue was placed in 50-mL polypropylene Digestion Cups
(Environmental Express, Charleston, South Carolina, USA), and 7 mL of 10.6-N nitric acid (HNO3)
was added. The cups were placed at room temperature under an operating fume hood for at least
30 min to initiate pre-digestion. One or more empty tubes were included in each digestion set to
serve as “blanks”. After a minimum of 30 min, under an operating fume hood, the digestion cups
were placed into a Smartblock 125® digester (Columbia Analytical Instruments, Inc., Irmo, South
Carolina, USA) that was pre-heated to 125 ◦C. The samples were digested for at least 45 min, watching
from that point to be sure they were not reduced to dryness. When all samples were reduced to
2 to 5 mL and were clear, the cups were removed from the block and cooled to room temperature.
After a minimum of 15 min, 45 mL of water purified with a RODI-T2 reverse osmosis plus Type II DI
system (Aqua Solutions, Jasper, GA, USA) was added to the digestion cups that were then capped and
inverted several times to thoroughly mix the contents before being transferred to new, clean digestion
cups. The new cups were brought to 50 mL volume with purified water, capped, and inverted to mix.
Filtermate® filters (Environmental Express, Charleston, SC, USA) were inserted and carefully pressed
through the liquid to leave the clear supernatant above the filter. These samples were presented to the
Agilent AA240FS and analyzed for the panel of elements presented above.

All height and phytoextraction data were subjected to analyses of variance (ANOVA) and analyses
of means (ANOM) according to SAS® (PROC GLM; PROC ANOM; SAS INSTITUTE, INC., Cary,
North Carolina, USA) assuming the aforementioned completely random design including the main
effects of soil salinity treatment (fixed), genotype (fixed), and their interactions. Fisher’s protected least
significant difference (LSD) was used to separate means of main effects at a probability level of p < 0.05.
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3. Results

3.1. Survival

Annual survival rates across all soil salinity treatments and genotypes decreased approximately
20% each year, with overall means ranging from 97% after the first growing season to 40% at four years
after planting (Figure 3). First-year survival rates were relatively stable across treatment × genotype
interactions; six of the nine genotypes exhibited 100% survival in all three soil treatments (Figure 3).
Soil salinity impacted hybrid poplar clone ‘NC14106’ (P. deltoides × P. maximowiczii) the most, with
survival rates decreasing from 100% in low-salinity soils to 86% and 71% in medium- and high-salinity
treatments, respectively. Fourteen percent of the two remaining clones, ‘DN182’ (P. deltoides × P. nigra)
and ‘DN5’ (P. deltoides × P. nigra), died during the first year when planted in the high-salinity soils,
while ‘DN182’ also had this mortality rate for the medium salinity treatment.
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Figure 3. Mean survival (n = 7) after the first (A), second (B), third (C), and fourth (D) growing seasons
of eight hybrid poplar clones and Russian Olive (Elaeagnus angustifolia L.) grown on soils varying in
salinity in North Dakota, USA. Soil treatments were based on initial values and included low (0.1 to
3.9 dS m−1), medium (4.0 to 5.9 dS m−1), and high (6.0 to 10.0 dS m−1)] salinity ranges. The dashed line
represents the overall mean. Per a landowner maintenance agreement, all Russian olive trees were
removed in 2016.
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After the second growing season, survival ranged from 52% (high salinity) to 90% (low salinity)
for salinity treatments and 52% (‘NC14104’; P. deltoides × P. maximowiczii) to 95% (‘DN17’; P. deltoides
× P. nigra) for genotypes (Figure 3). Survival for Russian olive (Elaeagnus angustifolia L. ‘RuOlive’)
in year two was similar to ‘NC14106’ in year one, with 100% of its trees surviving in low-salinity
soil followed by 86% and 71% in medium- and high-salinity treatments, respectively. There was an
inverse relationship between survival and salinity levels, with most hybrid poplar clones having
substantially lower survival in the high-salinity soils, though some genotypes were less impacted.
For example, ‘DN182’ had 100% survival in the high-salinity treatment despite 29% of its trees dying
in the medium-salinity soils. All trees planted in low- and medium-salinity soils survived for clone
‘DN17’, and its trees of the high-salinity treatment had 86% survival, which was the best performance
across all genotypes and soil treatments in year two.

Furthermore, noticeable mortality occurred during the third growing season, with 43% of the
trees dying across treatments and genotypes during that year (Figure 3). Survival ranged from 22%
(High treatment) to 81% (Low) for salinity treatments, and 38% (‘NC14106’) to 67% (‘DN182’, ‘RuOlive’,
‘NM2’ (P. nigra × P. maximowiczii)) for genotypes. All of the ‘DN5’ and ‘NC14104’ trees planted in the
high-salinity soils died, and survival decreased to 14% for ‘DN17’ and ‘NC14106’ for this treatment. In
contrast, trees of ‘NM2’ were not impacted by the high-salinity soils relative to those with low salinity,
having survival rates of 57% in both treatments.

After the fourth growing season, survival ranged from 11% (High) to 65% (Low) for salinity
treatments and 19% (‘NC14104’) to 57% (‘DN5’, ‘NM6’ (P. nigra × P. maximowiczii)) for genotypes
(Figure 3). Distinct survival patterns emerged during year four. First, in addition to ‘DN5’ and
‘NC14104’ that exhibited complete mortality in high-salinity soils during year 3, all trees of clones
‘DN17’ and ‘NC14106’ died in this treatment during the fourth growing season. Second, two clones,
‘Robusta’ (P. deltoides × P. nigra) and ‘NM6’ had stable survival rates from years two through four, with
those in the last two years of study being nearly identical (within each genotype). Third, of all the
genotypes tested, ‘NM2’ exhibited the greatest survival in high-salinity soils (i.e., 43%), which was
equal to its survival rate in both the low- and medium-salinity soils at the end of the study.

3.2. Height Growth

The treatment × genotype interaction was negligible for first- and second-year height (p = 0.2405,
p = 0.5738, respectively), yet the treatment (p < 0.0001) and genotype (p < 0.0001) main effects were
both significant for these heights (Table 4). After the first growing season, low-salinity soils had the
significantly largest trees that were 9% and 16% taller than trees in the medium and high salinity
treatments (which differed from each other), respectively (Table 5). Height of the low-treatment trees
was 8% greater than the overall mean, while high-treatment trees were 9% shorter than the overall
mean. Similarly, second-year height was significantly greatest for the low salinity treatment, where its
trees were 9% and 36% taller than trees in the medium and high salinity treatments (which differed
from each other), respectively (Table 5). For the genotype main effect, one-year-old trees ranged in
height from 0.81 ± 0.03 (‘RuOlive’) to 1.72 ± 0.05 m (‘DN5’), with an overall mean of 1.50 ± 0.02 m
(Figure 4). There were no differences in height within hybrid poplar genomic groups, and clones
exhibited similar values, which were all 49% significantly taller than for ‘RuOlive’. Height was much
more variable in year two, ranging from 1.44 ± 0.13 (‘RuOlive’) to 2.13 ± 0.15 m (‘DN5’), with an overall
mean of 1.79 ± 0.04 m (Figure 4). Clones ‘Robusta’, ‘DN5’, and ‘NM6’ had the greatest height among
clones, and there were differences among genotypes within genomic groups. For example, ‘DN182’
trees were 20% shorter than for the other P. deltoides × P. nigra clones. Likewise, ‘NM6’ had 28% taller
trees than ‘NM2’ within the P. nigra × P. maximowiczii genomic group. In contrast, ‘NC14014’ and
‘NC14016’ exhibited identical second-year height (Figure 4).
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Table 4. Probability values from analyses of variance comparing height and leaf phytoextraction
potential of eight hybrid poplar clones and Russian olive (Elaeagnus angustifolia L.) (G = nine genotypes)
established on low-, medium-, and high-salinity soils (T = three soil treatments) in North Dakota, USA.
Significant values listed in bold were compared in the Results and illustrated in Table 5 and Figures 4–6.

Source of Variation

Parameter T G T × G

Height
(2014) First Year <0.0001 <0.0001 0.2405

(2015) Second Year <0.0001 <0.0001 0.5738
(2016) Third Year <0.0001 <0.0001 0.0486

(2017) Fourth Year <0.0001 0.0002 <0.0001

Leaf Phytoextraction
Aluminum (Al) 0.0011 <0.0001 0.6113

Calcium (Ca) 0.0004 <0.0001 0.3609
Cadmium (Cd) 0.0827 <0.0001 0.8508

Iron (Fe) 0.0239 <0.0001 0.2088
Potassium (K) 0.0247 0.8734 0.1237

Magnesium (Mg) <0.0001 <0.0001 0.3731
Manganese (Mn) 0.0010 0.0019 0.7696

Sodium (Na) <0.0001 <0.0001 0.0044

Zinc (Zn) 0.4731 0.0008 0.2629

Table 5. Mean height (n = 33 to 63) and leaf phytoextraction (n = 27) (± standard error) across eight
hybrid poplar clones and Russian Olive (Elaeagnus angustifolia L.) for initial soil salinity treatment
main effects [low (0.1 to 3.9 dS m−1), medium (4.0 to 5.9 dS m−1), and high (6.0 to 10.0 dS m−1)] in a
study testing the survival, growth, and phytoextraction potential of hybrid poplar in North Dakota,
USA. Means with different letters within rows were different at p < 0.05, while those labeled with an
asterisk (*) were different than the overall mean at p < 0.05. Leaves were sampled on 27 August 2014.
See Figure 2 for locations of trees from which leaves were sampled.

Salinity Treatment

Parameter Low Medium High Overall

Height (m)
(2014) First Year 1.63 ± 0.04 a * 1.48 ± 0.04 b 1.37 ± 0.04 c * 1.50 ± 0.02

(2015) Second Year 2.03 ± 0.07 z * 1.84 ± 0.06 y 1.31 ± 0.05 x * 1.79 ± 0.04
Leaf phytoextraction (g kg−1)

Calcium (Ca) 10.41 ± 0.65 b * 12.77 ± 0.87 a 14.16 ± 0.92 a * 12.44 ± 0.50
Magnesium (Mg) 3.80 ± 0.20 y * 5.56 ± 0.38 z 5.63 ± 0.31 z 5.00 ± 0.20

Leaf phytoextraction (mg kg−1)
Aluminum (Al) 198.94 ± 20.11 b * 278.87 ± 21.09 a 271.37 ± 21.13 a 249.72 ± 12.51

Iron (Fe) 67.50 ± 5.30 yx 92.36 ± 11.22 z 75.21 ± 5.73 zy 78.35 ± 4.65
Potassium (K) 28.12 ± 1.01 b 28.53 ± 1.20 b 32.79 ± 1.70 a * 29.81 ± 0.80

Manganese (Mn) 53.38 ± 5.13 y * 76.55 ± 4.69 z 77.25 ± 6.06 z 69.06 ± 3.28
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Figure 4. Mean height (± standard error) after the first (A) and second (B) growing seasons, as well as
leaf phytoextraction (± standard error) of aluminum (Al) (C), calcium (Ca) (D), cadmium (Cd) (E), iron
(Fe) (F), magnesium (Mg) (G), manganese (Mn) (H), and zinc (Zn) (I) of eight hybrid poplar clones
and Russian Olive (Elaeagnus angustifolia L.) grown on soils varying in salinity in North Dakota, USA.
The dashed line represents the overall mean, while bars with asterisks indicate means that differ from
the overall mean at p < 0.05. Bars with different letters were different according to Fisher’s protected
least significant difference (LSD) at p < 0.05.

Treatment × genotype interactions were significant for height at three (p = 0.0486) and four
(p < 0.0001) years after planting (Table 4). After the third growing season, height ranged from
0.91 ± 0.00 (‘NC14106’ High) to 3.04 ± 0.16 m (‘DN5’ Low), with an overall mean of 2.23 ± 0.04 m
(Figure 5). Although all of the high-salinity trees died for ‘DN5’ and ‘NC14104’, height did not differ
for the other treatments within either of these clones. Similarly, there were no differences among
salinity treatments for ‘DN182’, ‘NC14106’, ‘NM2’, ‘NM6’ nor ‘RuOlive’. In contrast, trees of ‘DN17’
grew 53% taller in low- versus high-salinity soils. Likewise, trees in both low and medium salinity
treatments were significantly taller than those in high-salinity soils, having 53% and 50% greater height,
respectively (Figure 5). In the fourth growing season, height ranged from 0.61 ± 0.16 (‘Robusta’ High) to
3.28 ± 0.20 m (‘DN5’ Low), with an overall mean of 2.44 ± 0.09 m (Figure 5). As noted above, only four
of the eight clones tested (i.e., ‘RuOlive’ was removed after the third growing season per a landowner
maintenance agreement) were still alive on the high salinity treatment in year four: ‘Robusta’, ‘DN182’,
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‘NM2’, and ‘NM6’. Of those, height was only significantly different for ‘Robusta’, wherein trees with
the same height for low and medium treatments grew 78% taller than those in the high salinity soils.
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Figure 5. Mean height (± standard error) after the third (A) and fourth (B) growing seasons of eight
hybrid poplar clones and Russian Olive (Elaeagnus angustifolia L.) grown on soils varying in salinity in
North Dakota, USA. Soil treatments included low (0.1 to 3.9 dS m−1), medium (4.0 to 5.9 dS m−1), and
high (6.0 to 10.0 dS m−1) initial salinity ranges. The dashed line represents the overall mean, while
bars with asterisks indicate means that differ from the overall mean at p < 0.05. Bars with different
letters were different according to Fisher’s protected LSD at p < 0.05. Per a landowner maintenance
agreement, all Russian olive trees were removed in 2016.

3.3. Leaf Phytoextraction

The treatment × genotype interaction was negligible for phytoextraction of Al, Ca, Cd, Fe, K, Mg,
Mn, and Zn, yet the treatment main effect was significant for all of these metals (p < 0.05) except Cd and
Zn (Table 4). Uptake of Al was greatest on medium- and high-salinity soils that were not different from
one another but were 28% greater than the low salinity treatment, which was 20% less than the overall
mean (Table 5). Similar trends were shown for Ca, Mg, and Mn, where the medium and high salinity
treatments had 26%, 33%, and 31% more leaf uptake than the low salinity treatment, respectively. Iron
uptake was greatest for medium-salinity soils, which were not different from Fe phytoextraction from
high-salinity treatments but were 27% greater than in the low-salinity soils. Lastly, K uptake was 15%
greater in high-salinity soils than either of the other treatments (that did not differ from one another)
and 9% more than the overall mean (Table 5).

Clones differed in their leaf phytoextraction of Al, Ca, Cd, Fe, Mg, Mn, and Zn (p < 0.05) (Table 4).
The leaf concentration of Al ranged from 144.41 ± 19.30 (‘DN182’) to 353.12 ± 28.94 mg Al kg−1 (‘NM2’),
with a mean of 249.73 ± 12.51 mg Al kg−1 (Figure 4). The P. deltoides × P. nigra clones exhibited 78% less
Al uptake than the P. deltoides × P. maximowiczii genotypes, P. nigra × P. maximowiczii genotypes, and
‘RuOlive’, which were not different from one another. Clones ‘DN17’ and ‘DN182’ had the lowest Al
uptake, which was 73% less than the overall mean. Calcium phytoextraction ranged from 6.71 ± 1.11
(‘RuOlive’) to 16.14 ± 1.42 g Ca kg−1 (‘NC14104’), with a mean of 12.44 ± 0.50 g Ca kg−1 (Figure 4).
Genotypes segregated into three response groups based on genomic group: 1) clones belonging to
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the P. deltoides × P. maximowiczii and P. nigra × P. maximowiczii genomic groups exhibited the greatest
Ca phytoextraction, 2) P. deltoides × P. nigra clones had the second highest Ca levels, and 3) ‘RuOlive’,
which had 85% less Ca uptake than the overall mean, also had significantly less Ca than either of the
other response groups. For Cd, leaf concentrations ranged from 1.36 ± 0.27 (‘Robusta’) to 4.45 ± 0.40 mg
Cd kg−1 (‘RuOlive’), with a mean of 2.39 ± 0.15 mg Cd kg−1 (Figure 4). In contrast to Ca where Russian
olive had the lowest phytoextraction potential, Cd in the leaves of ‘RuOlive’ was 31% (‘NC14104’)
to 69% (‘Robusta’) greater than the other clones and 46% greater than the overall mean. For Fe, leaf
concentrations ranged from 55.31 ± 4.56 (‘DN5’) to 140.14 ± 10.91 mg Fe kg−1 (‘RuOlive’), with a
mean of 78.35 ± 4.65 mg Fe kg−1 (Figure 4). Similar to the results for Cd, Fe in the leaves of ‘RuOlive’
was 31% (‘NC14106’) to 61% (‘DN5’) greater than the other clones and 44% greater than the overall
mean. The leaf concentration of Mg ranged from 2.57 ± 0.36 (‘RuOlive’) to 6.06 ± 0.72 g Mg kg−1

(‘NC14104’), with a mean of 5.00 ± 0.20 g Mg kg−1 (Figure 4), which was the opposite trend than
that for Cd and Fe. In particular, despite ‘DN182’ and ‘NC14104’ having 23% and 26% more Mg in
their leaves than ‘Robusta’, respectively, all of the hybrid poplar genotypes exhibited significantly
higher Mg concentrations than ‘RuOlive’, which had 95% less Mg than the overall mean. Manganese
phytoextraction ranged from 47.79 ± 4.66 (‘NC14106’) to 95.82 ± 10.66 mg Mn kg−1 (‘DN182’), with a
mean of 69.06 ± 3.28 mg Mn kg−1 (Figure 4). Clones within genomic groups were consistent in their
uptake of Mn, with P. deltoides × P. nigra genotypes having the greatest overall concentrations (that were
similar to ‘RuOlive’) followed by P. nigra × P. maximowiczii clones and then P. deltoides × P. maximowiczii
genotypes. For Zn, leaf concentrations ranged from 80.02 ± 11.43 (‘RuOlive’) to 320.29 ± 36.09 mg Zn
kg−1 (‘DN17’), with a mean of 183.29 ± 12.98 mg Zn kg−1 (Figure 4). With the exception of ‘DN17’
having the greatest Zn uptake that was 43% higher than the overall mean and ‘RuOlive’ with the
least Zn uptake that was 129% lower than the overall mean, genotypes exhibited relatively uniform
phytoextraction of Zn.

The treatment × genotype interaction was significant for phytoextraction of Na (p = 0.0044)
(Table 4). Uptake of Na into the leaves ranged from 0.03 ± 0.01 (‘NC14106’ Low) to 5.88 ± 0.77 g Na
kg−1 (‘RuOlive’ High), with an overall mean of 0.93 ± 0.17 g Na kg−1 (Figure 6). Sodium concentration
in the leaves did not differ among treatments within individual hybrid poplar genotypes (Figure 6), yet
general trends were similar as with height during years three and four. In particular, the P. deltoides × P.
nigra clones exhibited substantial within-group variability, with ‘DN5’ having 70% lower overall Na
uptake than the other clones. In addition, the P. deltoides × P. maximowiczii clones had the lowest overall
Na uptake, that being only 70% of the overall mean. For P. nigra × P. maximowiczii clones, ‘NM2’ had
some of the highest Na concentrations for medium- and high-salinity soils of all treatment × genotype
combinations, while ‘NM6’ had consistent Na for low and medium treatments that were 125% less
than that for the high-salinity soils, albeit not statistically different. ‘RuOlive’ exhibited the greatest Na
phytoextraction, with trees grown in the high-salinity soils taking up to 78% more Na than those of the
low salinity treatment.

4. Discussion

In this study, survival, height, and phytoextraction potential of known saline-tolerant hybrid
poplar genotypes were compared with that of Russian olive at a field site in Burleigh County, North
Dakota, USA that had soils naturally varying in salinity. Overall, hybrid poplars exhibited greater
survival and height than Russian olive, and phytoextraction potential depended on specific element ×
genotype combinations. It is worth noting, however, that Russian olive, by nature, is substantially
shorter than any of the hybrid poplar genotypes tested, regardless of soil conditions. Hybrid poplar
survival rates of the current study were consistent with previous reports during the first growing
season yet lower than expected during years two through four, wherein survival decreased 20% per
year to an overall survival rate of 40% at the end of the study. Expected survival rates throughout
10- to 12-year rotations of poplars are 90% to 95% for biomass applications [31,32] and 80% to 90%
for phytotechnologies [33,34]. For example, in applications that are most similar to the current study
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with respect to salinity, Zalesny et al. [14] reported 78% survival for eight poplar genotypes that were
irrigated with high-salinity landfill leachate (i.e., 6.2 to 9.4 dS m−1) for two growing seasons. In a
long-term component of that study, 8-year-old companion trees of P. nigra × P. maximowiczii ‘NM2’
had 90% survival [35], which was similar to 14 P. deltoides clones receiving tertiary treated municipal
wastewater at 27 months after planting in Florida, USA [36].
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Figure 6. Leaf phytoextraction of sodium (Na) (± standard error) of eight hybrid poplar clones and
Russian olive (Elaeagnus angustifolia L.) grown on soils varying in salinity in North Dakota, USA. Soil
treatments included low (0.1 to 3.9 dS m−1), medium (4.0 to 5.9 dS m−1), and high (6.0 to 10.0 dS m−1)
initial salinity ranges. The dashed line represents the overall mean, while bars with asterisks indicate
means that differ from the overall mean at p < 0.05. Bars with different letters were different according
to Fisher’s protected LSD at p < 0.05.

The three most plausible silvicultural causes of the lower-than-expected survival rates in the
current study included high soil salinities, extremes of soil moisture availability, and tree shelter
effects. First, and the most obvious, is that hybrid poplars are not typically planted in soils with
salinity levels in excess of 5 dS m−1 [37]. Although high-biomass clones have been identified that have
tolerated such salinity thresholds [17,20], some genotypes in the current study were not adapted to
these local site conditions (i.e., P. deltoides × P. maximowiczii ‘NC14104’, ‘NC14106’). Nevertheless, using
methods such as phyto-recurrent selection is warranted for future efforts, wherein genotypes adapted
to such soil conditions could be selected before field deployment, thereby increasing the probability of
long-term survival and growth [13,18,19]. Second, trees in the current study were not irrigated, and
they underwent periods of excessive moisture and prolonged drought, both of which likely stressed
the trees and limited their response potential to the high-salinity soils [38,39]. While most industrial
plantations of hybrid poplars in the Midwest are not irrigated [40], very few have experienced these
combinations of concurrent water and salinity stress. Third, hybrid poplars are not typically planted in
tree shelters, which in the current study resulted in altered aboveground morphology (i.e., tall and
thin trees with reduced branch/leaf development) [41] that likely contributed to confounding of the
trees’ stress responses from the moisture and salinity mentioned above. While tree shelters protect the
trees from deer, they abrade the tree boles and branches where they emerge from the shelter, resulting
in deformity. In addition, shelters may affect the trees’ ability to harden off, thus leading to winter
dieback. Both of which occurred in the current study.

These silvicultural stress responses associated with adaptability, water use mechanisms, and
external impacts for survival likely contributed to the observed variability in height, as well. Overall,
the inverse relationship between growth and salinity (i.e., growth declined with increasing salinity
levels) corroborated those of previous studies [18,22,24]. The magnitude of growth responses of the
trees in the current study was similar yet slightly higher than that reported for other hybrid poplars
used for salinity-related phytotechnologies. For example, Zalesny and Bauer [42] irrigated three P.
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deltoides × P. nigra clones (‘DN34’, ‘DN17’, ‘DN182’) and two P. nigra × P. maximowiczii genotypes
(‘NM2’, ‘NM6’) with low-salinity landfill leachate for one growing season and reported mean height
across clones of 99.74 cm, which was 63% of that reported here for the low initial soil salinity treatment
(i.e., 0.1 to 3.9 ds m−1). Similarly, six hybrid poplar genotypes (‘DN34’, ‘DN5’, ‘NC14104’, ‘NM2’,
‘NM6’, P. deltoides × P. nigra ‘I4551’) were irrigated every other day with high salinity (i.e., 8.7 ds m−1)
landfill leachate from 42 to 70 days after planting, and trees receiving leachate had 15% greater height
than those irrigated with non-saline well water [43]. Four clones (‘DN5’, ‘NC14104’, ‘NM2’, ‘NM6’)
were used in both studies, and their associated height was consistently higher in the current study:
‘DN5’ (+66%), ‘NC14104’ (+65), ‘NM2’ (+63%), and ‘NM6’ (+60%). After two years, Zalesny et al. [14]
reported that eight hybrid poplar genotypes irrigated with high-salinity landfill leachate (i.e., 6.2 to
9.4 dS m−1) were 0.98 to 1.81 m tall compared with 1.44 to 2.13 m in the current study, resulting in their
mean height being 20% less than that of the current study. Five clones (‘DN5’, ‘NC14104’, ‘NC14016’,
‘NM2’, ‘NM6’) were used in both studies, and height comparisons varied among these genotypes. Trees
were taller in the current study for ‘DN5’ (+31%), ‘NC14106’ (+26), and ‘NM6’ (+22%) yet shorter for
‘NC14104’ (-7%) and ‘NM2’ (-14%). While not grown in the field, Steppuhn et al. [25] tested first-year
stem length of four P. deltoides × P. nigra clones (‘Assiniboine’, ‘CanAm’, ‘Manitou’, ‘Walker’) grown
in high-salinity solutions ranging in electrical conductivity from 2 to 31 dS m−1, which translated to
equivalent electrical conductivity (ECe) of saturated soil paste extracts of 1.0 to 15.5 dS m−1 (i.e., this
lower range should be used in comparisons with the current study) [44]. At ECe of 6.9 dS m−1, they
reported that ‘Assiniboine’ exhibited 14% greater stem length than the other three clones, resulting in
an 8.4% stem length reduction per ECe unit in their study [25]. Similar clonal trends were observed
for their salinity treatments of 2.3 dS m−1 and 4.2 dS m−1 [25], which were equivalent to the low and
medium levels of the current study, respectively.

Leaf phytoextraction in the current study was element- and genotype-specific. Russian olive is
known to be highly salt tolerant [3], and it is one of few options for establishing trees on the highly
saline soils of North Dakota [5,6]. As such, Russian olive exhibited greater Na, Cd, and Fe leaf
concentrations than any of the hybrid poplar genotypes. However, despite expectations, Russian olive
also had the worst uptake of Ca and Mg of all genotypes tested. Soil concentrations of these elements
were analyzed at the time of leaf sampling (Table 2), and conducting a mass balance assessment of the
ultimate fate of these metals was beyond the scope of this study. Nevertheless, such experimentation
would be a meaningful next step for future projects. While minimal information is available about the
phytoextraction potential of Russian olive, leaf uptake of Cd in the current study was 99% higher than
that for a study testing the concentration of heavy metals in leaves of Russian olive trees growing on
industrial brownfields [45]. In contrast, leaf phytoextraction of Fe was 43% lower in the current study,
thus corroborating the need to match genotypes with elements of interest and specific soil conditions.
Arık and Yaldız [45] also reported Russian olive leaf concentrations of Al, Mn, and Zn that were 52%,
48%, and 78% lower than in the current trees, respectively. Similar results were shown for Cd in a
study testing Russian olive as a bioindicator of heavy metal pollution [46], wherein Russian olive trees
had 72% less Cd concentrations than in the current study. In contrast to comparisons with Arik and
Yaldiz [45], Zn concentrations of the current study were 28% lower (rather than 78% higher) than those
of Aksoy and Şahin [46].

Trees of the current study exhibited moderate levels of salt toxicity symptoms consisting of
premature leaf abscission, burned leaf margins, and winter dieback [18]. Leaf phytoextraction of
hybrid poplar showed similar salinity stress response trends as for survival and growth. In particular,
with the exception of ‘DN182’ and ‘DN17’ having much higher concentrations of Mn and Zn than most
other clones, respectively, the hybrid poplar genomic groups had two general responses. First, P. nigra
× P. maximowiczii genotypes exhibited superior phytoextraction of all elements. Second, P. deltoides × P.
nigra and P. deltoides × P. maximowiczii clones each had leaf concentrations that were similar to both of
the other genomic groups, with two exceptions. The P. deltoides × P. nigra clones had 78% less Al and
37% less Ca uptake than the other genomic groups, while the P. deltoides × P. maximowiczii genotypes
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extracted 53% less Mn and 155% less Na relative to the other groups. Furthermore, Bañuelos et al. [20]
reported similar variability among seven hybrid poplar genomic groups for leaf concentrations of
Cl− and boron (B) following high-salinity irrigation, while Bañuelos et al. [18] and Shannon et al. [19]
showed a range in selenium (Se) and B uptake among eight clones belonging to three genomic groups
that were irrigated similarly. Although uptake of Cl−, B, and Se were not tested in the current study,
phytoextraction potential of other parameters corroborated previous results for hybrid poplar [47,48].
For example, Chen et al. [24] tested the effect of NaCl on growth and physiological parameters of P.
euphratica Oliv. and P. tomentosa Carrière, and they reported that 40% and 36% of total Na from their
treatments was taken up and distributed to the leaves, respectively. Their substantially less Na uptake
into hybrid poplar leaves relative to Russian olive was likely due to known physiological responses of
hybrid poplar to Na stress [24]. Specifically, hybrid poplars typically restrict Na transport from roots to
leaves [19,23], which has been shown in field trials in the North Central, USA [15]. Testing five of the
same genotypes as the current study, Zalesny et al. [15] irrigated the trees with high-salinity landfill
leachate for two growing seasons and reported Na phytoextraction values that were 5% lower for
‘NM6’ yet 42% (‘NM2’) to 79% (‘DN5’) greater than the current study for the other clones. Comparisons
between current results and those from the same genotypes irrigated with high-salinity landfill leachate
have shown similar outcomes to those reported above. In particular, phytoextraction values were
typically higher for leachate-irrigated trees versus those grown on the soils of the current study, yet
responses of individual genotypes to specific soil conditions governed phytoextraction potential [49,50].
This was especially important in the current study given that soil salinity levels decreased over time.
Although it was not directly tested, higher mortality rates in subsequent growing seasons suggested
that the trees are extracting and accumulating salts up to and beyond their biological thresholds, thus
resulting in impacts to their internal physiological processes. Overall, this is a worthwhile indication
that phytoextraction occurred.

5. Conclusions

The primary objective in the current study was to test whether any of the hybrid poplar genotypes
performed as well or better than Russian olive, to offer landowners a tree-planting alternative to
Russian olive on their high-salinity soils. While this objective was to find one or more hybrid poplar
genotypes to replace Russian olive, it is worth noting that shrubs and grasses may also have potential
for establishing vegetation on these high-salinity soils in North Dakota, USA. As a result, it would be
beneficial in future studies for researchers and land managers to test a suite of species belonging to
these plant functional groups. Nevertheless, in the current study Russian olive did not survive nor
grow as well as expected, having lower survival rates and smaller trees than many of the hybrid poplar
clones tested. At the end of three years, 86%, 71%, and 43% of the Russian olive trees were alive in
the low-, medium-, and high-salinity soils, respectively. Despite the underperformance of Russian
olive, hybrid poplar genomic groups exhibited broad genetic variability, which has led to their use
in studies of this nature [13,18,19]. The P. deltoides × P. nigra genomic group had the broadest clonal
variability among all traits, with ‘Robusta’ and ‘DN182’ exhibiting great potential for the establishment
on high-salinity soils, based on survival, growth, and leaf phytoextraction. An interesting observation
(as noted in the Materials and Methods) is that ‘Robusta’ and ‘DN17’ are the same genotype that came
from different nursery sources in the current study (i.e., hence their different nomenclature). Based on
statistical contrasts (data not reported), ‘Robusta’ and ‘DN17’ did not differ for height within nor across
salinity treatments. The same was true for leaf phytoextraction, with two exceptions. First, across
treatments, ‘Robusta’ had 37% more Al uptake than ‘DN17’. Second, across treatments, ‘DN17’ had
49% more Zn uptake than ‘Robusta’. These results are difficult to interpret, and we ascertain that the
differences were due to individual responses to microsites or quality of the planting stock. Nevertheless,
as expected, these clones exhibited similar responses overall. In contrast to the P. deltoides × P. nigra
clones, the P. deltoides × P. maximowiczii genomic group was not suitable for the soil conditions nor
silvicultural applications (e.g., the tree shelters) of the current study. Based on previous results [13,14],
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these clones have been highly successful for phytotechnologies, and their response in the current study
supports the need for phyto-recurrent selection to monitor and choose genotypes under controlled
conditions before advancing them to the field. Lastly, the P. nigra × P. maximowiczii clones exhibited
the most stable performance across all years and salinity treatments, when considering all the traits
simultaneously. Both ‘NM2’ and ‘NM6’ had the greatest fourth-year survival and height, as well as
average or above average phytoextraction of all elements tested. Overall, our results suggest that
P. deltoides × P. nigra and P. nigra × P. maximowiczii clones that are advanced from phyto-recurrent
selection (or a similar selection method), grown in the open air without the use of tree shelters, and
monitored for moisture demands (and irrigated during establishment, if necessary) to eliminate the
potential for drought-induced stresses are best suited for similar systems of this nature, especially in
North Dakota, USA.
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Abstract: Root–shoot allocation of biomass is an underrepresented criterion that could be used
for tree selection in phytoremediation. We evaluated how root–shoot allocations relate to biomass
production and overall health of poplar and willow clones grown in landfill soil treatments. Fifteen
poplar clones and nine willows were grown in a greenhouse for 65 days in soils from five Wisconsin
landfills and one greenhouse control. We tested for treatment, clone, and interaction differences in
root–shoot ratio (RSR), health, and growth index, along with relationships between RSR with diameter,
health, height, total biomass, and growth index. Treatments, clones, and their interactions were not
significantly different for poplar RSR, but willow clones differed (p = 0.0049). Health significantly
varied among willow clones (p < 0.0001) and among the clone × treatment interaction for poplars
(p = 0.0196). Analysis of means showed that willow clones ‘Allegany’ and ‘S365’ exhibited 28% and
21% significantly greater health scores than the overall mean, respectively. Root–shoot ratio was not
significantly correlated with health in either genus but was positively correlated with growth index
for poplars, which was corroborated via regression analyses. Selecting clones based on a combination
of biomass allocation, health, and growth indices may be useful for using phyto-recurrent selection
to satisfy site-specific ecosystem services objectives.

Keywords: phytoremediation; hybrids; health; biomass production; phytotechnologies

1. Introduction

There are numerous phytotechnologies available for remediating contaminated sites. For example,
through the use of woody plants like trees, phytoremediation aims to remediate many forms of
soil and water pollution [1,2]. Common targets of phytoremediation include metals, metalloids,
petroleum hydrocarbons, pesticides, explosives, chlorinated solvents, and industrial byproducts [3].
Remediation occurs through decontamination, the removal of pollutants through plant uptake,
or stabilization, which alters the soil chemistry to stabilize the pollutant(s) [4]. Phytoextraction
is a mode of decontamination in which plants accumulate contaminants and are later harvested.
This removal of pollutants rather than stabilization prevents transfer to nearby groundwater, streams,
and lakes. The degree of phytoextraction possible is specific to site conditions, pollutant bioavailability
and plant characteristics [5,6]. Soil texture, pH, and pollutant concentration must all be within the
limits of the plants used to enhance productivity and growth, which in turn will promote maximum
phytoextraction. Because of the range in performance and tolerance among tree species, methods of
species selection are vital to maximize potential remediation.

Forests 2019, 10, 49; doi:10.3390/f10010049 www.mdpi.com/journal/forests71
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A recent development in phytotechnologies, phyto-recurrent selection is the screening and
selection of readily available clones based on performance in experimental trials [7,8]. Superior clones
are selected for their survivability, rooting ability, yield, and pest/disease resistance. Multiple testing
cycles are employed to eliminate less desirable clones. As the number of clones left in a trial decreases,
the complexity of the data increases. The data collected from the last cycle of a trial determines which
clones to plant at a specific site. In one study, phyto-recurrent selection was used to select Populus
clones for phytoremediation of landfill leachate [7]. The clones responded differently to leachate
treatments for all traits tested in the first growing cycle. In the third growing cycle rooting differences
were evident between leachate treatments, which was corroborated in the field [9]. This highlights
the need for testing and selecting clones for site-compatible characteristics, which has been a focus of
phytotechnologies research throughout the past decade [8].

Phytoremediation research has focused on ways to simultaneously maximize yield and root
growth. Populus and Salix genera are ideal short rotation woody crops (SRWC) due to their high
yield and fast growth [10]. Populus is also one of the most popular genera used for phytoremediation
because of its rapid juvenile growth, ease of hybridization, and vegetative propagation [11]. Rapid
growth and proper establishment at the start of a plant’s life, especially when grown in contaminated
soils, is essential to successful phytoremediation. Poplars can also regrow after multiple harvests and
effectively remove inorganics from contaminated soil [12,13].

Like Populus, the genus Salix is a main source of clones for phytoremediation [4]. Willows
and poplars are similar in that they both have the potential for high biomass productivity, effective
nutrient uptake, and clone-specific capacity for taking up heavy metals [14]. Willows also exhibit
high evapotranspiration, a key factor determining rapid chemical uptake in plants [15]. Such uptake
of contaminants is useful in a variety of situations on different contaminated sites. For example,
willows planted on land contaminated with dredged sediment containing mineral oil and polyaromatic
hydrocarbons decreased the mineral oil composition almost four times more than decreases on a paired
site where all vegetation was removed [16]. Willows can also experience enhanced growth when
immersed in contaminated conditions. Higher yield, increased number of shoots, and increased plant
dry mass have all occurred in willows treated with wastewater compared to control plants [14,17].

Currently, phytoremediation research on poplars and willows is focusing on understanding the
role of biomass distribution, across genera and even among specific hybrid clones in response to
contaminated soils [18]. The relationship between below- and above-ground biomass of a plant is
known as the root–shoot ratio (RSR). Understanding the RSR provides insight to a plant’s ability to
perform across different sites or contaminant levels. Biomass ratios can vary among species, between
plants of different sizes, and in differing moisture conditions [19,20]. In addition, nutrient availability,
oxygen, light, and temperature can impact the biomass ratio in plants [21–23]. These factors emphasize
the need to better understand RSRs and the genotype × environment interactions that influence them.

Biomass allocation is important to phytoremediation because it constitutes criteria for selecting
superior site-specific clones. Research to date has shown immense variability in above- and
below-ground biomass production among clones [24–26]. Not only does variation exist among clones
but between clones grown in different soils as well. Willows specifically have been shown to have a near
twofold increase in number of leaves and coarse roots when grown in clay versus sand substrates [27].
In particular, cuttings grown in the clay substrate exhibited higher net primary production, dry mass
distribution, shoot height, or fine root number than those grown in sand. Marginal sites such as
landfills exhibit similar soil heterogeneity that will likely result in variable biomass production and
phytoremediation capability among clones. Across this diversity of site types, there is a need to
determine which clones can survive, maximize growth and are most effective at remediating the site.
For example, species with greater belowground biomass allocations may provide the greatest benefit
in sites where the primary objective involves the roots, such as phytostabilization, rhizofiltration,
or rhizodegredation. On the other hand, if the objective involves the aboveground processes of the
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plant, such as phytovolatilization or phytodegredation, species with greater aboveground biomass
allocations should be implemented.

In addition to the variation in poplar and willow biomass allocation and health across different
soil treatments, differences among clones have been shown to dictate success of these production
systems [13]. For example, Wullschleger et al. [26] found that biomass allocation in poplars varies
with genotype and age. They also conclude that root–shoot relationships should be investigated
because of the importance of root distribution to carbon sequestration and phytoremediation. In a
similar study, Barigah et al. [28] tested the differences in aboveground biomass production among
five hybrid poplar clones after one year of growth and reported that all clones differed from one
another, with the best clone producing over 3.5 times more aboveground biomass and aboveground
biomass per area than the poorest-performing clone. Variation was attributed to phenotypic traits
of the individual clones such as large individual leaf size, total leaf area, and photosynthetic rates.
Results were similar for another small-scale study comparing four poplar clones, though the variation
was not as distinct [29]. The range in RSRs was 0.26 to 0.36, with significant shifts in clonal biomass
rankings across the two-year study. Thus, not only was there variation among same-aged clones in
biomass production and allocation, but clonal variation over time as well. Knowledge of such variation
in biomass allocations among clones, especially in regard to temporal variation, is important to the
success of a phytoremedation site. Clones that exhibit greater belowground biomass allocations early
on have the potential for better initial establishment in harsh field conditions (i.e., contamination,
available nutrients, moisture levels) when compared to clones that do not. Successful establishment
can lead to better tree health, and increased overall effectiveness of the phytoremediation at a site.

More research must be done to determine which clones are best for each allocation strategy, be it
higher mass dedicated to shoots or roots, a balance between the two, or adaptability among all three.
Scientists can then use biomass allocation data to choose clones that meet site-specific remediation goals
like high root allocations to stabilize riparian buffer zones, high shoot allocations to allow for maximum
evapotranspiration, or the ability to change between both at highly dynamic sites. In the current
study, we tested the hypothesis that poplar and willow clones will vary in their root–shoot allocations
when grown in different landfill soil treatments, both among clones and treatments. Furthermore,
we assessed the relationships among RSR and the early growth and health of the clones. Methods
and results will provide researchers with another criterion for the phyto-recurrent selection process
regardless of specific genotypes or geographic locations.

2. Materials and Methods

2.1. Soil Collection and Site Description

Soils were collected from five closed solid waste municipal landfills in eastern Wisconsin, USA;
Bellevue, Caledonia, Menomonee Falls, Slinger, and Whitelaw (Figure 1). Annual mean temperature
across the landfills ranges from 6.8 to 8.8 ◦C while precipitation ranges from 749 to 876 mm [30]. Soil
was collected down to a depth of 0.8 m from between 5 and 16 randomly selected points from each site.
The total amount of soil collected from each site was 3.8 m3. Soil samples were sieved (0.6 cm screen)
and homogenized by site. The sieved soils were loaded into Agrimaster poly stock tanks (Behlen
Manufacturing Company, Columbus, NE, USA) with a resulting individual tree soil volume of 0.02 m3.
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Figure 1. Locations of the five landfill sites where soil was collected and the phytotechnologies
greenhouse where phyto-recurrent selection was conducted (Rhinelander, WI, USA) in a study assessing
the relationships among root–shoot allocations, early growth, and health of hybrid poplar and willow
clones when grown for 65 days in the landfill soils.

2.2. Soil Properties

Six 25-mg subsamples of soil were collected from the sieved and homogenized soil of each site,
processed, and subsequently sent to Northern Lake Service, Inc. (Crandon, WI, USA). The subsamples
were analyzed for volatile organic compounds, including vinyl chloride, which were later determined
to be undetectable at soil harvesting depths. Soil pH, texture, and chemical properties are listed in
Table 1. The aim of the current study was to determine if RSR varied among clones, soils, or their
interaction, and therefore we did not evaluate the uptake of particular soil components, nor their effect
on tree growth.
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Table 1. pH, texture, and chemical properties of soils collected from five landfills in eastern Wisconsin,
USA in a study assessing the relationships among root–shoot allocations, early growth, and health of
hybrid poplar and willow clones when grown in the landfill soils for 65 days.

Soil Treatment

Bellevue Caledonia
Menomonee

Falls
Slinger Whitelaw Control

pH 7.64 ± 0.02 7.20 ± 0.01 7.52 ± 0.02 7.37 ± 0.01 7.74 ± 0.02 4.49 ± 0.01
Texture Clay Loam Clay Clay Loam Clay Loam Sandy Loam -

Percent

Clay 38 48 28 28 7 -
Sand 37 21 33 25 55 -
Silt 35 31 39 47 38 -
C 0.024 ± 0.001 0.029 ± 0.004 0.064 ± 0.000 0.024 ± 0.001 0.041 ± 0.003 0.310 ± 0.005
N 0.000 ± 0.000 0.001 ± 0.000 0.001 ± 0.000 0.001 ± 0.000 0.001 ± 0.000 0.007 ± 0.000

g kg−1

Al 41.82 ± 0.56 52.46 ± 4.21 31.68 ± 0.30 45.71 ± 0.32 35.43 ± 4.62 22.75 ± 0.67
Ca 43.19 ± 1.78 30.51 ± 8.27 97.14 ± 1.12 23.22 ± 0.24 62.74 ± 8.14 11.24 ± 0.20
Fe 22.19 ± 0.30 29.56 ± 2.21 20.34 ± 0.18 26.29 ± 0.27 21.14 ± 2.11 16.61 ± 0.38
K 20.81 ± 0.24 19.57 ± 1.27 11.58 ± 0.36 13.88 ± 0.20 14.78 ± 1.69 4.43 ± 0.40

Na 5.40 ± 0.05 4.45 ± 0.12 4.14 ± 0.03 6.21 ± 0.05 4.95 ± 0.16 2.71 ± 0.15
Ti 2.56 ± 0.02 3.39 ± 0.24 2.03 ± 0.01 3.23 ± 0.01 2.35 ± 0.24 2.48 ± 0.06
Si 255.47 ± 3.59 234.58 ± 6.19 163.75 ± 1.42 263.10 ± 1.00 209.66 ± 3.23 76.98 ± 2.51

mg kg−1

Mg 17.68 ± 0.63 21.14 ± 4.06 47.25 ± 0.31 15.08 ± 0.17 37.21 ± 3.85 25.53 ± 0.65
Mn 396.80 ± 8.50 648.96 ± 66.74 512.31 ± 4.55 790.67 ± 5.27 392.88 ± 66.65 257.87 ± 5.76
P 435.47 ± 8.75 426.05 ± 4.79 357.47 ± 5.89 445.51 ± 3.14 381.91 ± 9.96 380.88 ± 12.91
Sr 114.21 ± 0.58 101.06 ± 1.55 100.34 ± 0.27 103.01 ± 0.43 101.50 ± 1.36 56.84 ± 1.60
Zr 16.58 ± 0.15 16.55 ± 0.51 11.92 ± 0.38 23.77 ± 0.26 13.30 ± 0.94 2.00 ± 0.13

2.3. Genotype Selection and Experimental Design

Twenty-four clones were used in this study, fifteen poplar clones and nine willow clones. Populus
and Salix cuttings were obtained from the USFS NRS Hugo Sauer Nursery (Rhinelander, WI, USA),
Iowa State University Clonal Orchard at the Iowa Department of Natural Resources State Nursery
(Populus only) (Ames, IA, USA), Michigan State University Clonal Orchard at the Tree Research Center
(Populus only) (Lansing, MI, USA), University of Minnesota Natural Resources Research Institute
Clonal Orchard at the North Central Research and Outreach Center Nursery (Populus only) (Grand
Rapids, Minnesota, USA), and Double A Willow (Salix only) (Fredonia, NY, USA). These sources grew
whips of the clones for one growing season in stool beds. Dormant, unrooted cuttings were processed
to a length of 20.32 cm. Cuts were made to position at least one primary bud within 2.54 cm from the
top of each cutting. Cuttings were then stored in polyethylene bags at 5 ◦C and subsequently soaked
in water to a height of 10.16 cm for 48 h before planting. The trees were grown in the greenhouse with
a 16-h photoperiod. Temperatures were held at 24 ◦C in the daytime and 20 ◦C in the nighttime. Trees
received irrigation with unfiltered well water based on water demand. The trees of each selection
cycle were arranged in a split-plot design with random block effects, fixed soil treatment whole plots,
and fixed clone sub-plots. Three blocks and six soil treatments (soil from each of the five landfills plus
a control of Jolly Gardner Pro-Line C/G Custom Growing Mix (a mix of Canadian sphagnum peat,
medium perlite, and vermiculite) (Atlanta, GA, USA) were tested. For the purposes of this study, “soil
treatment” is defined as these six different types of soil; soils were not treated or amended in any way.
Clones themselves were arranged in randomized complete blocks in order to account for potential
greenhouse environmental gradients. A total of 432 cuttings were planted, with 18 cuttings per clone,
and three cuttings per clone per soil treatment. Trees were established in Agrimaster poly stock tanks
with individual tank volumes of 0.26 m3.
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This project is part of a larger experiment that consisted of three phyto-recurrent selection growing
cycles. The 24 clones used in this study were those that were selected for cycle 3 trials using weighted
summation indices (described below). There were 15 hybrid poplar clones from four genomic groups
and nine willow clones from six genomic groups (Table 2).

Table 2. Populus and Salix genomic groups and clones tested in phyto-recurrent selection cycle 3 in a
study assessing how root–shoot allocations contribute to biomass production and overall health when
grown for 65 days in soils from five landfills in eastern Wisconsin, USA.

Genomic Group Clone

Populus a

P. deltoides × P. maximowiczii ‘DM’ 313.55, DM111, NC14106

P. deltoides × P. nigra ‘DN’ 9732-32, 9732-36, 21700, 99038022, 99038026, BR 3960,
DN5, DN34, DN177

P. nigra × P. maximowiczii ‘NM’ NM2, NM6
(P. trichocarpa × P. deltoides) × P. deltoides ‘TDD’ NC13820
Salix b

S. caprea hybrid ‘C’ S365
S. miyabeana ‘M’ SX67
S. purpurea ‘P’ Allegany
S. purpurea × S. miyabeana ‘PM’ Millbrook
S. sachalinensis × S. miyabeana ‘SM’ Canastota
S. viminalis × S. miyabeana ‘VM’ Fabius, Owasco, Tully Champion
S. viminalis × (S. sachalinensis × S. miyabeana) ‘VSM’ Preble

a Sections and authorities for Populus are: Aigeiros Duby—P. deltoides Bartr. ex Marsh, P. nigra L.; Tacamahaca
Spach—P. maximowiczii A. Henry, P. trichocarpa Torr. & Gray. b Sections and authorities for Salix are: Cinerella
Seringe—S. caprea L.; Helix Dumortier—S. purpurea L., S. miyabeana Seemen; Vimen Dumortier—S. sachalinensis F.
Schmidt; Viminella Seringe—S. viminalis L.

2.4. Weighted Summation Indices

In all cycles, weighted summation indices were used for phyto-recurrent selection [7]. Allometric
traits (root dry mass; combined leaf and stem dry mass; number of roots; height; diameter; total leaf
number; stem dry mass; leaf dry mass) were given weights (sum of weight = 1) based on their relative
contribution to initial survival and early establishment. The weights were then multiplied by the
adjusted or unadjusted means for each trait, and the values were added across all traits. Clones that
exhibited greater relative index scores were selected to move on to the next cycle. The present study
involves clones that advanced to cycle 3 through superior index scores in the previous two cycles.

2.5. Data Collection

Tree health was measured at 58 days after planting using a four-category qualitative scale ranging
from 0 to 3, where 0 = dead, 1 = poor health, 2 = moderate health, and 3 = optimal health (Figure 2).
Two researchers measured the health of all the clones to promote consistency in ratings. At 65 days
after planting, height, measured from the point of attachment of the primary stem to the original
cutting, and diameter, taken 1.5 cm from the point of attachment to avoid stem swell, were measured.
Trees were harvested, washed, and dissected into roots, stems, leaves, and cuttings. All components
were oven dried at 70 ◦C until constant mass was obtained. Root–shoot ratio (RSR) was calculated as
the ratio of root dry mass to dry mass of stems + leaves. Cutting dry mass was not included in the
RSR calculations.
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Figure 2. Photographs of tree health at 58 days after planting using a four-category qualitative scale
ranging from 0 to 3, where 0 = dead, 1 = poor health, 2 = moderate health, and 3 = optimal health in a
study assessing the relationships among root–shoot allocations, early growth, and health of hybrid
poplar (P) and willow (W) clones grown in soils from five landfills in eastern Wisconsin, USA.

2.6. Growth Index

A simplified growth index was created by calculating z-scores [31] for diameter, height,
and number of leaves and then averaging the scores for each tree. This index was created separately for
each genus. To make the index more intuitive we made all values positive by adding a constant equal
to the absolute value of the lowest score in the data set. Higher values represented more robust trees.

2.7. Data Analysis

Height, diameter, total dry mass (above- plus below-ground), RSR, and growth index data were
analyzed using analyses of variance, analyses of means, and correlation analyses according to SAS®

(PROC GLM; PROC ANOM; PROC CORR; SAS Institute, Inc., Cary, NC, USA). These analyses
assumed the split plot design with a random block effect and fixed main effects for soil treatment and
clone. Analyses of covariance (ANCOVA) were conducted to test for the effect of cutting dry mass
on all traits because of its broad variation at 65 days after planting (0.79 to 22.97 g). Cutting dry mass
was a significant covariate for leaf dry mass, stem dry mass, and aboveground dry mass (p < 0.05)
but did not have a significant effect on root dry mass (p > 0.05). Main effects and their interactions
were considered significantly different at p < 0.05 according to comparison analyses using Tukey’s
adjustment. The Kruskal-Wallis test was used to test for differences in tree health scores. Again,
significant effects were differentiated using Tukey’s adjustment. Clones were classified as generalists
or specialists based on their mean health scores. Generalists were clones whose mean health score
(Section 2.5) was 2.7 or better in four or more of the six soil treatments. Specialist clones exhibited
mean health scores of 2.7 or better in three or less of the treatments. All analyses were performed to
assess the relationships among root–shoot allocations, early growth, and health of the trees for soil
treatment × clone interactions, within genera.
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To evaluate whether the relationships with RSR from the correlation analyses differed significantly
by treatment or clone, ANCOVAs were carried out using PROC GLM in SAS®. Linear equations were
fit for each response variable (diameter, height, total dry mass, and growth index) with experimental
effects of treatment or clone, as well as the covariate RSR and interactions between RSR and the
experimental effects. This approach allows testing for differences in the intercepts (via treatment
or clone), whether the overall relationship with RSR differs from zero (via RSR), and whether the
relationship with RSR differs by treatment or clone (via interactions with RSR). In all cases, statistical
significance (α = 0.05) was tested using F-ratios based on Type III sums of squares, and the coefficient
of determination (r2) for each model was recorded. When RSR interactions were significant, slope
estimates for each treatment or clone were generated and t-tests were conducted to determine which
parameter estimate(s) differed significantly from zero. When justified by the presence of significant
experimental effects, the slope estimates were generated using treatment- or clone-specific intercepts.

3. Results

3.1. Analyses of Variance

Soil treatment, clone, and the treatment × clone interaction were not significant for RSR in poplars
(Table 3). However, there were differences among clones for willows (p = 0.0049), with RSR ranging
from 0.006 ± 0.011 (clone ‘SX67’) to 0.061 ± 0.009 (‘Owasco’) and an overall mean of 0.035 ± 0.009
(Figure 3). Root–shoot ratios among willow genomic groups differed without any noticeable patterns.
In general, RSR was not significantly different among the top six clones. Although mean RSR for
willow clones varied, they were not significantly different from the overall mean RSR (Figure 3).
Despite a significant clone main effect (p < 0.0001), the treatment × clone interaction governed tree
health for poplar (p = 0.0196) (Table 3). Of the poplars, 48% had optimal health (score = 3), 34% had
moderate health (score = 2), 2% had poor health (score = 1), and 16% were dead (score = 0). Across
clones, mean health scores were stable in individual soil treatments, with values varying by 0.2 health
points (Table 4). Similarly, nine of the 15 poplar clones tested in cycle 3 performed as generalists,
with mean health scores not significantly differing across soil treatments. The remaining six clones
were specialists according to health scores. Clone ‘DN34’ had significantly greater health in soils from
Menomonee Falls, Bellevue, and Slinger than soils from the other three sites, which were not different
from one another. The remaining five specialist clones had significantly better health in one or two of
the soil treatments.

Table 3. Probability values from analyses of variance in a study assessing the relationships among
root–shoot allocations, early growth, and health of hybrid poplar and willow clones when grown for
65 days in soils from five landfills in eastern Wisconsin, USA.

Source of Variation Root–Shoot Ratio Tree Health Growth Index

Populus

Soil treatment 0.1427 0.2877 <0.0001
Clone 0.0726 <0.0001 0.0003

Soil treatment × clone 0.9778 0.0196 0.1750

Salix

Soil treatment 0.0697 0.1842 <0.0001
Clone 0.0049 <0.0001 0.0029

Soil treatment × clone 0.3145 0.9550 0.0755

Means for root–shoot ratio of both genera were adjusted for the variation in cutting dry mass, which was a significant
covariate (Populus, p = 0.0027; Salix, p = 0.0048). Significant effects are shown in bold.
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Willows, on the other hand, only exhibited a significant clone main effect (p < 0.0001), with mean
health scores ranging from 1.9 ± 0.2 (‘Canastota’) to 2.8 ± 0.1 (‘Allegany’) and an overall mean of
2.20 ± 0.05 (Figure 3). Of the willows, 30% had optimal health, 56% had moderate health, 10%
had poor health, and 4% were dead. All genomic groups containing Salix viminalis showed below
average health, in addition to those with S. sachalinensis × S. miyabeana parentage (i.e., ‘Canastota’ and
‘Preble’). In contrast, analysis of means showed that clones ‘Allegany’ and ‘S365’ exhibited 28% and
21% significantly greater tree health than the overall mean, respectively (Figure 3).

 

Figure 3. Root–shoot ratio (A), health score (B), and growth index (C) for the Salix clone main effect in
a study assessing the relationships among root–shoot allocations, early growth, and health of hybrid
poplar and willow clones when grown for 65 days in soils from five landfills in eastern Wisconsin,
USA. The dashed line represents the overall mean, while bars with asterisks indicate means that differ
from the overall mean at p < 0.05. Bars with the same letters were not different according to Tukey’s
adjustment at p > 0.05.

Soil treatment and clone main effects were significant for growth indices in poplars and willows
(p < 0.05), while their interaction was not significant for both genera (p > 0.05) (Table 3). Trends in
growth indices for soil treatments were similar for poplars and willows, with the control exhibiting
nearly twice the magnitude of any other treatment and 72% to 75% percent higher indices than the
overall mean, respectively (Figure 4). For both genera, the growth index for Bellevue, Caledonia,
and Slinger was the same, and Whitelaw and Menomonee Falls had the lowest indices of all soil
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treatments. Furthermore, the variability in growth index for willow clone main effects was intermediate
of that for RSR and health score, and no clone exhibited a distinct advantage nor were any clones
significantly different than the overall mean (Figure 3). In contrast, for poplars, clone ‘BR 3960’
exhibited 30% to 117% higher growth indices than the second best (‘NM6’) and worst (‘313.55’) clones,
respectively (Figure 5). Also, the growth index of clone ‘BR 3960’ was 53% greater than the overall
mean. Overall, trends for individual poplar genomic groups were non-existent for growth indices.

  

Figure 4. Growth index for the soil treatment main effect in a study assessing the relationships among
root–shoot allocations, early growth, and health of hybrid poplar and willow clones when grown for
65 days in soils from five landfills in eastern Wisconsin, USA. The dashed line represents the overall
mean, while bars with asterisks indicate means that differ from the overall mean at p < 0.05. Bars with
the same letters were not different according to Tukey’s adjustment at p > 0.05.

Figure 5. Growth index for the hybrid poplar clone main effect in a study assessing the relationships
among root–shoot allocations, early growth, and health of hybrid poplar and willow clones when
grown for 65 days in soils from five landfills in eastern Wisconsin, USA. The dashed line represents the
overall mean, while bars with asterisks indicate means that differ from the overall mean at p < 0.05.
Bars with the same letters were not different according to Tukey’s adjustment at p > 0.05. Shading of
bars indicates different genomic groups; see Table 2 for their descriptions.
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3.2. Correlations

Poplar phenotypic correlations ranged from −0.17 (health with diameter) to 0.95 (height with
growth index) (Table 5). Root–shoot ratio was not significantly correlated with health (r = −0.08,
p = 0.2215) but was correlated with height (r = 0.36, p < 0.0001), diameter (r = 0.45, p < 0.0001), total
biomass (r = 0.56, p < 0.0001), and growth index (r = 0.50, p < 0.0001). All correlations not including RSR
were significant except health with height (r = −0.12, p = 0.0687). For willows, phenotypic correlations
ranged from −0.18 (health with diameter) to 0.96 (diameter with growth index) (Table 5). Root–shoot
ratio was not correlated with health (r = −0.09, p = 0.2826), height (r = 0.12, p = 0.1381), nor growth
index (r = 0.14, p = 0.0865), but was significantly correlated with diameter (r = 0.20, p = 0.0143) and
total biomass (r = 0.22, p = 0.0068). All correlations not including RSR were significant (p < 0.05), except
the correlation between health and growth index (r = −0.13, p = 0.1155).

Table 5. Phenotypic correlations among six traits in a study assessing the relationships among
root–shoot ratio (RSR), early growth, and health of hybrid poplar (above diagonal) and willow (below
diagonal) clones when grown for 65 days in soils from five landfills in eastern Wisconsin, USA.

Diameter Health Height RSR Total Biomass Growth Index

Diameter −0.17
0.0120

0.91
<0.0001

0.45
<0.0001

0.89
<0.0001

0.94
<0.0001

Health −0.18
0.0245

−0.12
0.0687

−0.08
0.2215

−0.15
0.0213

−0.18
0.0066

Height 0.91
<0.0001

−0.16
0.0439

0.36
<0.0001

0.85
<0.0001

0.95
<0.0001

RSR 0.20
0.0143

−0.09
0.2826

0.12
0.1381

0.56
<0.0001

0.50
<0.0001

Total
biomass

0.80
<0.0001

−0.17
0.0390

0.75
<0.0001

0.22
0.0068

0.88
<0.0001

Growth
index

0.96
<0.0001

−0.13
0.1155

0.94
<0.0001

0.14
0.0865

0.91
<0.0001

Probability values are shown below the correlations. Significant correlations are shown in bold.

3.3. Analyses of Covariance

The ANCOVA results indicated that the relationship with RSR differed significantly by treatment
for diameter, height, total dry mass, and growth index, but not for health (Table 6). This was true both
for poplars and for willows. In general, the fit of treatment models was weak for health (r2 = 0.07 to
0.10) but relatively strong for the other variables (r2 = 0.57 to 0.81). Clones differed significantly in
their relationship with RSR only for diameter and height, and even then only for willows and not for
poplars. The fit of clone models was relatively weak in all cases (r2 = 0.16 to 0.48), even for the willow
models in which the relationship with RSR was found to differ significantly among clones (r2 = 0.19 to
0.21) (Table 6).

For the models in which the relationship with RSR differed significantly by treatment or clone,
the estimates of the slopes for each treatment or clone are shown in Tables 7 and 8, respectively.
For poplars, the Whitelaw soils only showed a significant positive relationship of RSR with total dry
mass, whereas all other soil treatments showed significant positive relationships with diameter, height,
and growth index. All but one treatment (i.e., Menomonee Falls) also showed a significant positive
relationship between RSR and total dry mass (Table 7). For willows, three treatments (Caledonia,
Control, and Menomonee Falls) showed significant positive relationships between RSR and diameter,
total dry mass, and growth index; two of those treatments (Caledonia and Menomonee Falls) also
showed significant positive relationships between RSR and height (Table 7). In addition, four willow
clones (‘Allegany’, ‘Owasco’, ‘SX67’, and ‘Tully Champion’) showed significant positive relationships
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between RSR and height; three of those clones (‘Owasco’, ‘SX67’, and ‘Tully Champion’) also showed
significant positive relationships for diameter (Table 8).

Table 6. Results of analyses of covariance (ANCOVA) (i.e., p-values from F-tests of model effects and
model r2 values) for diameter, height, total dry biomass, and growth index in a study assessing the
relationships among root–shoot allocations, early growth, and health of hybrid poplar and willow
clones when grown for 65 days in soils from five landfills in eastern Wisconsin, USA.

Genus Model Diameter Height Total Biomass Growth Index

Populus T <0.0001 <0.0001 0.0451 <0.0001
RSR <0.0001 <0.0001 <0.0001 <0.0001

T × RSR <0.0001 0.0009 <0.0001 0.0003

r2 0.76 0.64 0.81 0.66
C 0.6784 0.0233 0.5592 0.0473

RSR <0.0001 <0.0001 <0.0001 <0.0001
C × RSR 0.0597 0.0770 0.0553 0.0630

r2 0.43 0.40 0.48 0.42

Salix T <0.0001 <0.0001 0.0008 <0.0001
RSR <0.0001 <0.0001 <0.0001 <0.0001

T × RSR <0.0001 <0.0001 <0.0001 <0.0001

r2 0.69 0.57 0.76 0.72
C 0.1344 0.0613 0.5170 0.2447

RSR 0.0016 0.0103 0.0004 0.0159
C × RSR 0.0341 0.0202 0.0572 0.0505

r2 0.19 0.21 0.20 0.16

Significant interactions with root–shoot ratio (RSR) (bold) indicate that soil treatments (T) or clones (C) differed in
their relationship with RSR.

Table 7. Slope parameter estimates and associated p-values for the relationship between root–shoot ratio
(RSR) and diameter, height, total dry biomass, and growth index in a study assessing the relationships
among root–shoot allocations, early growth, and health of hybrid poplar and willow clones when
grown for 65 days in soils from five landfills in eastern Wisconsin, USA.

Genus Slope (Treatment)
Diameter Height Total Biomass Growth Index

Est p-Value Est p-Value Est p-Value Est p-Value

Populus Menomonee Falls 45.4 0.0006 709.9 0.0035 106.9 0.0696 19.9 0.0057
Control 57.1 <0.0001 628.7 <0.0001 419.8 <0.0001 19.2 <0.0001
Bellevue 44.7 <0.0001 631.3 0.0001 161.2 <0.0001 23.0 <0.0001
Slinger 32.2 0.0056 497.2 0.0202 128.1 0.0143 16.7 0.0087

Caledonia 73.6 <0.0001 1011.7 0.0003 312.3 <0.0001 33.9 <0.0001
Whitelaw 7.8 0.1527 105.9 0.2957 61.0 0.0141 4.0 0.1809

Salix Menomonee Falls 39.9 <0.0001 992.3 <0.0001 112.9 0.0029 19.1 <0.0001
Control 30.3 <0.0001 360.9 0.0573 353.6 <0.0001 19.2 <0.0001
Bellevue −1.1 0.6915 −115.4 0.1426 14.3 0.2771 −1.7 0.2933
Slinger 4.6 0.4018 86.7 0.5639 43.8 0.0828 1.5 0.6220

Caledonia 25.3 0.0014 698.1 0.0013 98.7 0.0062 12.9 0.0034
Whitelaw 11.0 0.0584 112.3 0.4797 48.9 0.0675 3.1 0.3404

Significant slopes (bold) indicate that the relationship with RSR for a given soil treatment differs from zero.
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Table 8. Slope parameter estimates and associated p-values for the relationship between root–shoot ratio
(RSR) with diameter and height in a study assessing the relationships among root–shoot allocations,
early growth, and health of hybrid poplar and willow clones when grown for 65 days in soils from five
landfills in eastern Wisconsin, USA.

Genus Slope (Clone)
Diameter Height

Est p-Value Est p-Value

Salix Allegany 17.4 0.0597 497.6 0.0199
Canastota 12.8 0.3139 267.5 0.3615

Fabius 0.5 0.9155 −41.4 0.6776
Millbrook 12.4 0.0833 212.3 0.1955
Owasco 17.3 0.0045 307.8 0.0273
Preble 12.9 0.1058 126.3 0.4906
S365 10.4 0.4382 −382.9 0.2166
SX67 29.4 0.0212 663.7 0.0237

Tully Champion 23.2 0.0079 376.9 0.0590

Significant slopes (bold) indicate that the relationship with RSR for a given clone differs from zero.

4. Discussion

Understanding biomass allocation among hybrid clones is important for phytoremediation
because it can be used as a selection criterion in phyto-recurrent selection to determine which clones
best match site-specific goals. The high variation in previous studies in biomass allocation among
treatments, moisture conditions and even individual clones of poplars and willows highlights the
need for incorporating biomass allocation into the phyto-recurrent selection process. Results of the
present study were consistent with those of Rytter [27] regarding biomass allocations and health
across different soil treatments (Table 3). As with Rytter [27], biomass production was significantly
different across soil treatments, but not biomass allocations. The variation in RSR across treatments was
marginally significant for willow clones (p = 0.0697), but the variation was less apparent among poplars
(p = 0.1427). Similarly, soil treatments did not influence health of either genus, which may have resulted
from the smaller sample sizes of cycle 3, short growing cycle (i.e., 65 days) relative to an entire field
growing season (i.e., 110 days), and uniform climatic conditions in the greenhouse. Field-simulating
moisture conditions in greenhouse trials have been linked with considerable variation of RSR in black
willow cuttings [32]. Our consistent, adequate watering of trees prevented this heterogeneity from
becoming evident.

Results of this study corroborated previous findings of variation among clones. In poplars, tree
health varied significantly among clones, while in willows, both tree health and RSR varied significantly
among clones (Table 3). Nevertheless, despite these univariate results, health was not significantly
related to RSR in general, and the relationship did not differ significantly among treatments or clones.
Thus, tree health in the current study does not appear to be strongly related to any sort of imbalance
in above- versus below-ground partitioning of resources. In contrast, most metrics of poplar size
(i.e., diameter, height, total dry mass, and growth index) showed significant positive relationships
with RSR under most treatments. The two exceptions were Menomonee Falls and Whitelaw; the
former showed significant positive relationships for all metrics except total dry mass, and the latter
showed a significant positive relationship only for total dry mass (Table 6). For willows, the metrics
of plant size showed significant positive relationships with RSR for only half the treatments. Thus, it
appears the different soil conditions were mediating the extent to which RSR influenced enhanced
growth, particularly for willow (Table 6). Furthermore, when accounting for treatment differences,
total dry mass had the strongest relationship with RSR of all the variables considered in this study,
as demonstrated by the associated models having the best fit for both poplar (r2 = 0.81) and willow
(r2 = 0.76). Notably, the highest slope for total dry mass in both poplars and willows was observed
for the control soil, which suggests that the levels and/or types of contaminants in the other soils
may serve to “dull” the relationship between RSR and total biomass production to varying degrees.
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The weaker fit of the clone models (Table 8) compared to the treatment models (Table 7) suggested that
genotype differences were less important than soil differences in explaining the relationship between
RSR and plant size metrics. However, significant differences among clones were observed for some
size metrics in willows, with about a third of the willow clones having slopes that differ significantly
from zero. This suggested that genotype can also play a role at times in determining the extent to which
higher RSR is associated with improved performance. Overall, treatment and clone main effects were
examined independently for the ANCOVA in this study, without regard for their potential interactions.
While the evaluation of such interactions may provide further insights (e.g., whether treatment-specific
slopes differ among clones), the replication within each treatment × clone combination (n = 3) in the
current study was insufficient to justify fitting unique slopes for each of these combinations. Future
studies with larger sample sizes are therefore recommended, so that these potential interactions can
be explored.

Moreover, the soil treatment × clone interaction for health scores in poplars exhibited enough
variation to classify specialist and generalist clones (Table 4). Average health scores for individual
clones were compared across treatments, with nine clones being classified as generalists and six as
specialists. Variation among clones was to be expected, due to genotypic and phenotypic differences.
However, one rather surprising finding was that ‘DN34’ was classified as a specialist not a generalist,
as anticipated. Clone ‘DN34’ is a classic generalist; it was bred over 100 years ago and has been used
since then by countless researchers across many continents [33,34]. As such, ‘DN34’ is known across
the poplar community to not only thrive but also outperform other clones in a multitude of conditions.
In the present study, ‘DN34’ defied expectations and did not perform equally well in all of the six soil
treatments. Instead, ‘DN34’ only had significantly superior health in three out of the six landfill soils.
Similarly, clear underperforming and superior performing willows were also made apparent through
the analyses of variance and analyses of means. Clones ‘Canastota’ and ‘Preble’ along with all genomic
groups containing Salix viminalis had below average health, while clones ‘Allegany’ and ‘S365’ had
greater than average health. These results may lead researchers to select ‘Allegany’ and ‘S365’ if clone
health is a priority. Further research needs to be done to quantify the differences among clones so that
best-performing clones may be selected based on RSR, health score, and growth index.

Despite promising results from the analyses of variance and analyses of means, correlation
analyses did not reveal anticipated results. Although root biomass was significantly related to growth
indices such that the indices explained 52% of its variability in poplars and 39% in willows (data
not reported), RSR itself was not significantly correlated with health in either poplars or willows
(Table 5). Two correlations were of particular interest: (1) RSR with total biomass and (2) health with
total biomass, as they were both significant in poplars and willows. This study may not directly
prove that balanced root–shoot ratios lead to increased health in poplar and willow hybrids, but the
“health” component should be interpreted with caution. The health scores used in this study were not
all-inclusive by any means; they did not take into account biomass production among other variables.
Often in weighted summation indices of phyto-recurrent selection, total biomass production is heavily
weighted. Researchers use total biomass production as an indicator of health. Clones with high
production are viewed as strong, healthy, and superior, whereas those that produce relatively less
biomass are considered weak or unfit. Keeping that in mind, results of this study related the biomass
component of health to RSR. Since it is shown that a higher RSR is correlated to higher total biomass
production, it can be concluded that RSR indirectly affects health.

5. Conclusions

Root–shoot ratio (RSR) is a valuable selection criterion that can be incorporated into
phyto-recurrent selection of poplars and willows used for phytoremediation and associated
phytotechnologies, particularly when used in weighted summation indices. In willows, RSR has
been shown to vary among individual clones. This suggests that researchers should implement RSR
as a selection criterion in weighted summation indices for the phyto-recurrent selection of willows.
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The weight given to RSR will depend on site objectives, i.e., if soil stabilization is the main objective,
clones with higher RSR may result in the greatest benefit. On the other hand, poplars did not show
any variation in RSR among treatment, clone, or their interaction. RSR in poplars should not be
discounted for use as a selection criterion, however. Only 15 poplar clones, out of the hundreds that
exist, were used in this study, so there should be continued research on a larger array of poplar clones.
Furthermore, these 15 clones were already selected for performance in these soils in the first two
selection cycles; a relationship may exist among the clones that had been rejected. Both poplars and
willows showed correlations between RSR and total biomass. These results indicate that to some
degree, aboveground biomass production can be used to predict belowground biomass production
but should be tested further in order to develop models that relate the two. Results of this study can
serve as a baseline for similar analyses relating health, growth index, and RSR of these short rotation
woody crops. It is worth noting that RSR is not intended to be a stand-alone metric for evaluating clone
performance. Root–shoot ratio is most useful when weighed with and against other factors, as in the
weighted summation indices mentioned above. Further research is needed to address the shortcomings
depicted here, namely: cycle length and simplicity of clone health assessments. Furthermore, analyses
should be advanced to the field where there will likely be a marked difference in biomass allocation,
especially given varying climatic conditions and soil moisture regimes. Whether or not a correlation
exists between the RSR of final-cycle greenhouse trees and biomass production of trees established in
the field also warrants additional study. Scientists and site managers can use the methodologies and
results of this study as a means for selecting the best clones to fulfill their individual objectives.

Author Contributions: E.R.R., R.S.Z.J., and A.H.W. conceived and designed the experiments; E.R.R., R.S.Z.J.,
and A.H.W. performed the experiments; R.S.Z.J., E.R.R., R.A.H., and W.L.H. analyzed the data and wrote the paper.

Funding: This work was funded by the Great Lakes Restoration Initiative (GLRI; Template #738 Landfill Runoff
Reduction) and the USDA Forest Service, Northern Research Station. Support was also provided by the USDA
National Institute of Food and Agriculture (McIntire Stennis Project 1009221).

Acknowledgments: We are grateful to Larry Buechel, Jim Forney, Mike Peterson, and Ray Seegers of Waste
Management of Wisconsin, Inc. for information about and access to the five landfills used in this study. Also,
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Abstract: Plants regularly experience suboptimal environments, but this can be particularly acute
on highly-disturbed mine sites. Two North American willows—Salix discolor Muhl. (DIS) and
S. eriocephala Michx. (ERI)—were established in common-garden field tests on two adjacent coal mine
spoil sites: one with high clay content, the other with shale overburden. The high clay content site
had 44% less productivity, a pH of 3.6, 42% clay content, high water holding capacity at saturation
(64%), and high soil electrical conductivity (EC) of 3.9 mS cm−1. The adjacent shale overburden site
had a pH of 6.8, and after removing 56.5% stone content, a high sand content (67.2%), low water
holding capacity at saturation (23%), and an EC of 0.9 mS cm−1. The acidic clay soil had significantly
greater Na (20×), Ca (2×), Mg (4.4×), S (10×), C (12×) and N (2×) than the shale overburden. Foliar
concentrations from the acidic clay site had significantly greater Mg (1.5×), Mn (3.3×), Fe (5.6×),
Al (4.6×), and S (2×) than the shale overburden, indicating that these elements are more soluble
under acidic conditions. There was no overall species difference in growth; however, survival was
greater for ERI than DIS on both sites, thus overall biomass yield was greater for ERI than DIS. Foliar
concentrations of ERI were significantly greater than those of DIS for N (1.3×), Ca (1.5×), Mg (1.2×),
Fe (2×), Al (1.5×), and S (1.5×). There were no significant negative relationships between metal
concentrations and growth or biomass yield. Both willows showed large variation among genotypes
within each species in foliar concentrations, and some clones of DIS and ERI had up to 16× the Fe
and Al uptake on the acidic site versus the adjacent overburden. Genetic selection among species and
genotypes may be useful for reclamation activities aimed at reducing specific metal concentrations on
abandoned mine sites. Results show that, despite having a greater water holding capacity, the greater
acidity of the clay site resulted in greater metal mobility—in particular Na—and thus a greater EC.
It appears that the decline in productivity was not due to toxicity effects from the increased mobility
of metals, but rather to low pH and moisture stress from very high soil Na/EC.

Keywords: acidic soil; foliar nutrient and metal concentration; Salix; site reclamation;
species variation

1. Introduction

There has been longstanding interest in Europe, and more recently in North America, in using
willows (Salix spp.) as a source of biomass for energy purposes [1–5]. More recently, there has also
been a growing interest in using willows for various environmental applications and land reclamation,
including phytoremediation and phytoextraction of contaminated soils [6–17]. Highly disturbed
mine sites with very low pH and high levels of metals and electrical conductivity (EC) can be
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challenging for reclamation and revegetation [18]. Although reclamation and phytoremediation
of heavy-metal-contaminated sites using willows have been investigated in Europe, these studies have
been restricted to a limited number of species and a limited number of genotypes (or clones) within
species [11,12,19–32]. Of special concern for bioenergy production in the context of land reclamation is
the identification of well-adapted, native plant species that can tolerate highly acidic soil conditions
that may contain potentially toxic levels of metals and high EC [8,13,14,21,33–36]. Soil pH changes the
solubility and mobility of metals, thereby increasing potential toxicity as soil acidity increases [37–41].
For instance, soil acidification can induce zinc (Zn) phytotoxicity [37] and aluminum (Al) toxicity in
plants [42,43], and although trees are generally tolerant of high Al concentrations, irreversible damage
to tree roots can occur at pH < 4.2, resulting in decreased growth and biomass yields [30,41,44,45].

With more than 350 species worldwide, willows are widespread across the northern hemisphere,
and Canada has 76 native willows [46]. Willows are among the first woody plants to colonize former
mine sites [9,46–48]. Although they are most often associated with wetlands and riparian zones, some
willows are also adapted to drier upland sites. Salix discolor Muhl. (DIS) and S. eriocephala Michx. (ERI)
are widespread across eastern and central Canada and are being field tested in common-garden studies
because both species show promise as fast-growing sources of biomass for bioenergy production [1,49].
Both DIS and ERI are shrub willows that occur in natural populations on disturbed wetland sites across
eastern and central North America, but DIS can also be found colonizing drier upland sites throughout
its botanical range and is a common, naturally occurring colonizer of the Salmon Harbour (SH) coal
mine site near Minto, New Brunswick (NB), Canada (Lat. 46.07◦ N; Long. 66.05◦ W). Several other
willows, including S. bebbiana Sarg. and S. lucida Muhl., as well as aspen (Populus tremuloides Michx.),
balsam poplar (P. balsamifera L.), birches (Betula papyrifera Marsh. and B. populifolia Marsh.), pin cherry
(Prunus pensylvanica L.), and black locust (Robinia pseudoacacia L.), the latter introduced from eastern
USA seed sources, can also be found colonizing recently disturbed shale rock overburden at the former
SH coal mine. Salix eriocephala, however, is more commonly associated with deeper, more fertile soils
along stream banks [49] and is only rarely found as a natural colonizer of the SH coal mine spoils.

In a previous paper, we detailed the coppice biomass yield components, which ultimately showed
44% less productivity on acidic clay deposits versus adjacent shale rock overburden at the SH mine
site [45]. In this paper, our objective was to assess soil properties in relation to foliar concentration
of nutrients and metals in 1-year-old coppice regrowth from DIS and ERI clones and assess these
traits in light of productivity differences between sites. In addition, we wanted to quantify these
growth differences for selection of superior clones for phytoremediation, biomass production, and land
reclamation purposes. In order to assess adaptation and utility of willows for growth on reclaimed
mine sites and biomass production for bioenergy purposes, we hypothesized that there would be both
species and clonal differences in response to the different soil conditions and that foliar concentrations
of some of the absorbed metals would negatively affect aboveground growth response.

2. Materials and Methods

Periodic flash flooding and ponding of mine drainage water on the former SH coal mine has
formed a patchwork of small clay deposits of varying depths scattered over the exposed shale rock
overburden that dominates these coal mine spoils. A common-garden field test and a clonal gene bank
of selected genotypes of DIS and ERI containing 15 genotypes in common (Table 1) were established
in 2008 and 2009, respectively, on two adjacent sites separated by several hundred meters at the SH
coal mine spoils near Minto, NB, on a property operated by NB Power, the local electrical power
utility. These adjacent mine spoil sites consisted of recently landscaped shale rock overburden resulting
from coal strip-mining operations. However, prior to our study or any reclamation activities, one of
these sites had existed for approximately 3 years as a settling pond that was part of a watercourse
draining both surface runoff and water pumped from flooded coal seams. This pond deposited a
thick layer of clay, covering a uniformly flat rectangular area measuring approximately 70 m × 40 m
over the shale rock overburden that dominates the mine site (see contour map in Figure 1). The depth
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of the clay deposit was determined by digging 44 holes with a soil auger in a grid pattern at 6 m
× 6 m intervals across the area of the clone bank and measuring depth to the rock overburden.
The clay layer ranged in depth from 11 cm to 48 cm, with an average depth of 35 cm. Six soil
samples were taken by shovel to a depth of 15 cm from each of these two sites in August 2013. Soil
analyses were conducted according to McKeague [50] as follows: available P-#TP-CSS-MSSA 4.41
(sodium bicarbonate extraction), exchangeable cations-#TP-CSS-MSSA 4.5, FCMM 15 (ammonium
acetate extraction), pH-#TP-CSS-MSSA3.13 (pH in 1:1 water), texture-#TP-CSSMSSA 2.12 (Hydrometer
method), organic matter, N, C and S-#TP-LFIM (total C by LECO induction furnace) by the Laboratory
for Forest Soils and Environmental Quality at the University of New Brunswick (UNB) in Fredericton,
NB. The water content at saturation parameter was measured using the disturbed soil sample, which
provides an estimate for this quantitative value.

Figure 1. A map of the former Salmon Harbour coal mine site showing the locations of the acidic clay
site (red square) and the three sampled sites (red dots) on the adjacent shale overburden. The insert
shows the location of the coal mine site in New Brunswick, Canada.

The common garden experiment on the shale overburden site was established in May 2008 using
unrooted stem cuttings of 15 DIS and ERI clones and was located approximately 300 m from the clone
bank (acidic clay deposit), extending for a distance of approximately 180 m along the watercourse that
drained the mine site (see Figure 1, Table 1)). This experiment was established along a gentle slope
that had been landscaped to minimize soil erosion and surface runoff into the adjacent watercourse.
Each genotype in the common-garden test was established as a linear, five-ramet (clonal) row plot
running perpendicular to the watercourse, with the five ramets spaced at 0.5 m within the plot and
2 m between plots. Each clonal row plot was replicated three times in a randomized complete block
test design.

The clay deposit site was established in May 2009 with unrooted stem cuttings to maintain 31 of
the best-performing genotypes of DIS and ERI that had been selected from a common-garden field
test established at the Montreal Botanical Gardens (MBG) in Montreal, PQ, Canada, in 2005. Also
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included on both the acidic clay deposit and the shale overburden sites was a check clone of S. viminalis
clone #5025 (VIM), introduced from the Swedish willow breeding program [51], and which has been
widely used in short-rotation willow biomass trials across Canada [3,52]. On the acidic clay site, each
genotype was randomly established as a single linear row plot consisting of 21 plants (ramets) per
genotype (clone) spaced at 1 m between ramets within the row plot and 2 m between adjacent clonal
row plots, giving each plant approximately 2 m2 of growing space.

Table 1. Origins of 15 Salix discolor and S. eriocephala genotypes used for measurements of foliar uptake
of nutrients and metals from two common-garden studies at the Salmon Harbour mine site near Minto,
New Brunswick (NB).

Species Population Location * Latitude North Longitude West Selected Clones

S. discolor

Levis, QC 46◦78’ 71◦18’ LEV-D3, LEV-D6
Lower Anfield, NB 46◦92’ 67◦49’ ANF-D1
Hawkesbury, ON 45◦39’ 74◦75’ HAW-D5
Montmagny, QC 46◦94’ 70◦60’ MON-D1
Mud Lake, ON 45◦88’ 76◦78’ MUD-D4
Richmond Fen, ON 45◦13’ 75◦82’ RIC-D2

S. eriocephala

Ste. Anne de la Perade,
QC 46◦56’ 72◦20’ ANN-E6

Bristol, NB 46◦47’ 67◦58’ BRI-E2
Fosterville, NB 45◦78’ 67◦76’ FOS-E1
Fredericton, NB 45◦94’ 66◦62’ FRE-E1
Green River, NB 47◦34’ 68◦19’ GRE-E1
Norton, NB 45◦67’ 65◦81’ NOR-E10
Shepody Creek, NB 45◦71’ 64◦77’ SHE-E3
Rivière au Saumon, QC 47◦21’ 70◦35’ SAU-E3

* province of QC (Quebec), ON (Ontario), NB (New Brunswick).

The linear clonal plots of each species were randomly assigned on each site. However, on the
acidic clay site, each of the 15 clonal plots of interest was established as a clone bank consisting of a
single linear row plot containing 21 ramets per clone. Therefore, the clones on the acidic clay did not
represent a true block effect, but the site was flat, uniform, and confined to a small area. The 21-ramet
linear row plot on the clay deposit was divided into three post hoc blocks, with each block assigned
a single, seven-ramet sample plot per clone per block. Thus, clonal variation could not be precisely
determined due to this constraint on randomization, and estimates of within-clone variation should be
interpreted with caution. Nevertheless, the clay site consisted of a 62 m by 22 m area of clay deposit,
which differed greatly from the adjacent shale overburden (Table 2).

On both study sites, willow clones were established using 20 cm long, rootless stem cuttings
collected during the dormant season from vigorous 1- and 2-year-old stem sections (as per [53]) from
coppiced plants in a common garden established at the MBG. Each plant on the shale overburden
had 1 m2 of growing space versus 2 m2 of growing space on the acidic clay deposit. However, the
1-year-old coppice growth of the willow clones on both sites was quite poor relative to more fertile
sites such as the MBG from where these clones had been collected [53], and none of the plants on the
mine site fully occupied the growing space available to them nor were they in competition with each
other for growing space. The aboveground biomass was harvested from both sites in the fall of 2011 as
2-year-old coppice growth [45]. The green mass of the biomass of each harvested plant was measured
to the nearest 10 g using an electronic weigh scale (Electronic Infant Scale, model ACS-20A-YE, Peoples’
Republic of China). Green mass in t ha−1 was calculated by converting the harvested biomass per
plant to biomass production per hectare to a standard 1 m2 by multiplying by 10 (e.g., multiplying
by 10,000 plants per ha divided by 1000 kg per ton). Overall yield was the product of green mass
and survival.

92



Forests 2017, 8, 475

T
a

b
le

2
.

(a
,b

)S
oi

lp
ro

pe
rt

ie
s

(M
ea

n
±

SE
)f

ro
m

tw
o

si
te

s,
an

ac
id

ic
cl

ay
de

po
si

ta
nd

a
sh

al
e

ro
ck

ov
er

bu
rd

en
,a

tt
he

Sa
lm

on
H

ar
bo

ur
m

in
e

si
te

.S
it

es
w

it
h

di
ff

er
en

t
le

tt
er

s
ar

e
si

gn
ifi

ca
nt

ly
di

ff
er

en
ta

tp
=

0.
05

.

(a
)

S
it

e
C

a
rb

o
n

(g
k

g
−

1
)

N
it

ro
g

e
n

(g
k

g
−

1
)

P
o

ta
ss

iu
m

(p
p

m
)

C
a

lc
iu

m
(p

p
m

)
M

a
g

n
e

si
u

m
(p

p
m

)
P

h
o

sp
h

o
ru

s
(p

p
m

)
S

o
d

iu
m

(%
)

A
ci

di
c

cl
ay

53
.1
±

2.
3a

2.
07

±
0.

17
a

11
6.

1
±

14
.5

a
29

68
±

11
6a

35
2.

4
±

14
.6

a
10

.7
5
±

0.
6a

0.
44

3
±

0.
03

1a
Sh

al
e

ov
er

bu
rd

en
4.

6
±

2.
3b

1.
02

±
0.

11
b

91
.1
±

14
.5

a
14

66
±

11
6b

80
.2
±

14
.6

b
3.

98
±

0.
65

b
0.

02
2
±

0.
03

1b

Ex
ch

an
ge

ab
le

ca
ti

on
s

ex
tr

ac
te

d
us

in
g

am
m

on
iu

m
ac

et
at

e,
ph

os
ph

or
us

w
as

ex
tr

ac
te

d
by

so
di

um
bi

ca
rb

on
at

e.

(b
)

S
it

e
S

a
n

d
(%

)
S

il
t

(%
)

C
la

y
(%

)
p

H
C

:N
ra

ti
o

S
u

lf
u

r
(%

)
E

C
1

(m
S

cm
−

1
)

W
C

a
t

S
a

t.
2

(%
)

A
ci

di
c

cl
ay

12
.9
±

2.
4b

44
.9
±

2.
5a

42
.3
±

1.
9a

3.
6
±

0.
2b

25
.9
±

1.
4b

0.
07

9
±

0.
01

2a
3.

89
±

0.
12

a
64

.0
±

1.
4a

Sh
al

e
ov

er
bu

rd
en

67
.2
±

2.
4a

23
.4
±

2.
5b

9.
4
±

1.
9b

6.
8
±

0.
2a

4.
6
±

1.
4a

0.
00

8
±

0.
01

2b
0.

88
±

0.
12

b
22

.9
±

1.
4b

EC
1

=
el

ec
tr

ic
al

co
nd

uc
ti

vi
ty

;W
C

at
Sa

t.
2

=
w

at
er

co
nt

en
ta

ts
at

ur
at

io
n.

93



Forests 2017, 8, 475

Healthy foliage samples were harvested on 8 September 2014 from 1-year-old coppice stems of
up to five ramets within each clonal row plot from three blocks (replications) on each of the two sites.
Foliage from the five plants (ramets) per plot was bulked for analysis, resulting in a total of 90 foliage
samples as experimental units. The foliage was stored in paper sampling bags, and placed in drying
ovens at 65 ◦C for 48 h. Foliage was ground to a fine powder, and the grinder was washed with ethanol
between samples. The Laboratory for Forest Soils and Environmental Quality at the University of
New Brunswick used standard protocols (e.g., Method numbers TP-SSMA 15.3.1, 15.3.3, and 15.4
from [50]), for foliage analysis of C, N, P, K, Ca, Mg, Mn, Fe, Na, Zn, Al , and S. Foliage dry ashing is
done by muffle furnace 500 ◦C for 4 h (slow ramp up), and extracted with 8N HCl at 90 ◦C for 30 min.
and filtered. K, Ca, Mg, Mn, Al, Fe and Zn (cations) were run on the Varian SpectrAA 400 (Varian
Techtron Pty. Limited, Mulgrave, Victoria, Australia) P is run on the Technicon Traaccs Autoanalyser
(Technicon Instruments Corp., Tarrytown, New York, USA). Method #TP-LFIM (Total carbon by LECO
induction furnace (LECO Corp. St. Joseph, Michigan, USA)) was used for N, C, and S [46].

Statistical Analysis

Foliar analysis data from both study sites were subjected to analyses of variance (ANOVA) in
which site, species, and clones were considered fixed effects. The ANOVA model used was as follows:

Yijklm = μ + Bi(j) + Tj + Sk + Cl(k) + SkTj + Cl(k)Tj + eijklm,

where Yijklm is the dependent ramet trait of the ith block, of the jth site, of the kth species, of the lth clone
of the mth ramet and where μ is the overall mean. Bi(j) is the effect of the ith block (i = 1, . . . 3) nested
within the jth site , Tj is the effect of the jth site (j = 1, 2), Sk is the effect of the kth species (k = 1, 2), Cl(k) is
the effect of the lth clone (l = 1, . . . 8) nested within the kth species , and SkTj is the effect of the species
by site interaction, Cl(k)Tj is the effect of the clone nested within species by site interaction, and eijklm is
the random error component.

The impact of nutrient and metal concentrations (mean values) on growth, using total
aboveground green mass (mean values) from [45] were analyzed using analysis of covariance
(ANCOVA). In these analyses, three sources of variation were studied: (1) covariate (i.e., nutrient or
metal), (2) independent effect (species), and (3) independent effect × covariate. The analyses were
based on the following model:

Yij = B0 + B0i + B1Xij + B1iXij + eij

where Yij is the dependent trait of the jth tree of the ith site or species, B0 and B1 are average regression
coefficients, B0i and B1i are the site or species-specific coefficients, Xij is the independent variable, and
eij is the error term. Results were considered statistically significant at p = 0.05. The data had satisfied
normality and equality of variance assumptions. The general linear model from Systat (Version 12,
Chicago, IL, USA) was used for analysis.

3. Results

3.1. Growth

The clay site had 44% less green mass productivity than the overburden site, with 1.27 and
1.83 t ha−1, respectively (p = 0.012, Figure 2a), and there were no differences in productivity by species
on either site. However, there was a significant species, site, and species × site interaction for survival.
Overall, ERI and DIS had 93% and 65% survival, respectively (Figure 2b). The significant species × site
interaction was a result of rank change with site. Salix eriocephala had greater survival on overburden
vs. the clay site, at 99% and 86%, respectively; whereas, DIS had lower survival on the overburden vs.
clay at 62% and 68%, respectively. Overall yield, which includes a survival factor, showed that the
overburden had 51% greater overall yield than the clay site, with 1.54 and 1.01 t ha−1, respectively
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(Figure 2c). In contrast to plant green mass yields, overall yield (yield × survival) had a species effect
with 48% greater yield for ERI compared with DIS, at 1.52 and 1.03 t ha−1, respectively.
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Figure 2. (a) Green mass, (b) survival, and (c) overall yield (mean ± SE) of Salix discolor and S. eriocephala
on acidic clay and shale overburden sites at the Salmon Harbour coal mine near Minto, NB. Reproduced
from Mosseler and Major [45].
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3.2. Soil

The two sites showed significant differences in soil characteristics (Table 2). Although the soils
of both study sites were composed from similar shale rock overburden, the clay deposit (42% clay
content) was highly acidic (pH = 3.6), had high water holding capacity at saturation (64%) and a high
EC of 3.9 mS cm−1. The adjacent shale overburden site had a pH of 6.8, and after removing 56.5%
stone content following sieving using a 2 mm sieve, the soil had a high sand content (67.2%), low water
holding capacity at saturation (23%), and EC of 0.9 mS cm−1, with comparatively little clay (9.4%)
(Table 2). The acidic clay soil had significantly greater Na (20×), Ca (2×), Mg (4.4×), S (10×), C (12×)
and N (2×) than the shale overburden site.

3.3. Foliage

The acidic clay site had significantly greater foliar concentrations of Mg (1.5×), Mn (3.3×),
Fe (5.6×), Al (4.6×), and S (2×) than the shale overburden site (Table 3). Foliar concentrations of ERI
were significantly greater than those of DIS for N (1.3×), Ca (1.5×), Mg (1.2×), Fe (2×), Al (1.5×),
and S (1.5×). Differences in both foliar C and N concentrations were small but significantly lower
on the acidic clay soil despite having significantly greater values in the soil samples (Table 2). Foliar
N concentration was significantly higher in ERI clones on both site types, particularly on the shale
rock overburden (Table 4, species × site p < 0.001; Figure 3a). Foliar P did not differ significantly by
site or species, but there was a near significant species × site interaction (p = 0.088) showing that ERI
had greater foliar P on the acidic clay, whereas DIS had greater foliar P on the shale rock overburden
(Table 4; Figure 3b). Foliar K+ had a significant species effect (DIS > ERI) but no site or species × site
interaction (Figure 3c). Foliar Ca concentration had significant species (ERI > DIS) and site (overburden
> acidic clay) effects (Figure 4a). Foliar Mg concentration was again significantly greater for ERI
than DIS on both sites (Figure 4b). Foliar Mn concentration did not differ significantly between the
two species, but site differences were highly significant (acidic clay > overburden, 3.3×; Figure 4c).
Similarly, foliar Fe concentration was 5.6× greater on the acidic clay than on the shale overburden,
and ERI had significantly greater foliar Fe than DIS, particularly on the acidic clay site (species ×
site p = 0.020; Figure 5a). Differences for foliar Zn concentrations were not significant for species or
site effects (not shown, Table 4). Foliar Al concentration was significantly greater (4.6×) on the acidic
clay site than on overburden, and there were also significant species differences, particularly on the
acidic clay site where ERI foliage had twice the Al concentration than DIS (Figure 5b). The same basic
pattern and significant differences were found for foliar S concentration (Figure 5c). The foliar C:N
ratio did not differ significantly between site types but was significantly greater in DIS than ERI on
both the acidic clay and the shale overburden (not shown). At the species level, patterns of foliar metal
concentrations varied as Mn > Zn > Al > Fe for DIS, and for ERI, Mn > Fe > Al > Zn.
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Figure 3. Foliar (a) nitrogen, (b) phosphorus, and (c) potassium concentrations (mean ± SE) of
Salix discolor and S. eriocephala on acidic clay and shale overburden sites.
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Figure 4. Foliar (a) calcium, (b) magnesium, and (c) manganese concentrations (mean ± SE) of
Salix discolor and S. eriocephala on acidic clay and shale overburden sites.
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Figure 5. Foliar (a) iron, (b) aluminum and (c) sulfur concentrations (mean ± SE) of Salix discolor and
S. eriocephala on acidic clay and shale overburden sites.

At the genotype level (clones within species), ANOVA showed significant differences among
clones in foliar concentrations for most macronutrients and metals, including N, P, K, Ca, Mg, Na, Fe,
Zn, and Al (Table 4), but only Fe and Al showed significant clone × site interactions. Foliar Fe and Al
concentrations were consistently greater on the acidic clay site and showed some very strong genotypic
variation up to eight times greater for Fe and Al in some DIS clones (e.g., clones ANF-D1, RIC-D2)
(Figures 6a and 7a). For ERI, some clones also had up to eight times the Fe and Al concentrations than
other ERI clones (e.g., clones FOS-E1, FRE-E1) (Figures 6b and 7b). Metal concentrations in certain ERI
clones were up to 16× those of some DIS clones.
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Figure 6. Foliar iron concentrations (mean ± SE) from 15 genotypes of (a) Salix discolor (seven) and
(b) S. eriocephala (eight) on acidic clay and shale overburden sites.
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Figure 7. Foliar aluminum concentrations (mean ± SE) from 15 genotypes of (a) Salix discolor (seven)
and (b) S. eriocephala (eight) on acidic clay and shale overburden sites.

Covariate analysis of total aboveground green mass, using macronutrients or metals as the
covariate and testing species effect, showed no significant nutrient/metal effects, species effects, or
species × nutrient/metal interaction for any of the 12 foliar nutrients, metals or C:N ratio (Table 3),
except for Ca. Green mass showed a significant Ca × species interaction (p = 0.019), species (p = 0.027),
and Ca (p = 0.008) effects. Green mass had a different positive slope in relation to increasing Ca
concentration, with a steeper slope for DIS than ERI (Figure 8).
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Figure 8. Covariate analysis of green mass vs. calcium concentration for Salix discolor and S. eriocephala.

4. Discussion

Willows are recognized for their phytoremediation potential and for phytoextraction of soils
contaminated by heavy metals [11,22,23,25,26,31,32,54–56]. Both species and clonal differences have
been observed for heavy metal concentrations, but these higher concentrations have sometimes had
little apparent effect on growth and biomass accumulation in willows [30,54–57]. A limited number
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of European willows have been assessed for genetic variation both among and within species in
their capacity for absorption of various soil contaminants under field conditions [19,21,23,25,27,58–60].
However, much less is known about such responses for North American willows [6,8,9,13,14], or their
potential use in phytoremediation.

Both low and high pH soils can have high EC. Generally, acidic soils have lower EC compared with
high pH soils. However, high soil EC under acidic conditions can be related to mobility of elements
under acidic conditions, including some nutrients, Na and other metals [37,38,61]. In addition, clay
itself has greater EC than sandy sites, generally due to greater cation exchange capacity [62]. The higher
clay content of the acidic clay site could also result in increased binding of metals to clay mineral
particles. Moreover, the acidic clay site had 20× the Na than the shale overburden, which presents
another unfavorable condition, saline soils. The clay site that was formed as a settling pond and is
often inundated after winter snow melt has a greater water content at saturation. Although high
EC/saline soils may be physically wet, they can be a physiologically dry habitat for plants depending
on the saline concentrations or EC. Increases in soil EC create lower soil water potential, which makes
it more difficult for plants to extract soil water, creating an osmotic “drought” effect [63]. Salinity is
customarily measured using EC, and the EC on the clay site was 3.9 mS cm−1, which is considered high
salinity for typical glycophytic plants. In a Salix species × salinity experiment examining response to
control (0.45 mS cm−1), “moderate” (1.5 mS cm−1), and “high” salinity (3.0 mS cm−1), DIS and ERI did
not survive the high EC/saline conditions to the end of the experiment (day 160); however, S. interior
Rowlee (INT) did show a 35% survival [64]. At moderate salinity, survival was 67%, 68% and 100%, for
DIS, ERI and INT, respectively. Thus, despite the highly acidic, high EC/Na soil conditions, DIS and
ERI managed to survive and even showed modest growth under these conditions. Note, the potential
productivity of DIS and ERI on a fertile site such as the MBG was on average 24 and 45 Mt ha−1,
respectively. The only other species growing on this site naturally is coltsfoot (Tussilago farfara L.),
despite a considerable diversity of invasive species surrounding the site and occupying the shale
overburden site [53].

Despite the 20× higher Na concentration on the acidic clay compared with the shale overburden,
there was no difference in foliar Na between sites. In almost all plant salinity studies, Na appears to
reach toxic concentrations before Cl does, and so most studies have concentrated on Na exclusion and
control of Na within plants [65]. In an analysis of foliar Na and other nutrients in a controlled salinity
× willow species study, DIS and ERI had similar foliar Na; however, INT had a far greater capacity
to incorporate the excess Na [66]. In a review of the physiological mechanisms of plant salinity/Na
tolerance, there are generally three distinct adaptation mechanisms to salinity: cellular osmotic stress
adjustment; Na or Cl exclusion; and tolerance of tissue to accumulated Na or Cl [65]. Salinity can
cause the accumulation of high concentrations of ions such as Na, Cl, and SO4 [67]. Some species do
not show much increase in salt concentration over time and thus can avoid leaf mortality, whereas
other species exclude or store salt in vacuoles, thereby controlling uptake and compartmentalization
of ions such as Na, Cl, Fe, and S [68,69]. Among these ions, Na is considered the main ion negatively
affecting plant growth. Thus, Na must be effectively partitioned and confined within cell vacuoles.
Exactly how plants direct Na to the vacuole is unclear (69), but by doing so, plants osmotically adjust
so they can extract water from a saline site.

Although we did not assess total metal concentrations in the soil, the soils on these sites were
derived largely from the same shale rock parent material and total metal concentrations were assumed
to be reasonably similar across our study sites. Foliar concentrations were greater on the acidic clay site
for Mn (3.3×), Fe (5.6×), and Al (4.6×) compared with the adjacent shale overburden. The significantly
greater foliar concentrations for metals such as Al, Fe, and Mn in plants on the acidic (pH = 3.6) clay
site compared with an adjacent shale overburden (pH = 6.8), indicate that these metals were most likely
mobilized by low pH [37,38,70] and taken up in higher concentrations by willow foliage. Whereas Zn
concentrations did not vary significantly either by species or site (250 ppm), apparently unaffected
by acidic conditions. Baseline concentrations of Zn in eight European willows assessed by Nissen
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and Lepp [21] (Table 3) ranged from 82 to 296 ppm. On shale soils, Alloway [70] suggested that Zn
concentrations greater than 300 ppm approached phytotoxic levels. Rosselli et al. [36] showed that
both Salix and Betula growing on contaminated sites had higher foliar Zn concentrations in their foliage
than other tree species tested (Alnus, Fraxinus, and Sorbus).

Plants growing in highly acidic soil conditions can experience aluminum (Al) toxicity [43,44,71], of
which the most easily recognized symptom is inhibition of root growth [72]. Foliage analysis indicated
significantly greater Al (4.6×) levels on the acidic clay deposit than the shale overburden (Table 2), and
green mass was significantly lower (44%) on the acidic clay than on the shale overburden, but increased
levels of foliar Al did not influence growth on either site. From a land reclamation perspective, perhaps
the more important finding was that willow species can grow roots from rootless stem cuttings on
these sites and still maintain comparatively good growth under low pH and high EC and potentially
phytotoxic soil conditions.

On the acidic clay site, Mn was 610 ppm; whereas, mean values of Mn at 850 ppm have been
reported [68]. Bourret et al. [9] found foliar Mn concentrations ranging from approximately 350 ppm
in Salix geyeriana Andersson, to 150 ppm in S. monticola Bebb growing in unsaturated mine tailings.
At foliar Mn concentrations of 610 ppm on the acidic clay site, neither DIS nor ERI showed any foliar
symptoms of phytotoxicity on the SH coal mine spoils. Manganese is an essential plant nutrient,
but toxic levels of Mn have been reported in arid areas under irrigation and from metal-rich mine
surface runoff and drainage waters [35]. Shanahan et al. [13] established toxicity thresholds of 2791 and
3117 mg L−1 for Mn, and 556 and 623 mg L−1 for Zn, in two willow species native to western North
America. Bioavailability of both Mn and Zn in soils increases dramatically as soil pH declines, and this
was also evident in foliar Mn concentrations in our study, which showed 3.3 times the concentration
on the acidic clay site compared with the shale overburden. High levels of both Mn and Zn can result
in nutrient deficiencies by interfering in the uptake of other essential elements, including C, Fe, and
Mg [13], but no such effects were evident in the foliage of either DIS or ERI on the two sites assessed in
our study. Other plants have shown a wide tolerance in foliar concentrations of Mn [73].

In Swedish field trials, VIM generally showed poorer growth on acidic clay soils [30], where
low soil pH may have mobilized metals to an extent that led to increased foliar concentrations. Mine
tailings from base metal mining operations can be highly acidic [33], resulting in potentially phytotoxic
levels for metals such as Al, Mn, and Zn [9,14,37,38,70]. Although, the pH of the clay deposit at the SH
coal mine was very low, none of the visible symptoms of foliar toxicity, such as leaf chlorosis or necrosis,
bleaching, decreases in leaf sizes, leaf curling, etc. (see Marschner [74]), were evident in plants on either
site. There was a small but significant site effect on survival, with 77.1% and 80.5% survival for the
acidic clay and overburden sites, respectively, and biomass yield was 44% greater on the overburden
compared with the acidic clay site [45]. On both sites, ERI had significantly greater survival than DIS
but both species grew comparatively well, despite low pH on the clay site, demonstrating that both
species have a reasonably high tolerance for such harsh site conditions. On the acidic clay site, mean
biomass growth for the best DIS and ERI genotypes were comparable to the highly selected VIM check
clone #5027 [45]. On the shale overburden site, the best DIS genotype exceeded the biomass of VIM by
12%, whereas the best ERI genotype underperformed VIM by 27%. As Pulford et al. [27] noted in their
phytoremediation field trials, European willows have the ability to grow and produce high biomass
yields capable of absorbing high metal concentrations, and this can be important where the aim of
phytoextraction is the removal of metals from moderately contaminated sites.

In field trials of VIM in Switzerland that compared phytoextraction of Cd and Zn on an acidic
site (pH = 5.2) versus a calcareous site (pH = 7.3), Hammer et al. [29] reported higher levels of Zn in
the VIM foliage on the acidic site. In our study, significantly greater foliage concentrations of Al, Fe,
Mn, S, and Mg were also found on the acidic clay site, but no differences between sites were found for
foliage concentration of K, P, and Zn. Through application of elemental S to a calcareous site, Hammer
et al. [29] were able to solubilize heavy metals, thereby increasing metals uptake by VIM. The highly
acidic clay site in our study already had a very high S concentration, probably due to the presence of
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metal sulfides in floodwaters associated with the high S concentration of coal seams at the SH mine
site. This high S concentration and related acidity may also have promoted high foliar concentrations
of metals on the clay site. Both studies show that low pH and presence of high S concentration are
associated with heavy metal uptake and lower biomass yields in willow [45].

Soil C was more than 10× greater on the acidic clay than shale overburden site and at first glance
might indicate greater organic matter in the soil. However, there was only a scattering of coltsfoot on
the site, and as this was a coal mine site, it would appear more likely that the greater C was from the
settling of fine coal particles on the acidic clay site. Soil N was comparatively low (see Hansen et al. [75])
for the shale rock overburden and acidic clay sites (0.1% and 0.2%, respectively). However, foliar N
concentrations were relatively high in both DIS and ERI considering the infertile site conditions and
were greatest on the shale overburden despite low soil N. The relatively high foliar N concentration
is puzzling in view of the low soil N concentration and supports recent research demonstrating the
presence of endophytes in the stems of willows capable of fixing N on nutrient-poor sites [76,77].

There were some strong and significant differences in species responses with respect to uptake
of both macronutrients (e.g., N, K, Ca, Mg, and S) and metals (e.g., Al, Fe, and Zn) (see also
Pulford et al. [27]). The higher foliar concentrations of N, Ca, and Mg in ERI on both sites may
reflect a higher nutrient demand in ERI. In natural habitats, ERI is generally associated with more
fertile sites, whereas DIS is a natural colonizer of highly disturbed, drier, and rockier upland sites and
is commonly found as a natural invader and colonizer of the shale overburden of the SH mine site [49].
ERI also had significantly greater foliar concentrations of metals such as Fe and Al, especially under
the acidic conditions of the clay site, and the results suggest that selection of specific ERI genotypes
may be useful in areas contaminated by these metals.

Landberg and Greger [19,59] described clonal variation in two European willows, VIM and
S. dasyclados, for cadmium (Cd) uptake and noted variation in clonal tolerance for specific heavy
metals, as well as a general tolerance in certain willow clones. Greger and Landberg [40] also showed
that accumulation, transport, and tolerance for specific heavy metals can be highly clone specific and
that this specificity can vary with site conditions. Our results showed strong clonal differences with
respect to uptake of metals in both DIS and ERI, with a remarkable consistency in the capacity of
certain willow clones to take up several different metals simultaneously. For instance, clones of either
DIS or ERI able to take up the largest quantities of Al were the same clones that took up the largest
quantities of Fe. These results suggest that certain genotypes may have a greater capacity for uptake
or tolerance for metals and that clonal selection for increased metal uptake on contaminated sites
looks promising.

Despite large variation in metal concentrations among species and genotypes, there were no
significant negative (or positive) relationships with productivity, as might have been expected.
In addition, there was no relationship between nutrient concentrations and productivity except for
a positive relationship of increasing Ca concentration on productivity, particularly for DIS. Calcium
may help neutralize very acidic soil conditions. The genotype with the greatest productivity and Ca
concentration was the DIS clone MON-D1.

5. Conclusions

Phytoremediation efforts often require plant tolerance to a number of suboptimal conditions.
On a former coal mine spoil, neither Salix discolor nor S. eriocephala showed any negative relationships
between metal concentrations and plant growth, nor any visible effects on foliage health. Genetic
differences among species and genotypes within these species in their biological capacity to take up
and tolerate metals suggests that selection and breeding for willow clones with special capacities for
uptake of heavy metals from moderately contaminated soils looks promising. Salix eriocephala showed
particular promise for use in phytoextraction of heavy metals such as Fe and Al. Results showed that
despite having a greater water holding capacity, the clay site was very acidic, resulting in greater metal
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mobility and EC, and it would appear that the decline in productivity on a highly acidic site was not
due to toxicity of mobile metals but to low pH and moisture stress from very high soil Na/EC.
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Abbreviations

DIS Salix discolor
EC electrical conductivity
ERI Salix eriocephala
MBG Montreal Botanical Garden
Al Aluminum
C Carbon
Ca Calcium
Fe Iron
INT Salix interior
K Potassium
Mg Magnesium
Mn Manganese
Na Sodium
N Nitrogen
NB New Brunswick
ON Ontario
P Phosphorous
QC Quebec
S Sulfur
VIM Salix viminalis
Zn Zinc
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Abstract: Advanced Hardwood Biofuels Northwest (AHB), a USDA NIFA-funded consortium of
university and industry partners, identified southwestern Washington as a potential location for a
regional bioproducts industry using poplar trees (Populus spp.) as the feedstock. In this qualitative
case study, we present the results of an exploratory feasibility investigation based on conversations
with agricultural and natural resources stakeholders. This research complements a techno-economic
modelling of a hypothetical biorefinery near Centralia, WA, USA. Interviews and group discussions
explored the feasibility of a poplar-based bioproducts industry in southwestern WA, especially
as it relates to converting land to poplar farms and the potential for poplar to provide ecosystem
services. Stakeholders revealed challenges to local agriculture, past failures to profit from poplar (for
pulp/sawlogs), land-use planning efforts for flood mitigation and salmon conservation, questions
about biorefinery operations, and a need for a new economic opportunity that “pencils out”. Overall,
if the business model is convincing, participants see chances for win-win situations where landowners
could profit growing poplar on otherwise low-value acreage and achieve ecosystem services for
wastewater or floodplain management.

Keywords: woody bioenergy crop; social acceptance; short rotation coppice; bioeconomy; biorefinery;
land-use; agriculture; crop adoption; wastewater; floodplain

1. Introduction

Hybrid poplar trees (Populus spp.) have a long history of cultivation in the Pacific Northwest
(PNW) for a variety of uses [1,2]. In the 1980s and 1990s, poplar was established for pulp and paper.
In the 2000s, the poplar tree industry transitioned to saw log and peeler log production due to poor
market prices for poplar chips. Looking toward future markets, poplar could be a feedstock for
bioproducts, including fuels and chemicals [3]. “Poplar for biomass” trees would be grown as a
perennial agricultural crop, harvested on two- to three-year rotations (i.e., coppice) [4].

Another use of poplar trees is to provide ecosystem services. Poplar is capable of
phytoremediation (using plants and their associated microbes to remove contaminants), making
it effective for environmental clean-up (e.g., land reclamation) [5–7]. Many municipalities in the
PNW use poplar plantations to aid with wastewater and biosolids management [8–10]. Poplar can
also be planted as buffers along degraded river systems to treat nonpoint-source pollution, provide
shade, prevent erosion, sequester carbon, lower peak flood flows, and provide recreation and aesthetic
benefits [9,11–13].
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Since 2011, Advanced Hardwood Biofuels Northwest (AHB, a consortium of university and
industry partners led by the University of Washington) has been laying the foundation for a
poplar-based bioeconomy in the PNW (hardwoodbiofuels.org). Originally focused on poplar for
biofuels, the project expanded into exploring poplar’s joint potential to provide biomass (for various
bioproducts) and ecosystem services. This could lead to win-win opportunities by improving the local
environment, decreasing the cost of biomass production, and benefiting rural economies.

Based on models of land-use, crop prices, poplar growth, and other factors, AHB identified
southwestern Washington as a potential location for a regional poplar bioproducts industry [14].
Agricultural and pasture land in southwestern WA could produce reasonably-priced hybrid
poplar biomass. Techno-economic modelling indicates many possible sites in this region for a
moderately-sized (250,000 dry tons of biomass/year), cost-effective biorefinery. If the biorefinery
could be co-located with the TransAlta power plant in Centralia, WA, USA there is an opportunity for
major capital savings. The biorefinery would save costs by utilizing the power plant’s excess boiler
capacity or low-pressure steam that has modest value for power production.

If poplar farms can simultaneously provide ecosystem services for southwestern WA, this would
increase the area’s potential for a poplar-based bioeconomy (Figure 1). In particular, wastewater
and floodplain management applications show potential. The Chehalis Regional Water Reclamation
Facility already utilizes poplar, irrigating a 176-acre poplar tree plantation with reclaimed water during
times when the Chehalis River has low flow, typically April through November [15]. Flooding is a
major concern in the region, as the Chehalis River Basin has experienced multiple devastating floods
in the past 30 years. Researchers are investigating whether land suitable for poplar plantations exists
near other wastewater treatment facilities and are exploring how poplar can be incorporated into
floodplain modelling.

Figure 1. Potential sources of poplar biomass for a biorefinery, including traditional agriculture and
ecosystem services plantings.

While techno-economic feasibility is critical, so is practicality and social acceptability. Our
study takes a first step toward evaluating whether a poplar bioeconomy is practical and socially
acceptable from the perspectives of people from the local agricultural/natural resource community in
southwestern WA. We conducted a qualitative case study for a hypothetical poplar-based bioindustry
centered around a biorefinery in Centralia, WA, USA. We used interviews and group discussions with
agricultural and natural resources stakeholders to:
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1. capture information about the specific context of the study region,
2. identify opportunities, challenges, and questions related to growing poplar for a bioproducts

industry, and
3. explore the feasibility of incorporating ecosystem services.

Within the PNW, there are few publications on stakeholder views about poplar biomass [16,17].
A survey of WA landowners found that 36% of landowners are at least somewhat willing to grow
poplar [17]. Willingness to grow poplar was connected to interest in new crops and general interest in
bioenergy crops, which in turn was correlated to profit, tradition, and soil preservation.

Based on studies of other bioenergy crops in other regions, potential growers may be concerned
about the status of the biomass market, failures of past introduction of new crops, unfamiliarity with
the cropping method, and uncertainty about financial security [18,19]. For short rotation woody crops,
farmers may not feel that the crops fit their identity, lifestyle, farming culture, and prioritization of food
production [20]. Other major barriers to a new bioeconomy are likely to include concerns related to
the biorefinery (e.g., increased traffic, water usage) [21] and economic challenges for commercial-scale
biofuel production [22].

A new poplar bioeconomy needs a foundation of dedicated growers, receptive communities,
interested biorefinery investors, and enthusiastic policy makers and community leaders. To build
this foundation, we need to understand the values, needs, and concerns of those stakeholders.
This stakeholder assessment is the first published qualitative study of perspectives on poplar as
a biomass feedstock and ecosystem services provider, to the best of our knowledge. Specifically, we
explore whether a poplar bioeconomy would fit the needs, values, and context of southwestern WA
based on the knowledge of local agricultural and natural resources stakeholders.

2. Materials and Methods

2.1. Study Region

The study region (Figure 2) roughly matches a techno-economic assessment model of a
hypothetical biorefinery adjacent to an existing power plant (TransAlta, Centralia Generation) in
Centralia, WA, USA [23]. The biorefinery would be supplied by poplar trees produced within 100 km
(62 mi) of the site. Although poplar tree farms existed in greater abundance in the past, poplar is still
currently grown in the study region. Two example sites are the City of Chehalis plantation for the
application of reuse water and a 4800-acre commercial plantation in Clatskanie, OR, USA, owned by
GreenWood Resources Inc. (Portland, OR, USA).

113



Forests 2018, 9, 655

Figure 2. Parcels suitable for poplar growth without the use of irrigation within 100 km of a potential
biorefinery in Centralia, WA, USA [24]. (Note: The techno-economic assessment used 100 km road
distance between parcels and the potential refinery. We used a 100 km radius straight-line distance,
making our study region larger.) Suitability is based on soil type, topography, and other geophysical
site characteristics. Most parcels labelled as moderately suitable become highly suitable with irrigation.
Map produced by Andrew Cooke, Natural Resources Spatial Informatics Group, Precision Forestry
Cooperative, University of Washington.

2.2. Interviews and Group Discussions

We conducted 16 semi-structured interviews and two group discussions (one focus group and
one short group discussion) with agricultural and natural resources stakeholders. By using qualitative
research methods (e.g., interviews), we were able to explore a breadth of values and gain a deeper
understanding of participants’ rationales [25]. This is in contrast to quantitative techniques (e.g.,
surveys), for which participant responses are limited to preselected options or short answers.

Interviews took place in-person or over-the-phone between January–May 2018, and typically
lasted 30–60 min. The focus group was conducted in January 2018 during a Chehalis Basin Partnership
meeting and lasted 90 min (Appendix A). The short group discussion took place during 20 min
of the February 2018 Lewis County Farm Bureau meeting. In total, we heard from approximately
33 participants.
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Interviewees were recruited through purposeful sampling and snowball sampling [25].
Stakeholders came from: environmental consultanting agencies, a county conservation district, WSU
Extension, farming operations, non-profit conservation/landowner organizations, WA Department of
Ecology, economic/land development interests, and wastewater treatment plants (Table 1). Nearly all
stakeholders resided or worked on projects in Lewis or Thurston County. To learn about some of the
other counties in the study region, we spoke with one stakeholder about Pierce County, another about
Cowlitz County, and some stakeholders in the Chehalis Basin Partnership spoke about Grays Harbor
County. Although members of tribal nations are important stakeholders in the study region, we did
not seek out direct participation from tribal nations due to time and budget constraints.

Table 1. Number of individuals interviewed in each stakeholder group *. These numbers do not
include participants in the focus group or short group discussion unless they were also interviewed.

Stakeholder Group Number of Interviewed Participants

Environmental Consultanting Agencies 2
County Conservation District 2

WSU Extension 3
Farming Operations 3

Non-Profit Conservation/Landowner Organizations 2
WA Department of Ecology 1

Economic/Land Development Interests 2
Wastewater Treatment Plants 3

* There are more individuals [18] than the number of interviews [16] because two interviews had two participants.

Interviewees were provided background information factsheets (Appendix B), and group
discussion participants were given a presentation. An interview guide (Appendix C) structured
the conversation with flexibility to explore ideas and expertise of the participants. We asked
our participants to consider three different applications of poplar farms—traditional agriculture,
wastewater management, and floodplain management. To explore the potential for an industry, we
asked participants to assume that a market was available for the poplar. We focused on the acceptability
and likelihood of poplar farming, and we also noted comments related to the potential biorefinery.
We included questions about both challenges and opportunities to address potential bias toward
optimistic or pessimistic views that may have otherwise arisen given our personal experience as
AHB researchers.

The conversations were recorded and then fully transcribed (see Appendix A for exception).
The transcripts were coded using descriptive and initial (i.e., open) coding methods to sort the
data based on recurrent topics [26]. The codes were then further categorized based on our research
objectives. Coding was conducted by a single researcher, using a word processor. The transcript data
was reviewed and interpreted by a second researcher to ensure validity. Discussions with co-authors
and a research assistant (Catherine Gowan, WSU Extension) refined the interpretation.

Participants voluntarily agreed to take part in the study and consented to an audio recording.
The recordings were deleted upon completion of this manuscript. The WSU Office of Research
Assurances found this project to be exempt from the need for IRB review.

2.3. Limitations

The information garnered is not generalizable to the entire population of the study region, or to
all agricultural or natural resources stakeholders in the region. Given time and budget constraints, we
were generally unable to interview more than one or two people from the same line of work. (This is
especially relevant for the wastewater treatment case, as much of the pertinent information came from
a single, highly-knowledgeable interviewee.) Instead, we looked for a wide assortment of natural
resource and agricultural professionals to get a breadth of contextual information. This approach
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is justifiable for an exploratory study of variability in perspectives and as a precursor to further
inquiry [25].

Our interviewees may have been more open-minded or optimistic compared to other stakeholders,
as participants may have been more curious, interested individuals. We did not independently verify
the veracity of information provided by participants; the results reflect their best understanding.

3. Results and Discussion

The following section presents what was learned from our interviews and group discussions.
Participants’ overall perspectives about supplying poplar biomass for a biorefinery (Table 2) are
presented first. These thoughts on feasibility apply across the different applications, whether poplar is
grown for agricultural, wastewater management, or floodplain management purposes. Quotes and
discussion are inserted throughout this section. Quotes were selected for illustrative purposes and are
not attributed to specific stakeholder categories because we often heard similar sentiments expressed
across groups. We edited quotes for brevity when it was possible to do so without losing meaning.

Table 2. Summary of participants’ thoughts on general benefits and concerns about the development
of a poplar-based bioproducts industry in southwestern Washington, USA.

Benefits Concerns

Could help the struggling agriculture community Will this poplar-based industry actually “pencil out”
Faster turn-around than other tree crops Can damage from wildlife be prevented

Could be easier to manage than alternative agriculture options Will harvesting equipment be available
Could work on wet, marginal land Who will make the upfront investment

Comparatively low soil disturbance What is coming in and going out of the biorefinery

Following the overview, we detail specific results for poplar grown for traditional agricultural,
wastewater management, and floodplain management. Results for each application are presented,
with example quotes in three tables. Following each table, a discussion is presented on what was
learned from participants about local context, opportunities, challenges, and questions.

3.1. Overall Perspectives on Supplying Poplar Biomass

The first reaction of many stakeholders was to tell us that the region has tried in the past to make
money growing poplar and it did not work out for them. About 15 years ago, farmers planted poplar
in anticipation of highly-profitable markets (e.g., pulp, sawlogs) that never emerged. Stakeholders
questioned how this proposed poplar industry would be different: “You know . . . poplar is one of these
things that won’t go away. We’ve been doing poplar off-and-on for 30 years in the area, and unfortunately it’s
always ended up being a bust, a loser.”

However, stakeholders also said they would be interested in growing poplar if they knew they
could make money doing so. The primary concern was whether the poplar-based industry “penciled
out”: “I think it would be a very easy area to get people to convert whatever they have going if you could show
them that they could make money.”

People acknowledged that poplar grew well in the area and that a new crop market could be very
helpful for the agricultural community. Short rotation poplar was appealing as a crop because it:

• has a fast turn-around for a tree crop (3 years)

“I think [short rotation poplar] would appeal to some people . . . because the poplars before . . . they were
eight years, nine years, it was a really long timeline before you ‘got your payout’.”

• requires less labor and input than row crops and livestock production

“Once that crop is in the ground, you have very little requirement for cultivation or no requirement for
cultivation...So something that could be more planted and left just like an annual forage crop, hay or alfalfa.
Those kinds of things could have a lot of possibilities.”
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• might provide income on marginal, wet farmland

“There’s lots of marginal areas in Lewis County, and it really can’t crop anything. I don’t know if you can
even pasture it. It’s just so wet . . . and those are the areas something like that’d work.”

• does not tear up the soil (after initial planting)

“I really like this idea where you’re not even taking it out of the ground. Especially from a land standpoint
cause you’re not destroying the soil, the ecosystem as far as the soil goes and everything.”

Wildlife damage from elk, deer, and beaver is a major consideration. Some former poplar growers
experienced severe devastation: “[The elk and deer] ate 30,000 trees of 60,000 in the first year.” While elk
fences may be an option, stakeholders commented that fences are an additional expense and will not
hold up in areas with regular flooding: “Winter’s typically when we got our damage [in the poplar fields].
Any fence is going to get washed out with flooding.” Elk damage is a concern for agriculture more broadly,
as farmers are also having trouble elsewhere in the PNW [27].

Participants wanted to know about the availability of harvest equipment. There is not equipment
in the region currently and purchasing would be costly: “Somebody’s got to be financing it. . . . you get
a bunch of people to plant it and then nobody’s got the money to buy the harvester, then you got a problem.”
However, one person we spoke to saw this as an additional business opportunity. They felt that there
would be interest in starting a harvesting contracting company: “I know industrial people here that would
just clamor to get an opportunity to buy the equipment that could do the harvesting and that’s a whole industry,
just harvesting.”

Many stakeholders seemed to feel that the biggest hurdle would be securing the initial investments
necessary to start the industry: “ . . . seems like it would take a major initial investment and whether that has
any validity to it at this point . . . I certainly don’t know. I don’t know if anyone knows.” Although there are
investors interested in economic development, they would need to be sure of a return: “This county’s
very, very conservative. You’ve got to show them the wares before they’ll invest a nickel of their money.” Failures
from past ventures make growers wary of poplar, and most would first need to see money invested in
poplar-related infrastructure. That said, an agricultural consultant noted that farming is always a risky
venture: “Farmers are gamblers. They’re the biggest gamblers in the world. Because you have not only weather,
you’ve got markets and the government and all of those things can affect what happens to your crops.”

The stakeholders we spoke to did not think that poplar farming would influence the general
public, or if it did, the reception would be positive. They informed us that the region is familiar with
tree farms (e.g., Christmas tree farms) and has a long history of forestry and farming. They felt the
biorefinery would be of greater concern to the local community. Poplar biomass can be made into
a variety of bioproducts, and we did not specify a particular output for the biorefinery during our
interviews and discussions. Participants felt that the local community would want to know what
the end product is, as well as what is transported in-and-off the site, what by-products or wastes
are generated, and any impacts on air or water quality: “They’re going to want to know what you’re
bringing into the site, what you’re producing on the site, and what you’re taking off the site.” A participant
shared with us that public health is a priority in their particular community: “I think it comes down
to what are you doing to the community. As far as putting it in the air and the water, that’s what they are
concerned about.” These are common concerns for industrial-scale biomass facilities expressed by local
communities [28,29]. In addition, perceptions about biorefinery impacts could affect growers’ decisions:
“ . . . certain people won’t grow things if it’s going to create something that could be harmful.”

3.2. Poplar and Agriculture

Poplar could be an alternative crop available to farmers to support their livelihood. We asked
stakeholders about: (a) the state of local agriculture, (b) where participants saw opportunities and
challenges, and (c) the questions they would need answered. A summary of the main points and
associated quotes are presented in Table 3, followed by a discussion of the results.
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Table 3. Summary and quotes related to the potential for poplar farming to contribute to agriculture in
southwestern Washington, from participant stakeholders in agriculture and natural resources.

Local Context Quotes about Poplar and Agriculture

(a) Agriculture is in trouble (hard to make a living;
expanding development pressures)

(a) “Many of the folks that I knew and their families that
farmed for a living twenty years ago . . . farming is [now]
secondary to some other line of work, the day to day”
(a) “One thing that Pierce County has been inundated
with are the increase [sic] in the number of warehouses and
distribution centers.”

(b) Integral to region’s rural history and character
(b) “Like the small community feel . . . the amount of land
one person can have to themselves, agriculture
opportunities, and closeness to family.”

(c) Past poplar ventures (for pulp/sawlogs) failed
because of a lack of markets

(c) “[Poplar] isn’t news. This was tried on the harbor,
there’s a half a dozen different places in Grays Harbor that
I know of, and it didn’t prove profitable for the people.”

Opportunities

(a) There’s a need for a profitable crop and
local markets

(a) “ . . . because of the loss of infrastructure and the
basically desperate nature of the farmers in this area, they’d
be open to a crop if it pencils because they’re getting so
limited...I mean we’re down to forage. It’s the primary crop
here and you know there’s a limit to how much forage you
can move.”

Challenges

(a) Need payment assurance (a) “My expenses would have to be covered. Because it’s
not cheap.”

(b) Could clog tile lines

(b) “Our cottonwood trees were actually getting down in
the tile drains and filling them completely up with their
roots. So we had to put in some open ditches to continue to
drain the field.”

(c) Could present complications with irrigation rights

(c) “What they do on the water rights is they’ll say you get
two acre feet per acre, but if you grow a crop that only
takes one acre feet per acre, you didn’t keep your records
and they say that’s your water right.”

(d) Some hayland/pasture is needed for livestock
and horses

(d) “I probably wouldn’t want to plant poplar on my little
bottom land. Although, wouldn’t be a bad idea. It’s just
that I have horses, so they don’t eat poplar, they eat grass.”

Questions

(a) When would market saturation happen?

(a) “ . . . a lot of these people come off with something new
and bright and the earlier adopters will make a little bit of
money but once it saturates so fast, that the price falls out
and there’s no money to be made out of it.”

(b) How many acres would an individual need?

(b) “How many acres of trees would you estimate you
would need to make a profit [as an individual]? The
average farm in Lewis County is 49 acres. Most of the farm
area you’ve got is very small acreage.”

3.2.1. Poplar and Agriculture: Local Context

Resident stakeholders expressed enjoyment of the small-town, slow-paced lifestyle and liked
outdoor recreational activities, such as hiking, fishing, and boating (Figure 3). However, many
participants said that the rural areas are economically depressed, suffering from poverty, downscaled
industries, and unemployment. Lewis, Grays Harbor, Mason, and Wahkiakum Counties ranked in the
bottom quarter of Washington State counties for per capita personal income in 2015 [30]. Participants
said the agricultural sector, traditionally a primary source of livelihood in the region and part of the
local character, has been hit hard with challenges (e.g., lack of infrastructure/markets, catastrophic
flooding, housing development, and aging landowners). We learned from the stakeholders that a local
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frozen foods company processing peas and corn recently decided not to take produce from western
Washington, leaving growers struggling to figure out what to do instead: “This year we’ve been told the
cannery isn’t going to take any crops on the west side [of WA state]. Our crop growers are going, ‘what are
we going to grow?’ I mean we can’t grow the corn, the sweet corn, the peas, or the beans, which have all been
harvested here before.” Participants also mentioned that other parts of our study region are increasing
warehouse and housing development on former agricultural land, particularly Pierce County and
along I-5.

 

Figure 3. A rural landscape in Lewis County in southern Washington, USA.

3.2.2. Poplar and Agriculture: Opportunities

If a poplar market emerged, it could be a useful aid for the struggling local agricultural community.
Farming consultants and partners said there are not many options when it comes to selecting a
profitable crop. Participants said the farmland is less than ideal, there is a lack of agricultural
infrastructure and markets, and existing markets are saturated. Additionally, interviewees from
or working with the agricultural community told us that many farmers are of retirement age without
willing heirs to take over the family business, and young people cannot afford to buy those farms.
These challenges facing agriculture are not unique to southwestern WA. An aging farm population
and dependence on outside income is a national trend [31].

When asked if people would consider poplar if they could make money doing it, people indicated
that they would be interested. As a participant noted, the region grew poplar before and would
again if it made financial sense. Agricultural and natural resources professionals did not think it
would be difficult to find enough suitable land and secure willing growers if poplar were profitable.
This suggests that a clear business model would facilitate further discussion with landowners and that
there is not strong opposition to growing poplar based on other factors. In contrast, Warren et al. [20]
found that farmers in southwest Scotland felt short rotation woody crops did not fit with their identity,
lifestyle, farming culture, and prioritization of food production. The difference in response in our
study from Warren et al.’s may be a result of cultural differences, or it could be a further indicator of
the “desperate nature” of farmers in southwestern Washington.

Given the difficulties facing agriculture our participants laid out, we see a number of ways a poplar
biorefinery could present an opportunity to boost the local agriculture community. The biorefinery
would create a new market and provide farmers with another cropping opportunity, even on marginal
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farmland. With the introduction of a potentially growing market, there could be openings for new
people to get into agriculture. As a comparatively low-maintenance crop, poplar may also be appealing
to older farmers.

3.2.3. Poplar and Agriculture: Challenges

As with other studies of willingness to adopt bioenergy crops [17,32,33], profit is a leading decision
driver. A primary challenge would be providing reasonable assurance that poplar would be profitable.
This could involve contracts between the farmer and the biorefinery [32], which a lending institute for
the facility is likely to require.

Farmers with tile lines may need to switch to different draining methods for their fields.
A participant from a local conservation district shared a story about how poplar trees clogged a
field’s tile lines on a property they worked with and alternative means of drainage were needed.
Worries about tile lines could preclude some landowners from growing poplar: “A lot of these tile line
places are going to be like, we don’t want to put those in, they’ll break our tile lines.”

While flooding is a concern for farmland during the winter months, the region faces droughts
during the summer months. Participants explained that irrigation rights are valuable property assets
because no new water rights are allowed and existing rights can be lost if “beneficial use” is not
demonstrated at least once every five years: “[Department of Ecology regulators] always try to find a way
to take some away. It’s really hard for people to prove they’ve used their whole water right.” Those landowners
who have irrigation water rights would need to think about how to maintain that value. The poplar
trees may not require irrigation, and irrigation rights could be lost if not utilized. Irrigation can boost
poplar yields, but it would be up to the landowner to determine if this is a good use of their water right
and if they feel confident it would satisfy requirements for “beneficial use.” A stakeholder mentioned
that a water trust is an option, or property owners could choose to sell their water rights.

Not everyone in the agricultural community will be interested in poplar. Some hay and pasture is
needed to support livestock and horses in the region. For example, we spoke to a retired landowner
who runs a small beef operation and a resident who owns horses for personal enjoyment. In other
cases, a participant explained that land has been pasture for decades because it is easy to maintain and
expensive to come back to after using the land for crops: “What happens is it’s very expensive to work up a
field and plant crops and then turn it back into pasture . . . a lot of farmers are letting crops stay in grass for
years and years. I was a kid here, and I know pastures that have never been worked up.”

3.2.4. Poplar and Agriculture: Questions

There are concerns that need to be addressed, beyond needing assurance that poplar will be
profitable. A lot of the farms in the study region are smaller parcels (<50 acres) [34]. Stakeholders
wanted to know, from an individual’s perspective, how much land a farmer needs to grow poplar
profitably. On the other extreme, potential growers want to know at what point the market would
become saturated from too much poplar farming. Southwestern WA has experiences with market
saturation problems, for example the current glut of cranberries [35].

3.3. Ecosystem Services: Wastewater Management

Poplar can be a tool for wastewater management by evapotranspiring away reuse water, utilizing
biosolids, or further treating wastewater for nutrients and contaminants [10]. We used the interviews
and group discussions to learn from stakeholders about: (a) the current use of poplar for wastewater
in the study region, (b) where participants saw opportunities and challenges for additional wastewater
poplar plantations, and (c) the questions that need to be addressed. A summary of the main points
and associated quotes are presented in Table 4, followed by a discussion of the results.
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Table 4. Summary and quotes related to the potential for poplar to provide ecosystem services for
wastewater management in southwestern Washington, from participant stakeholders in agriculture
and natural resources.

Local Context Quotes about Poplar and Wastewater

(a) Economical way to meet regulations
(a) “It was either [the poplar plantation or] remove all of [City of
Chehalis’s] water during the summertime some point well north
of Centralia, which would have cost way too much money.”

(b) Permits and irrigation are burdensome (b) “[There is] a permit for going out to the tree farm and one for
going to the river. And going to the river is a lot easier to meet.”

(c) Provides other ecosystem services (c) “Aesthetically it’s a draw . . . a lot of people want to take their
wedding pictures out there.”

Opportunities

(a) People like this idea (a) “I like the wastewater one. I think that’s a terrific idea.”

(b) Treatment plant retains the reuse water
rights

(b) “ . . . we reserve the water rights. So [if] some industry
wants to potentially use reclaimed water, it’s ours, we can do
what we want with it.”

(c) Water stays in the immediate watershed (c) “We’re keeping the water in our local basin.”

(d) Extracting excess nitrogen
(d) “ . . . the groundwater is actually improving . . . Before it
was a farm, potentially mismanaged, nitrogen leaching through
the soil.”

(e) Potential biosolids applications
(e) “ . . . stigma from the general public is they don’t want
[biosolids] to go on [food] crops . . . whereas with trees, nobody
cares.”

(f) Two other cities expressed interested
(e,f) “We now ship our biosolids during the wet months at a high
cost.”
(f) “We may need to be looking at possibly not discharging our
effluent to the [river] in a few months of the year.”

Challenges

(a) Plants unlikely to consider it unless
necessary

(a) “I don’t know about the other treatment plants being forced
out [of the river]. We’re kinda one of the few in western
Washington.”

(b) Plant is responsible for groundwater
monitoring

(b) “I’m not going to want to give [reuse water] to farmers
because the city’s responsible for the ultimate disposal or reuse.”

(c) Economic concerns (c) “One concern might be the cost for start-up to get the farm
rolling with poplar trees.”

(d) Regulations could shift to river water
quantity over quality.

(d) “ . . . hoping sometime in the future they’ll say you can put
your water back in the river. At that time the plantation just
becomes a bunch of trees.”

Questions

(a) Can coppice poplar suck up enough reuse
water?

(a) “The question is would that poplar, because most of those you
see grow into big trees, they don’t cut them every three years,
would it still work for wastewater management?”

(b) Can overhead irrigation (rather than ground
sprinklers) work?

(b) “Irrigation is very labor intensive. [If] the trees wouldn’t get
that high, 30 feet at the most, and we could put some type of large
irrigation pivot, it would be a lot easier to irrigate.”

3.3.1. Poplar and Wastewater: Local Context

As previously mentioned, the City of Chehalis is using a 176-acre poplar tree plantation to meet
total maximum daily load (TMDL) restrictions placed by the WA Department of Ecology for the
protection of river water quality (Figure 4). When the river drops below 1000 cubic feet per second,
which normally happens between April and November, the reclamation facility cannot discharge to
the Chehalis River. Instead, the water is used to irrigate the poplar trees.
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Figure 4. The City of Chehalis Poplar Plantation, where the trees are irrigated with reuse water during
the dry months, has other environmental benefits like wildlife habitat.

A person closely tied to the wastewater treatment facility said that developing the poplar tree
farm was the right choice for the City of Chehalis: “ . . . the poplar tree plantation was the cheapest and
the most beneficial option that we chose and it’s still a good decision today.” They informed us that the
farm allows Chehalis to meet the TMDL restrictions without having to pump the water far from the
treatment plant (which was the alternative). Also, they noted that the farm is an aesthetic draw, carbon
sink, nutrient extractor, and wildlife habitat.

However, there are challenges to running the poplar plantation. The participant shared that the
poplars are destined for the sawlog market but are still not big enough to sell despite being older than
they thought they would need to be. The trees are now fifteen years old, pushing the plantation into a
forestry rather than agricultural land-use and thus requiring different permitting. Additionally, the
participant noted that permit for applying reuse water to the trees is more burdensome than the permit
to discharge to the river, and the sprinkler system (Figure 5) needs constant maintenance to deal with
coyote damage and clogging.

 

Figure 5. One of the 20,000 sprinkler heads used to irrigate the Chehalis Poplar Tree Plantation with
reuse water.
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3.3.2. Poplar and Wastewater: Opportunities, Challenges, and Questions

From a social perspective, the idea of combining wastewater and poplar farming was well received.
However, those participants most familiar with the concept of using poplar to process reuse water
questioned the ability of short rotation coppice poplar to take up enough water to get the job done.
At this time, it is unknown whether a coppiced poplar farm could meet the needs of the wastewater
treatment plant, but preliminary research at AHB’s demonstration site in Hayden, Idaho showed
similar average irrigation rates between coppiced and 20+ year-old poplar [36].

A participant noted that a potential benefit of using short rotation coppice poplar over using
longer-rotation poplar is that the trees will be shorter, and overhead irrigation might be a possibility.
They felt overhead irrigation could avoid the maintenance issues associated with a ground-level
sprinkler system, like the coyote-chewing damage faced by the Chehalis plantation. Research would
be needed to evaluate this idea. Based on conversations with outside experts, potential concerns about
overhead irrigation include impacts on tree health and technical feasibility, but overhead irrigation
may also facilitate a good amount of direct evaporation into the air. We should also note that some of
the characteristics of the current longer-rotation plantation (e.g., aesthetics) would be different under a
short rotation coppice system.

Although the Chehalis Poplar Plantation does not apply biosolids to their poplar trees, we did
speak to a landowner who currently uses biosolids on his crops and would consider applying biosolids
if they grew poplar. When prompted to think about biosolids, participants noted that some members
of the public are adamantly opposed to applying biosolids to food crops and thought that using
biosolids on a biomass crop like poplar might be more acceptable. One city told us they ship their
biosolids to Eastern Washington part of the year at a high cost and would consider an alternative like
operating a poplar farm on their land. There are examples of other wastewater treatment plants in the
Pacific Northwest applying biosolids to poplar, like the Biocycle Farm in Eugene/Springfield, OR [37].
Another treatment plant asked whether there would be leftover poplar chips, and if so, whether they
could be used in their biosolids compost operation.

A wastewater professional informed us that discharging cleaned wastewater to rivers or
groundwater is easier to permit and cheaper to do than irrigating a poplar farm. Therefore, one
challenge may be finding enough wastewater treatment plants interested in growing poplar to meet
any significant portion of a biorefinery’s poplar demand. That said, we also heard from a city that
recently learned they may not be able to discharge their water into the river in the future, similar to the
restrictions imposed on the City of Chehalis that lead to the establishment of the Chehalis Poplar Tree
Plantation. Furthermore, although not mentioned by the participants, poplar may be able to remove
chemical contaminants, like pharmaceuticals, that wastewater treatment does not capture [9,10].

3.4. Ecosystem Services: Floodplain Management

Poplars are adapted to live in riparian and flood-prone areas. Poplar may serve as flood mitigation
tool by increasing landscape roughness and providing a more suitable crop for farmers in flood prone
areas. An EPA review from 1999 predicted there would be an increase in hybrid poplar cultivation in
degraded floodplain to supplement native hardwoods and to treat nutrient runoff [38]. A watershed
management project in Minnesota proposed using hybrid poplar plantings to improve water quality,
reduce excess stream flows, and provide farmers with a profitable crop [39]. In 2005, a case study
explored whether a poplar riparian buffer could be economically sustainable for blueberry farmers in
western Washington [40].

We used the interviews and group discussions to learn from stakeholders about: (a) local flooding
issues and planning efforts, (b) where participants saw opportunities and challenges for poplars in
the floodplain, and (c) the questions that need to be addressed. A summary of the main points and
associated quotes are presented in Table 5, followed by a discussion of the results.
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Table 5. Summary and quotes related to the potential for poplar to provide ecosystem services for
floodplain management in flood-prone southwestern Washington, from participant stakeholders in
agriculture and natural resources.

Local Context Quotes about Poplar and Floodplains

(a) Floods are frequent and can be
devastating

(a) “You know it’s a big deal when you shut down I-5 twice a decade. It cost hundreds of
millions of dollars ‘cause north-south traffic is stopped.”

(b) Restoring native riparian habitat for
salmon conservation

(b,c) “ . . . to protect the habitat and to do restoration at the same time as considering these
flood damage reduction actions because obviously they both have an effect on the floodplain.
It’s an effort to move both of those pieces of this integrated strategy forward at the same time.”(c) Massive collaborative planning

strategy underway
(d) Concerns among landowners about
losing private property rights

(d) “There’s a lot of uncertainty or suspicion about regulations and uses of land minimizing
the tax base in the community.”

Opportunities

(a) Great if people could make money off
their land while decreasing flood risk

(a) “ . . . doing something that would still give people use of their land that included the
floodplain I think would be pretty favorably looked at.”

(b) Could have native riparian buffers and
poplar farms beyond that

(b) “ . . . restoring the floodplain forest and then...we could put a poplar plantation on
someone’s farmland in area where water’s going to be coming out of the river channel, and
that would effectively slow it down.”

Challenges

(a) Don’t want non-natives near the river
(a) “ . . . . I think, might be a little bit of a difficult sell in the sense that you’re talking about
hybrid, not natural species. Most of the folks that are involved in riparian stabilization are
certainly going to be a little bit leery of using non-natives.”

(b) Could be a considered a risk to
property rights, if poplar farms someday
become regulated as buffer

(b) “Okay, so we make this agreement, and I put some investment into planting [poplar].
And then the rules come along and they change and then I’m just out of another investment
. . . it gets people a little uptight. There’s a lot of private properties right advocates from this
area for that very reason.”

(c) Harvest window would be limited to
when the ground was dry enough for
equipment

(c) “You’re not going to harvest in the winter most of the ground that’s suitable [for poplar].”

Questions

(a) How much inundation (frequency,
depth, duration) can poplar handle?

(a) “How well do these trees deal with flood? ‘Cause they could easily be flooded 6 to 8 feet
deep during a good storm, and I just don’t know how well they deal with that.”

(b) Would hybrid poplar crossbreed with
native poplars?

(b) “We’re spending literally millions of dollars getting rid of a variety of non-native and
invasive species. If it crossbreeds with the native species creating something that’s different,
you could very easily be creating a new, non-native invasive species along our rivers.”

(c) Would hybrid poplar drain low-flow
streams in summer?

(c) “The low flows in the summer and early fall in this basin are a huge issue. And I know
that cottonwood, from what I understand at least, take a lot of water. How’s that gonna affect
instream flows in the summer or would it?”

3.4.1. Poplar and Floodplains: Local Context

A challenge in the study area is how to simultaneously manage the Chehalis Basin for flood
mitigation and aquatic species protection [41]. Flood events in recent decades have severely impacted
the cities of Centralia and Chehalis and forced closures of Interstate 5 (the highway linking Vancouver,
British Columbia, Canada, Seattle, WA and Portland, OR). At the same time, there is need for aquatic
species (e.g., chinook salmon) conservation efforts. Proposed actions for the Chehalis Basin could
change land-use practices in the floodplain, where much of the farmland is located (Figure 6). Balancing
salmon conservation practices and agricultural land-use impacts is a long-standing issue in western
Washington [42]. Conservation requires willing landowners, and stakeholders shared that landowners
in the area are wary of potential threats to private property rights.

Another element of the Chehalis Basin planning efforts is a proposal to build a dam. We expected
to hear the proposed dam brought up during our discussions, as the dam is generating controversy in
the region [43]. Tribal opposition was a major driver of exploring alternative or concurrent strategies
for protecting aquatic species and restoring native habitat [44]. Although we did occasionally hear
about the dam from stakeholders (e.g., “ . . . they’re proposing to build a dam, and who in 2018 ever thought
that would be around, but it is because of the flood problems we have on the river.”), stakeholders seemed to be
focused on efforts to restore native riparian buffers. This may be an artifact of the participant sample
including many people connected to habitat restoration planning.

124



Forests 2018, 9, 655

 

Figure 6. Lincoln Creek (left), part of the Chehalis Basin, runs through an agricultural property,
and floods the fields during the winter. The Conservation Reserve Easement Program (CREP) offers
financial assistance to landowners for the planting of native riparian buffers, like this planting near
Lincoln Creek (right).

3.4.2. Poplar and Floodplains: Opportunities, Challenges, and Questions

Participants shared regulatory and ecological concerns about hybrid poplar because it is
non-native. Certain regulations prohibit non-native trees in riparian restoration projects. From
an ecological perspective, participants questioned whether short rotation hybrid poplar could support
ecosystem functions in riparian areas (food for aquatic species, habitat from downed wood, erosion
control, shading) and wanted to know if the hybrid poplar would crossbreed with native populations
of poplar. In addition, there were concerns about whether poplar would reduce stream flows in the
summer months.

Concerns about crossbreeding may be unwarranted for two- to three-year harvest cycles because
the trees can be harvested before sexual maturity. Alternatively, the trees could be genetically modified
not to flower [45]. Poplar trees can reproduce vegetatively (i.e., sprout from broken branches and other
tree material), so there is some risk of escape beyond plantations. Native cottonwood could be used
instead of hybrid poplar, but these trees will have lower yields.

Many of the points we heard from the stakeholders in our study region were also reflected upon
in the 1999 EPA review [38]. For example, farmers could plant the trees just beyond critical riparian
habitat as a cost-effective way to improve the degraded floodplain, but there was fear of crossbreeding
with native cottonwood and depletion of water availability. When the 1999 EPA report was written,
there were few studies specifically designed to address these environmental issues. This remains
largely true twenty years later.

Another challenge of producing poplar on flood-prone farmland is that the harvesting window
would be limited to times when the ground was dry enough to run equipment. This concern was
raised by a farmer, who had seen video of short rotation harvest elsewhere in the country happening
when the leaves were off and the ground was frozen. The AHB project encountered similar challenges
at its demonstrations sites in western Oregon and Washington, where muddy ground in the winter
forced harvest delays. While leaves can introduce unwanted heterogeneity to the poplar chips and
reduce sugar availability [46], leaves may be unavoidable if harvest must occur when the ground
has dried out in the late spring. However, technology to separate leaves from the biomass is under
development [47]. If the biorefinery needed a continuous flow of materials, some drier ground would
need to be converted, an alternative source of biomass (like hardwood sawmill residue) could be used,
or storage methods would need to be developed.

Short-rotation hybrid poplar may also serve a strategic purpose for flood mitigation: “generally
speaking, a tree crop is going to serve useful functions during flood events.” We spoke with a consultant who
is thinking about how hybrid poplar might be able to provide roughness that slows down floodwaters
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in a reconnected floodplain. Although the participants did not emphasize the proposed dam during
discussions, we believe that poplar farms may offer an alternative that is a compromise between
maintaining profitable use of private land along the river and providing more riparian ecosystem
services than the agricultural land use currently in place.

However, stakeholders want to know how much inundation poplar can handle. Although poplar
is more tolerant of wet (and dry) conditions than many other trees and crops, stressful growing
environments limit the amount of biomass that can be produced. Research is needed to understand
how well poplar would be able to produce biomass in very wet ground.

Another stakeholder saw a potential risk to landowner property rights if poplar is part of a
floodplain strategy—it could someday be considered part of a larger agricultural buffer and be
restricted from harvest. This participant told us that forest landowners suffered when forest practice
rules changed, forcing them to remove part of their land from production. Farm landowners in Lewis
County are not currently required to have buffers, but regulations could change as Chehalis Basin
management progresses.

Circumstances may differ across counties in the study region. One participant said that the
restrictions on floodplain development are more stringent in Thurston and Pierce Counties compared
to Lewis and Grays Harbor Counties. Given strict limitations in Thurston/Pierce, they thought poplar
may be appealing as a land-use option, while economic development in Lewis County (specifically
Centralia and Chehalis urban growth areas) may preclude poplar in those floodplains.

4. Recommendations

Participants suggested ways of framing the potential poplar-based bioeconomy that would
present the industry in a positive light. One person proposed saying “cellulosic biomass” rather than
starting with poplar, due to experience with past poplar market failures: “I wouldn’t run out with
poplar on the top line of my banner . . . [but] this is a timber county. So if you say, ‘hey we’re refining fuels
from cellulosic materials,’ they’ve heard that before.” Others recommended focusing on how producing
poplar could be a desirable choice for private landowners and the community, rather than a top-down,
mandated change for the floodplain: “ . . . what we’ve found in other areas working in the floodplain is that
people’s first reaction is, ‘It’s my land, and I don’t want anybody telling me what I can and can’t do with it’ . . .
They don’t want to just give it away, but, if there’s a better use for that land, that’s usually [the] kind of theme
that resonates with them.”

Another area where framing is important is related to poplar and the floodplain. An
environmental consultant advised being clear about what part of the floodplain is being discussed.
A different stakeholder observed: “There’s a difference between riparian and floodplain, especially in the
lower stretch of the river. I wouldn’t market [hybrid poplar] so much as for a direct buffer river habitat benefit,
but if you’re talking about ‘hey, here’s a crop of value’ . . . It’s not like peas or wheat are sitting in there because
of the environment it’s in.” They felt that talking about poplar as a riparian buffer would limit the
potential because of concerns over ecological restoration. However, poplar farming in the non-riparian
floodplain areas may be more acceptable and may actually improve the ability for conservation and
restoration by improving the overall economy.

Potential strategies for addressing some of the major challenges presented in this paper are listed
in Table 6.

In addition to addressing the challenges, there are a number of remaining knowledge gaps. We
recommend conducting a thorough literature review tailored to the specific questions posed by the
stakeholders. Education materials could be developed from this review and tailored to the situation
in southwestern Washington. We also recommend eliciting opinions on the bioeconomy and specific
end products, combined with public outreach and education. Bioenergy, particularly corn ethanol, is a
contentious issue [32,48], and it is important to acknowledge the role emotions and terminology play
in stakeholders’ acceptance of a potential bioeconomy [49,50].
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Table 6. Strategies for addressing challenges to developing a poplar-based bioeconomy in southwestern
WA, USA.

Challenges Ways Forward

Damage from wildlife

(1) Test if short rotation coppice poplar experiences the same level
of damage
(2) Explore fencing options, particularly in flood-prone areas
(3) Develop unpalatable varieties or repellents

Harvest operations
(1) Establish a framework for a harvesting cooperative
(2) Develop a harvesting company business model
(3) Explore chip storage or alternative feedstock options to supply the
biorefinery during times when the ground is too wet for the harvester

Initial investments

(1) Develop a detailed business prospectus for potential investors and
economic development stakeholders
(2) Collaborate with Lewis County Economic Development Council,
TransAlta, policy makers, potential investors, and private industry
(3) Demonstrate a small-scale refinery using existing poplar farms
(4) Explore carbon markets

Biorefinery concerns
(1) Be upfront and clear about the biorefinery’s end product and what
it is used for
(2) Explain potential community benefits and impacts using examples
of biorefineries elsewhere in the PNW or US. (e.g., biodiesel and
ethanol plants)

Wastewater irrigation
(1) Establish a test site for overhead irrigation of short rotation coppice
poplar to see how much recycled water could be processed by the trees
and whether applying recycled water to the leaves impacts tree health

Further development toward a poplar-based bioindustry will require more community
involvement. Our preliminary exploration of opportunities, barriers, and values only accounts for a
subset of the natural resources and agricultural stakeholders. The next step in stakeholder participation
would be reaching a wider diversity of people and evaluating the level of concrete interest in pursuing
the industry (rather than theoretical feasibility). The latter will require sharing available economic
information and more detailed growing guidance.

5. Conclusions

Given a convincing business model, agricultural and natural resources professionals believe it
would be straightforward to find suitable land and secure willing poplar growers. Unsurprisingly,
economics is the bottom line: who would make the initial investment, and would growers make money.
According to participants, local agriculture is in desperate need of a boost, such as a new, lucrative
crop market. The participants did not bring up concerns about short rotation poplar in relation to their
identity, lifestyle, farming culture, or opinions about food production, unlike in a study mentioned
earlier [20]. The region has experience growing poplar, albeit for a different industry, on longer harvest
cycles, and without turning a profit.

Hybrid poplar would not be used as stream buffers, as non-natives are not desired or allowed for
riparian restoration. Poplar farming could also displace some hay/pasture currently used to support
livestock and horses, and could run into concerns about water scarcity, water rights, and drainage tile
lines. Technical questions remain, such as how much flooding poplars can handle and how to prevent
elk damage.

Overall, if economic objectives can be met, participants saw chances for win-win situations where
landowners could profit on otherwise low-value agriculture/pasture land and achieve ecosystem
services for wastewater or floodplain management. For example, a landscape strategy partnering
native riparian buffers with adjacent poplar fields in wet bottomlands could potentially invigorate
the agricultural community, protect landowners from flooding, and conserve fish habitat. However,
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elk may cause issues without a fence, and a fence may not work in the floodplain. Landowners would
also need to be reasonably assured that their poplar plantation could not later fall under riparian
conservation regulation and be lost as a private property asset.

Based on this preliminary stakeholder assessment, it seems like poplar could fit the values and
meet needs of southwestern Washington, but a number of concerns and unknowns would have
to be resolved. There are opportunities for poplar as an ecosystem services provider that require
scientific research to verify feasibility. Next steps could include establishing local experimental poplar
plantations, developing a detailed business prospectus, producing educational material about the
biorefinery, and discussing with a greater number and broader diversity of stakeholders.
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Appendix A. Methodological Details

The focus group was conducted during a Chehalis Basin Partnership meeting and lasted 90 min.
Thirteen attendees (of an audience of 17—not counting the researchers) contributed to the focus
group. Participants were a mix of representatives from government, non-profit, and private citizens,
who shared a common interest: To implement a management plan that will result in effective, economical,
and equitable management of the water in the Chehalis Basin to sustain viable and healthy communities and
habitat conditions necessary for native fish (http://chehalisbasinpartnership.org/). We provided a brief
presentation on the research project at the beginning of the meeting, and then facilitated an exchange
of thoughts and questions based on topics similar to the interview guides. We also requested they fill
out a short questionnaire about their personal opinions on their communities.

The group discussion took place during 20 min of a Lewis County Farm Bureau meeting. A brief
presentation was followed by participants sharing initial reactions, concerns, and ideas. In addition to
generating interesting information in-and-of itself, the meeting allowed us to connect with individuals
directly connected to agriculture in the study region, including some people who had grown poplar
trees in the past. For the short group discussion, we only transcribed the participants’ comments,
rather than the full dialog with the facilitator.

Follow-up interviews were conducted with interested participants from the two group discussions.

Appendix B. Background Information for Interviewees

This information was provided to interviewees to review prior to the interview as an email
attachment or hardcopy given in-person. Figures are not captioned, as they were not captioned in the
original document.

[Note: During the interviews, we discussed the different reasons for growing poplar using the
term “scenarios”. However, these different reasons are not mutually exclusive (as the word “scenario”
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may imply), and we envision a future consisting of all three applications (poplar for farm revenue, for
wastewater treatment, and for floodplain management). Therefore, in this article we chose to call them
“applications” instead of “scenarios”. In our conversations with participants, we explained that the
“scenarios” were not mutually exclusive.]

Appendix B.1. Background: Growing Hybrid Poplar for Biomass

Poplars, a group of trees that includes black cottonwood, are the fastest growing trees in temperate
regions. Hybrid poplars (crossbreeds of different types of poplar) are commonly found in nature
and can also be created in a nursery. These hybrid poplar trees can produce lots of biomass and are
adaptable to a wide range of sites. The trees resprout after harvest and can be cut on three-year cycles
as a perennial agricultural crop. Hybrid poplar chips can be turned into bioproducts.

 

Appendix B.2. Introduction

Models have identified Lewis County and the surrounding area as having potential for a
poplar-based chemical industry. Specifically, researchers are modeling the technical and economic
feasibility of a hypothetical refinery in Centralia, WA, USA supplied by poplar grown within 100 km
of the site. In all scenarios, we assume 34,500 acres of land is converted (equivalent to about 25% of
existing pasture land).

• Scenario 1: Farmers convert pasture land (i.e., non-cropland, not hay) or cropland into hybrid
poplar farms.

• Scenario 2: Wastewater treatment plants lease land for hybrid poplar farms.
• Scenario 3: Poplar farms or buffers are developed in the floodplain.
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Appendix C. Interview Guide

Interviewers used this interview guide as a template to generate conversation with participants.
The interviews were semi-structured, meaning that interviewers were free to explore ideas and ask
additional questions based on the responses of interviewees. [See note in Appendix B about the use of
the term “scenarios.”]

Appendix C.1. Background about Interviewee and Community (5 min)

• Question 1: To start out, I’d like to hear a bit about yourself and your community. Where do you
live? [Prompt: Town, county? rural, suburban, or urban?]

• Question 2: How long have you lived in the area?
• Question 3: What do you like about living there? [If they have been there for a long time

(10+ years), ask how things have changed. If they have been there for a shorter time, ask them to
compare it to where they lived before this.]

• Question 4: What is your profession? OR Where do you work? OR Who do you work for?
• Question 5: What community or communities do you consider yourself a part of? [Prompt: How

about at work? How about outside of work? What is your role in those communities?]
• Question 6: What projects are going on in the area that you’re aware of? [Prompt: For example,

development initiatives (new business, housing development, agricultural shifts) or problems to
solve (flooding, income).]

Appendix C.2. Discussion about Poplar Farms (10 min)

Now we’d like to talk about growing poplar for biomass. Let’s start by reviewing the background
information. [Read through the information describing how poplar is grown and the reasons to use it
to make renewable chemicals.] Do you have any clarification questions?

• Question 7: What is your initial reaction to the idea of converting land into poplar farms? [Prompt:
positive or negative? questions, concerns? economic, social, aesthetic?]

• Question 8: How do you feel about tree farms versus other kinds of crops?
• Question 9: When you see an open, grassy field or pasture, what do you think about?
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• Question 10: Are you familiar with the poplar farm in Chehalis? If so, what do you think about as
you pass by it?

Appendix C.3. Discussion about Scenarios (25 min)

Now we’d like to talk about the different scenarios we sent to you earlier. [Read through the
description of the three scenarios about where and how poplar might be grown if a biorefinery were
built in Lewis County, WA, USA.] Do you have any clarification questions?

• Question 11: Is there a particular scenario that you would like to discuss first?
• Question 12: What is your initial reaction to the [Traditional ag, wastewater management, or

floodplain] scenario?
• Question 13: What challenges or barriers?
• Question 14: What opportunities do you see?
• Question 15: How do you think this scenario might impact your community? [Prompt: What

ecosystem services could this provide? What might be the risks?]
• Question 16: Are there any modifications you would recommend for this scenario?
• Question 17: Is there anything else you would like to add about this scenario?
• Repeat Q 12–17 for each scenario.
• Question 18: Is there an alternative scenario that you think is worth exploring?
• Question 19: Is there anything else you would like to add?

Appendix C.4. Recommendations for Other Participants

• Are there any individuals or organizations you recommend we contact?
• Are there particular perspectives that you think we should try to include?
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The authors have requested that the following changes be made to their paper [1].
The images published in Appendix B should be attributed as follows:
Appendix B.1. Background: Growing Hybrid Poplar for Biomass (p. 19 of 24)
Images courtesy of Advanced Hardwood Biofuels Northwest.
Appendix B.2. Introduction (p. 20 of 24)
Photo Credit 1 (Traditional ag): Advanced Hardwood Biofuels Northwest.
Photo Credit 2 (Wastewater management): ©SkyShots, Portland, OR. Image of the Biocycle Farm,

Metropolitan Wastewater Management Commission in Eugene–Springfield, OR. Reproduced with
permission from Dan Bigelow, Photographer/Owner, SkyShots Aerial Photography.

Photo Credit 3 (Floodplain management): Daniel Gagnon, Eastern Townships Forest
Research Trust.

We apologize to the creators of these images and to the readers and editors of this journal article.
The change does not affect the scientific results. The manuscript will be updated and the original will
remain online on the article webpage, with a reference to this Erratum.
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Abstract: Eucalypts can be very productive when intensively grown as short rotation woody crops
(SRWC) for bioproducts. In Florida, USA, a fertilized, herbicided, and irrigated cultivar planted at
2471 trees/ha could produce over 58 green mt/ha/year in 3.7 years, and at 2071 trees/ha, its net present
value (NPV) exceeded $750/ha at a 6% discount rate and stumpage price of $11.02/green mt. The same
cultivar grown less intensively at three planting densities had the highest stand basal area at the
highest density through 41 months, although individual tree diameter at breast height (DBH) was
the smallest. In combination with an organic fertilizer, biochar improved soil properties, tree leaf
nutrients, and tree growth within 11 months of application. Biochar produced from Eucalyptus and
other species is a useful soil amendment that, especially in combination with an organic fertilizer,
could improve soil physical and chemical properties and increase nutrient availability to enhance
Eucalyptus tree nutrition and growth on sandy soils. Eucalypts produce numerous naturally occurring
bioproducts and are suitable feedstocks for many other biochemically or thermochemically derived
bioproducts that could enhance the value of SRWCs.

Keywords: Eucalyptus; short rotation woody crops; Florida; biochar; bioproducts

1. Introduction

Eucalypts are the world’s most valuable and widely planted hardwoods (up to 21.7 million ha
in 61 countries by 2030 [1]) and have numerous potential applications as short rotation woody crops
(SRWCs) [2,3]. Several Eucalyptus planting stocks have promise as SRWCs in Florida [4,5], including
E. grandis x E. urophylla cultivars such as EH1. After four generations of E. grandis genetic improvement
for Florida’s unique climatic and edaphic conditions starting in the 1960s and clonal testing initiated
in the 1980s across a wide range of site/soil types, the University of Florida released five G Series
cultivars in 2009 for commercial planting [4,5]. Although G1 is no longer commercially viable due to
susceptibility to blue gum chalcid (Leptocybe invasa), G2 through G5 have shown resilience to damaging
freezes, tolerance to infertile soils, exceptional stem form, improved coppicing ability, chalcid resistance,
and varying degrees of windfirmness.

G Series planting density trials established on former citrus lands and phosphate mined clay
settling areas in central and south Florida demonstrated maximum mean annual increments (MAImax)
as high as 75.3 to 78.2 green mt/ha/year at 4304 and 5066 trees/ha, respectively [6]. Economic analyses
using current stumpage prices, high silvicultural management costs, and expected coppice yields, have
shown that G Series cultivars can generate internal rates of return greater than 10% [6].
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Most soils in Florida are sandy, with >90% of soil particles as sand, and have low nutrient
and moisture holding capacities. Fertilization is necessary to sustain desired crop yield and quality.
However, fertilizers are readily leached if not taken up by crop plants and consequently result in
environmental pollution such as eutrophication. Applying biochar, a fine-grained, highly porous
“charcoal” produced through pyrolysis (burning in a nearly oxygen-free environment) or gasification
of numerous feedstocks, improves the physicochemical properties of soils, including bulk density,
porosity, cation exchange capacity (CEC), and pH. It also increases soil water and nutrient holding
capacities and consequently influences crop production while reducing leaching [7]. Productivity of
many crops significantly increased after soils were amended with biochar [8,9]. Sandy soils are more
responsive to biochar than clayey soils [10] due to their low water and nutrient holding capacities [11].

Biochar, an ancient soil-building amendment, today has wide ranging applications [12].
The International Biochar Institute (www.biochar-international.org) has identified more than 50 uses
for biochar, and worldwide interest in and demand for biochar are growing quickly. Current demand
estimates suggest that biochar is a billion dollar plus industry worldwide with the two largest markets
being North America and Europe [13]. Depending on its particular properties, effective biochar uses
include soil and crop improvement plus environmental benefits such as carbon sequestration, retention
of nutrients and water, reduced leaching, and water purification, all of which are important in Florida.

Using experience in Florida, USA, we describe eucalypts’ potential for maximizing SRWC
productivity through site amendment and genetic improvement, document their suitability for
biochar production, and assess biochar’s potential for improving soil properties, tree nutrition, and
eucalypts’ growth.

2. Materials and Methods

2.1. EH1 Planting Density Demonstration

An 8.1 ha, intensively fertilized, herbicided, and irrigated E. grandis x E. urophylla cultivar EH1
planting density demonstration was established in May 2011 near Hobe Sound, FL, as five rows of
trees on 19.8m-wide former citrus beds. Planting densities of 2071 trees/ha (3.1 × 1.2 m spacing) and
1181 trees/ha (3.1 × 2.1 m) were monitored in 21 permanent 19.8 × 12.2 m plots through harvest in
December 2017. To model EH1 yield at these two densities and estimate productivity at 2471 trees/ha,
18-, 30-, 36-, 42-, 48-, 65-, and/or 81-month data were fit to stand density, dominant height and basal
area development functions in E. grandis stand-level growth, and yield model equations used by Plessis
and Kotze [14]. Yields were the same for high and low management strategies because E. grandis
productivity under low management on citrus beds in central Florida generated similar yields to the
EH1 under high management at Hobe Sound, FL [6]. Silvicultural and other forest management costs
were provided by agricultural companies exploring Eucalyptus options in central and southern Florida.
Stumpage prices were based on local Eucalyptus mulchwood stumpage prices reported by the same
companies and a forestry consulting firm familiar with the local markets.

Maximum net present values (NPVmax) calculated for two management strategies (Table 1), two
planting densities (2071 and 1181 trees/ha), two real discount rates (6% and 8%), and two stumpage
prices ($11.02 and 22.05/green mt) assumed three stages (two coppice stages following the original
planting) in one planting cycle. Based on young coppice in Evans Properties’ EH1 plantation near Ft.
Pierce, FL, expected coppice yields for stages 2 and 3 (first and second coppice, respectively) were
assumed to be 90% and 80% of observed stage 1 yields, respectively. The optimum stage lengths were
reported to the nearest 1/10th year; therefore, the annual interest rate was converted to an effective
periodic rate.
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Table 1. Low and high management activities and assumed costs for E. grandis x E. urophylla cultivar
EH1 on former bedded citrus sites.

Activity Cost

Land Preparation $988/ha
Chemical Site Prep $297/ha
Propagules $0.70/tree
Planting Cost $0.40/tree
Irrigation + Fertilization (High management only) $1977/ha
Fertilization at Initial Establishment (Low management only) $173/ha
Weed Control (Beginning of coppice stage) $136/ha

2.2. EH1 Fertilizer x Planting Density Study

Cultivar EH1 was also planted in a fertilizer x planting density study in June 2015 on a former
pasture at the Indian River Research and Education Center (IRREC) near Ft Pierce, FL. Five fertilizers
(control, Green Edge (GE) 6–4–0+micronutrients at 112, 224, and 336 kg of N/ha rates, and diammonium
phosphate equivalent to 336 kg of N/ha) were applied as five treatment plots of three contiguous
rows 3.1 m apart, for a total of 15 rows of 26 trees. Within the 26-tree rows, 5-tree row plots were
systematically assigned one of three planting densities (3588, 1794, and 1196 trees/ha; 3.1 × 0.9 m, 1.8 m,
and 2.7 m, respectively) such that 1794 and 1196 trees/ha were replicated twice, 3588 trees/ha once.
The interior three trees of each fertilizer x planting density plot were periodically measured through
November 2018. Analyses of variance and Duncan’s Multiple Range Tests of fertilizer and planting
density means were conducted using SAS® (SAS Institute, Cary, NC, USA).

2.3. Biochar Tests

Five test trees were used for preliminary biochar evaluations in 2017–2018. One tree in the EH1
Planting Density Demonstration, one E. grandis cultivar G2 in a 2012 commercial plantation near Ft
Pierce, FL, one Corymbia torelliana tree in an adjacent progeny test, one E. amplifolia in a progeny test
near Old Town, FL, and one Quercus virginiana in a nearby natural forest each provided ~23 green
kg of stemwood for testing by a lab in California at different pyrolysis temperatures to determine
optimal charring temperatures for the different feedstocks. Their biochar physical and chemical
properties were further tested by Celignis Analytical, Ireland, to guide the processing of biochar and as
a comparative benchmark.

Biochar produced in Europe by Green Carbon Solutions’ (GCS’) Polchar, which specializes
in pyrolysis and carbonization of different feedstocks, served as a comparison for the five Florida
trees. Hardwood monoculture roundwood logs only were cut to size, split, and pre-dried. Pyrolysis
involved a vertical retort operating through a range of temperatures up to a maximum of ~630 ◦C.
Post production, the biochar was sampled and tested for physical and chemical properties. Polchar’s
biochar was also used for the biochar–fertilizer study described below.

2.4. Biochar–Fertilizer Study

A two-row windbreak study of three E. grandis cultivars in one row and four C. torelliana progenies
in an adjacent row offset 1.2 m away was established at the IRREC in July 2017 as a randomized
complete block design with four complete replications of cultivars G3, G4, and G5 in 17 to 28-tree single
row plots at 1.8 m within row spacing and one incomplete replication of cultivar G5 in a 13-tree single
row plot. In February 2018, all four complete replications received an organic fertilizer (GE 6–4–0 +
micronutrients at 336 kg of N/ha), and the two interior replications also received GCS’ Polchar biochar
(11.2 mt/ha) by rotovating the two treatments into the soil to a 20 cm depth between and within
1.2 m of the two rows. The incomplete replication served as a control. The cultivars in this resulting
biochar–fertilizer study were measured at 5, 11, and 16 months.
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To monitor soil and foliage responses, 13 trees (one in the middle of each of the 13 cultivar
plots) were resampled at biochar–fertilizer treatment ages of 0, 5, and 11 months (tree ages 5, 11, and
16 months, respectively). At each time, four soil samples were collected from a 0–20 cm depth within
1.2 m around each sample tree, and recently matured foliage was taken from four representative
branches around the crown of each sample tree. The collected soils were combined by tree, air dried,
and ground to pass through a 2-mm sieve prior to analysis for relevant properties. The tree leaf samples
were combined by tree, oven dried at 75 ◦C to constant weight, and powdered to pass through a 1-mm
sieve prior to analysis for nutrient concentration.

Soil pH was measured using a pH/conductivity meter (AB 200, Fisher Scientific, Pittsburgh, PA,
USA) at the soil to water ratio of 1:1. Electrical conductivity (EC) of soil samples was determined
at the solid to water ratio of 1:2 using the pH/conductivity meter. Available soil P was determined
using the method of Kuo [15]. Available metals in soil were measured by extracting the samples with
Mehlich 3 (M3) solution at a solid to solution ratio of 1:10 [16]. The extracts were filtered through a
0.45-μm membrane. Subsamples of the filtrate were acidified and analyzed for the concentrations of
dissolved P, K, Ca, Mg, Fe, Mn, Cu, Zn, B, and Mo using inductively coupled plasma–optical emission
spectrometry (ICP–OES) (Ultima, JY Horiba Group, Edison, NJ). Portions of the plant leaf samples
(0.2 g each) were digested with 6 mL of concentrated nitric acid (HNO3)/hydrogen peroxide (H2O2)
and diluted to 100 mL. The concentrations of P, K, Ca, Mg, Fe, Mn, Cu, Zn, B, and Mo in the digested
samples were determined using ICP–OES.

Analyses of variance and Tukey–Kramer tests of cultivar tree size, soil nutrient, and tree leaf
nutrient means were conducted using SAS®. Changes between soil properties and leaf nutrients from
0–5, 5–11, and 0–11 months were also analyzed.

3. Results

3.1. EH1 Planting Density Demonstration

Through 81 months, cultivar EH1 yielded more at 2071 trees/ha than at 1181 trees/ha. Maximum
annual yields were directly related, and times to those peaks were inversely related, to planting density
(Table 2). Annual yield at 2471 trees/ha was estimated to be over 58 green mt/ha/year in 3.7 years.
At the lowest density, MAImax was 44 mt/ha/year at 5.0 years. Compared to 2471 trees/ha, 2071 trees/ha
had lower yields and achieved peak productivity later. However, planting density also inversely
affected average tree diameter at breast height (DBH) as the higher planting density produced smaller
trees (e.g., 81-month DBH = 15.4 cm at 2071 trees/ha, 19.2 cm at 1181 trees/ha), which could influence
harvesting costs.

Table 2. Predicted maximum mean annual increment (MAImax) and rotation age for cultivar EH1 at
planting densities of 1181, 2071, and 2471 trees/ha.

Planting Density (trees/ha) MAImax (green mt/ha/year) Rotation Age at MAImax (years)

1181 44.00 5.0
2071 54.63 4.0
2471 58.98 3.7

NPVs ranged widely largely due to stumpage price (Table 3). At a stumpage price of $11.02/mt,
high management intensity had negative NPVs. At $22.05/mt stumpage, all scenarios resulted in
positive NPVs. Due to high establishment and planting costs, 2071 trees/ha generated higher NPVs
compared to 1181 trees/ha across all scenarios. Stage lengths were always shorter with 2071 trees/ha
and increasing discount rate, which for example could result in a ~15.5 year planting cycle consisting of
4.8 years from planting to first harvest, 5.1 year first coppice stage, and 5.6 year second coppice stage.
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Table 3. Effects of stumpage price ($/green mt) and real discount rate on maximum net present values
(NPVmax), internal rate of return (IRR), and optimum stage lengths for the first cycle of EH1 at 2071
and 1181 trees/ha with low and high management intensities and two coppice stages.

Stumpage Price ($) Discount Rate (%) NPVmax ($/ha) IRR (%) Stage Length (years)

2071 trees/ha, Low Management Intensity ($1458/ha + $1.10/tree + $136/ha @coppice)

11.02
6 751 8.1 5.1, 5.4, 5.8
8 70 8.2 4.9, 5.1, 5.6

22.05
6 5365 18.1 5.1, 5.4, 5.8
8 3986 18.6 4.8, 5.1, 5.6

2071 trees/ha, High Management Intensity ($3262/ha + $1.10/tree + $136/ha @coppice)

11.02
6 −1053 3.6 5.1, 5.4, 5.8
8 −1734 3.5 4.9, 5.1, 5.6

22.05
6 3561 12.2 5.1, 5.4, 5.8
8 2182 12.5 4.8, 5.1, 5.6

1181 trees/ha, Low Management Intensity ($,458/ha + $1.10/tree + $136/ha @coppice)

11.02
6 1377 10.3 6.3, 6.7, 7.4
8 660 10.5 5.9, 6.3, 7.0

22.05
6 5509 19.2 6.3, 6.7, 7.4
8 4058 19.9 5.9, 6.2, 7.0

1181 trees/ha, High Management Intensity ($3262/ha + $1.10/tree + $136/ha @coppice)

11.02
6 −427 5.0 6.3, 6.7, 7.4
8 −1143 4.9 5.9, 6.3, 7.0

22.05
6 3705 12.4 6.3, 6.7, 7.4
8 2254 12.7 5.9, 6.2, 7.0

3.2. EH1 Fertilizer x Planting Density Study

Fertilizer and planting density influenced the productivity of cultivar EH1 (Table 4). While the
differences among five fertilizers for 9-mo height favored the higher GE rates, subsequent differences
were inconsistent due to flooding soon after planting and small plot sizes. Planting density differences
were observed at all ages, with 3588 trees/ha having the tallest trees at 9 months and the largest stand
basal area but smallest tree DBH at subsequent ages. For example, at 41 months, stand basal area and
tree DBH at 3588 trees/ha averaged 31.9 m2/ha and 10.3 cm, respectively, compared to 19.6 m2/ha and
14.2 cm at 1196 trees/ha.
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Table 4. Effects of three planting densities (trees/ha) and five fertilizers on EH1 tree height (m), diameter
at breast height (DBH) (cm), and stand basal area (m2/ha) at 9, 36, and 41 months at the Indian River
Research and Education Center (IRREC).

Trait: Age
Planting
Density

Fertilizer Density
Average0 GE 100 GE 200 GE 300 DAP

Height
9-mo

3588 3.86 4.62 5.66 5.02 3.36 4.60a
1794 2.83 2.80 3.76 3.54 2.97 3.17ab
1196 3.81 3.35 5.03 4.41 3.65 4.02ab

Fert. Ave. 3.43b 3.43b 4.71a 4.24ab 3.33b 3.83

DBH
36-mo

3588 9.4 9.8 9.8 10.8 6.7 9.3b
1794 10.6 9.6 11.8 10.8 12.0 10.9ab
1196 14.8 12.2 14.7 12.1 12.6 13.2ab

Fert. Ave. 11.8 10.7 12.6 11.3 11.2 11.5

Basal Area
36-mo

3588 27.3 27.1 31.5 33.0 13.0 26.5a
1794 16.1 15.0 19.9 18.1 20.7 17.8b
1196 20.8 14.1 20.5 14.1 14.9 16.8b

Fert. Ave. 20.4 17.1 22.5 19.5 16.5 19.2

DBH
41-mo

3588 9.9 11.1 10.8 11.7 7.7 10.3b
1794 13.2 10.6 13.1 12.1 12.2 12.3ab
1196 16.0 11.9 15.3 13.6 14.1 14.2a

Fert. Ave. 13.7a 11.2b 13.2ab 12.6ab 12.0ab 12.5

Basal Area
41-mo

3588 24.7 35.5 39.9 38.9 17.6 31.9a
1794 25.6 18.0 24.7 22.4 21.8 22.5b
1196 24.5 14.5 22.6 17.9 18.9 19.6c

Fert. Ave. 25.0a 20.8b 29.3a 25.4a 19.6b 23.8

* Means within Fert. or Density Averages not sharing the same letter differ at the 5% level.

3.3. Biochar Tests

Biochars from EH1, C. torelliana, G2, E. amplifolia, and Quercus virginiana, were relatively similar
and appeared suitable for commercial biochar production (Table 5). The Cl content of G2, though,
was somewhat high. Compared to Polchar biochar made from European hardwoods, which was high
quality with a pH of 8.2 and electrical conductivity of 3.33 mmhos/cm, all five Florida trees appeared
similar for recalcitrant carbon but higher in pH and water holding (Table 6).

Table 5. Properties of Green Carbon Solutions (GCS) biochar made from Florida E. grandis cultivar
G2, C. torelliana (CT), E. grandis x E. urophylla cultivar EH1, E. amplifolia (EA), and Q. virginiana (Qv)
test trees.

Property (% of Dry Weight) G2 CT EH1 EA Qv

Volatile Matter 83.3 85.0 85.9 82.5 83.3
Fixed Carbon 15.7 14.4 13.7 17.0 15.5

Ash 1.00 0.54 0.37 0.50 1.15
Moisture Content 36.4 48.0 43.1 30.1 33.1

C 49.2 49.7 49.8 50.8 49.1
O 43.0 43.1 43.1 42.0 43.1
H 6.5 6.5 6.5 6.5 6.4
N 0.21 0.17 0.17 0.26 0.29
Cl 0.07 0.02 0.02 0.02 0.00
S 0.01 0.00 0.00 0.01 0.00
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Table 6. Comparison of properties of biochar made from Florida E. grandis cultivar G2, C. torelliana
(CT), E. urograndis cultivar EH1, E. amplifolia (EA), and Q. virginiana (QV) test trees with Polchar biochar.

Property
Florida Tree Polchar

BiocharG2 CT EH1 EA QV

Recalcitrant Carbon * (%) 76.0 71.6 74.0 70.8 71.8 67.6
pH 10.6 10.4 10.5 11.1 11.9 8.2

EC (mmhos/cm) 0.57 1.76 1.56 3.88 1.14 3.33
Water Holding (mL/100 g) 75.9 78.8 79.8 69.0 68.5 43.4

Carbonate Value (%) 2.6 2.5 5.6 16.7 2.5 -

* Estimated at 80% of fixed carbon on a dry ash-free basis.

3.4. Biochar–Fertilizer Study

Soil property data from the IRREC biochar–fertilizer study suggest that biochar (BC) enhanced
the nutrient properties of this inherently poor Florida soil (Table 7). GE generally increased available
soil nitrogen, as indicated by increases in KCl extractable NO3-N and NH4-N, and GE in combination
with BC further increased NH4-N five months after GE + BC application, which may be attributed to
increased NH4-N holding capacity in the GE + BC amended soil. An increase in soil available P was
significant (p = 0.0198) for GE + BC five months after amendment. However, both available N and P in
the soil decreased 11 months after amendment, likely due to intensive uptake by the established trees.
At 11 months, soil NH4-N was significantly (p = 0.0376) higher with GE and GE + BC compared to the
control. Replication and cultivar effects were non-significant except for beginning EC and EC from
beginning to 11 months (replications, p = 0.0147 and 0.0368, respectively), and 11-month EC and EC
from beginning to 5 months (cultivars, p = 0.0396 and 0.0043, respectively).

Table 7. Effects of three cultural treatments (Green Edge only (GE), Green Edge with biochar
(GE + BC), and Control) on soil properties before and after treatment applications in the IRREC
biochar–fertilizer study.

Soil Property *

Treatment pH EC (uS/cm) NO3-N (mg/kg)
NH4-N
(mg/kg)

P (mg/kg)

Before GE and GE + BC Applications

GE 6.30 ± 0.73 46.1b ± 28.8 2.36 ± 0.51 0.80 ± 0.41 7.27 ± 3.24
GE + BC 5.32 ± 0.28 58.6a ± 23.1 4.08 ± 1.34 1.63 ± 0.74 7.26 ± 5.14

5 Months After GE and GE + BC Applications

GE 6.25 ± 0.83 82.6 ± 28.9 3.51 ± 1.20 1.88 ± 1.07 7.84b ± 1.33

GE + BC 6.15 ± 0.69 96.1 ± 30.3 3.84 ± 1.31 2.17 ± 1.19 10.84a ±
2.42

11 Months After GE and GE + BC Applications

GE 6.01 ± 0.55 27.1 ± 3.1 1.42 ± 0.27 0.85a ± 0.18 6.01 ± 1.09
GE + BC 5.96 ± 0.30 29.4 ± 2.5 2.15 ± 0.39 1.33a ± 0.30 6.26 ± 1.36
Control 5.44 ± --- 21.3 ± --- 0.83 ± --- 0.32b ± --- 2.01 ± ---

* Mean ± Standard Deviation; n = 6 for GE and GE + BC, n = 1 for Control; Means within a Soil Property and time
not sharing the same letter are different at the 5% level.

The IRREC biochar–fertilizer study leaf nutrient data suggest that biochar also enhanced the
nutrient levels of the three E. grandis cultivars in the study (Table 8). Application of GE generally
increased the concentrations of Ca, K, Mg, P, Fe, and Mn in tree leaves, especially for K, Mg, P, Fe,
and Mn, which increased 1–4 times in five months after amendment; GE + BC significantly increased
(p = 0.0161) 5-month Zn over GE. These increases are likely due to inputs of these nutrients in GE, thus
improving their availability in soil. However, Zn and Cu concentrations decreased, which may be
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attributed to binding of these elements to the organic components in GE, thus reducing their availability
in the amended soil. Addition of BC to GE further improved tree nutrition with Ca, Mg, Zn, and Mn,
and such improvement was also observed in 11 months after amendment, as BC tended to minimize
leaf nutrient changes over time. However, a general decrease in leaf concentrations of Ca, K, Mg, P,
and Zn also occurred, likely due to decreased availability of these nutrients in soil (Table 7) and the
dilution effect of rapidly increased tree biomass. Replication and cultivar differences were detected
only for initial P and Zn at 5 months (replications, p = 0.0236 and 0.0111, respectively) and the change
in Mg from 0 to 11 months (cultivars, p = 0.0369).

In the IRREC biochar–fertilizer study, GE and GE + BC gradually enhanced the growth of three
E. grandis cultivars (Table 9). Before treatment applications at age 5 months, the cultivars were 0.8 to
1.3 m tall in the plots that then received three treatments. Six months after application, the cultivars
receiving GE + BC and GE only had doubled in height, approximately twice the increase with no
treatment. Eleven months after application, cultivars receiving GE + BC were 1.0 and 2.8 m taller than
those receiving GE only and no GE. Based on the cultivar G5 common to all three cultures, tree height
and DBH were then significantly greater with GE and GE + BC.

Table 8. Effects of three cultural treatments (Green Edge only (GE), Green Edge with biochar (GE + BC),
and Control) on E. grandis cultivars leaf nutrients (Ca, K, Mg, and P in g/kg; Zn, Cu, Fe, and Mn in
mg/kg) before and after treatment applications in the IRREC biochar–fertilizer study.

Treatment
Leaf Nutrient *

Ca K Mg P Zn Cu Fe Mn

Before GE and GE + BC Applications

GE 9.8 ± 4.2 10.8 ± 1.8 2.47 ± 0.52 0.83 ± 0.36 140 ± 67 22.5 ± 3.3 32.0 ± 12.6 235 ± 162
GE + BC 4.8 ± 2.5 10.7 ± 1.6 2.12 ± 0.39 0.95 ± 0.49 85 ± 50 19.2 ± 4.4 21.7 ± 5.1 191 ± 105

5 Months After GE and GE + BC Applications

GE 17.2 ± 2.6 20.7 ± 6.9 4.93 ± 0.84 3.78 ± 0.38 95b ± 12 14.7 ± 6.5 64.7 ± 36.6 263 ± 75
GE + BC 18.2 ± 2.9 20.4 ± 2.7 5.70 ± 1.08 3.67 ± 0.51 100a ± 12 9.8 ± 6.2 28.8 ± 19.0 317 ± 99

11 Months After GE and GE + BC Applications

GE 16.2 ± 1.6 4.9 ± 0.6 2.51 ± 0.29 1.50 ± 0.30 61 ± 11 19.5 ± 2.4 83.5 ± 14.1 205 ± 16
GE + BC 14.3 ± 2.6 5.7 ± 1.2 2.78 ± 0.48 1.59 ± 0.13 60 ± 11 17.5 ± 2.4 88.4 ± 14.9 234 ± 42
Control 13.1 ± -- 5.3 ± -- 2.64 ± --- 1.17 ± --- 74 ± -- 18.1 ± -- 88.6 ± --- 224 ± ---

* Mean ± Standard Deviation; n = 6 for GE and GE + BC, n = 1 for Control; Means within a Leaf Nutrient and time
not sharing the same letter are different at the 5% level.

Table 9. Tree heights (m) and/or DBHs (cm) at ages 5- (before treatment applications), 11- (6 months
after applications), and 16- (11 months after) months of three E. grandis cultivars (G3, G4, G5) receiving
three treatments (Green Edge only (GE), GE with biochar (GE + BC), and Control) at the IRREC
biochar–fertilizer study.

Trait: Age Cultivar
Treatment * All

TreatmentsGE GE + BC Control

Height
5-mo

G3 0.8 1.3 1.0
G4 1.1 1.3 1.2
G5 1.0 1.1 1.0 1.1

All Cultivars 1.0 1.2 1.0 1.0

Height
11-mo

G3 1.6 2.5 2.1
G4 2.3 2.7 2.5
G5 2.2 2.3 1.4 2.1

All Cultivars 2.0 2.5 1.4 2.2
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Table 9. Cont.

Trait: Age Cultivar
Treatment * All

TreatmentsGE GE + BC Control

Height
16-mo

G3 2.5 4.8 3.6
G4 5.1 5.0 5.1
G5 4.2ab 5.1a 2.2b 4.2

All Cultivars 4.0 5.0 2.2 4.3

DBH
16-mo

G3 1.5 4.0 2.8
G4 4.2 4.2 4.2
G5 3.5ab 4.4a 1.4b 3.5

All Cultivars 3.1 4.2 1.4 3.5

* Treatment means within Cultivar G5 not sharing the same letter differ at the 5% level.

4. Discussion

Eucalypts can be very productive and economically feasible when intensively grown as SRWCs,
even under our preliminary assumptions. As timber markets and forestry labor are not well established
in central and southern Florida, our assumed silvicultural and other forest management costs for a
start-up Eucalyptus operation are higher than for conventional forest plantations in the South. Stumpage
prices may also change as local markets develop. Deployment of elite advanced-generation E. grandis
families may further increase profitability of SRWCs in Florida primarily due to lower seedling costs
(~$0.25/seedling versus $0.70/propagule) and economic feasibility of high-yield management regimes
(>2471 trees/ha).

Even under high plantation establishment and management costs, low stumpage prices, and
expected coppice yields, cultivar deployment can yield positive cash flows at real discount rates greater
than 10%. Under current market conditions and management costs, low-density regimes (~1181–1483
trees/ha) are the most profitable for clonal forestry on average sites (e.g., citrus lands and flatwoods).
Lower propagule costs could increase financially optimum planting densities. With proper mechanical
site preparation, eucalypt plantations on clay settling areas could produce higher NPVs compared to
average sites [6].

The goal of our financial analysis was to demonstrate the profitability of Eucalyptus plantations
under moderate to high discount rates and high operational costs in central and southern Florida’s
developing forestry markets. Since most landowners were interested in NPV and IRR, we used NPV
rather than land expectation value (LEV, also known as bare land value), even though our analysis of
the EH1 planting density demonstration had unequal rotation/cycle lengths. Further background on
the use of LEV for Eucalyptus in Florida is available (6,17).

The fertilizer and planting density differences observed in the IRREC fertilizer x planting density
and biochar–fertilizer studies are consistent with previously observed influences of fertilizer and
planting density on eucalypt productivity in Florida [17–20] and worldwide [21–24]. While inorganic
fertilizers have been necessary for rapid growth of eucalypts on Florida’s infertile sandy soils, the
observed response here to a slow release organic fertilizer, and its apparently beneficial coupling
with BC, is encouraging for sustainable eucalypt management. Planting density effects were evident
early, with, for example, the 3588 trees/ha in the fertilizer × planting density having the tallest trees
at 9 months and the largest stand basal area but smallest tree DBH at subsequent ages. Similar
effects of planting density have been noted for E. dunnii seedlings and clones [25]. Planting density
trade-offs between harvest tree size, rotation length, establishment costs, and stand productivity impact
plantation economics.

While our preliminary evaluation of cultivars G2 and EH1, C. torelliana, E. amplifolia, and Q.
virginiana suggests that all appear suitable for commercial BC production in Florida, evaluations of BCs
made from various woods and other feedstocks have identified that feedstock and pyrolysis condition
influence properties important for using BC as a soil amendment [26,27]. GCS’ new BC production
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facility near Ft. Pierce, FL, scheduled to begin pilot scale testing in mid-2019, will preferably be using
the cultivars G2 and EH1 and other eucalypts grown in nearby plantations. Since key objectives in BC
production include minimizing the combustion of carbon, maximizing carbon content, and minimizing
ash, it is imperative to ensure consistency of feedstock and the production operating environment.
Known biomass characteristics, such as for the G Series cultivars [28], are likely to be factors in the
selection of future eucalypt feedstocks.

Research on BC impact on SRWCs and forest trees in general outside Florida has generated mixed
results for aspects ranging from environmental impacts to tree growth responses. When broadcast in
a temperate hardwood stand in Ontario, Canada, the major short-term BC impact was an increase
in limiting soil P and Ca [29]. One review of BC application in forest ecosystems found general
improvements in soil physical, chemical, and microbial properties that were, however, BC-, soil-, and
plant-specific [30]. A BC made from E. marginata decreased soil microbial carbon in a coarse soil [31],
and BC added to a sandy desert soil did not significantly change soil physical properties [32]. Two
BC types had different impacts on growth of young Pinus elliottii in subtropical China [33]. Varying
doses of macadamia BC combined with two fertilizer rates had contrasting results on soil nutrients and
ambiguous trends in the growth of young E. nitens [34]. BC did not enhance survival or growth of a
Eucalyptus hybrid on degraded soils in southern Amazonia [35]. Compost and BC–compost mixes did
not improve the performance of poplar, willow, and alder SRWCs [36]. As evidenced by presentations
at a 2018 international SRWC conference [37], the biochar–fertilizer study reported here appears to
be unique.

BC enhanced the soil properties of inherently poor Florida soils as well as the nutrient status of
E. grandis, especially when applied together with organic amendments such as GE and/or chemical
fertilizers. BC has a large cation exchange capacity, which facilitates retention of nutrients, particularly
Ca, Mg, K, Fe, and Mn against leaching loss and thus enhances their efficient use by trees. In addition,
BC has a large water holding capacity and thus improves water availability, which is especially
important for Florida’s sandy soils during the dry season. Due to high temperature and humidity,
decomposition of organic materials in Florida’s sandy soils is very rapid, and consequently these
soils generally have a low organic matter content. BC can be a good organic amendment for these
sandy soils, because it can stay in soil much longer than other organic materials, such as crop residues
or manures.

Other potential Eucalyptus bioproducts may be classified as naturally occurring, generated by
biochemical processes, or as the result of thermochemical processes [3,38]. Naturally occurring
Eucalyptus bioproducts include wood products, terpenoids, phenolics, formylated phloroglucinol
compounds, insecticides, repellants, antimicrobials, antifungals, and anticancers. Biorefineries such as
a phosphoric lignocellulosic biorefinery [39] can produce the biochemicals lactate with parenteral and
dialysis applications, succinate potentially leading to acrylic, lactic, muconic, and fumaric acids, alanine
for supplements, seasonings, and antibiotics, and cellulose nanocrystals and nanofibrils for polymer
nanocomposites. Sulfite paper mills and the Sulfite Pretreatment to Overcome Recalcitrant Lignin
process [40] may produce jet fuel and graphene for products such as orthopedic medical implants.
Thermochemical Eucalyptus bioproducts include biochar, syngas, and biomaterials whose carbon fiber
may yield surgical implants, fabrics, filters, orthotics, chairs, beds, etc., and graphene for surgical
implants, drug delivery, cancer therapy, imaging, detection of toxins, pollution, etc., graphene oxide,
and batteries. These bioproducts have a broad and exciting range of applications for enhancing the
value of SRWCs.

5. Conclusions

Two fast growing eucalypts adapted to Florida’s climatic and edaphic conditions responded well
to intensive culture in SRWC systems near Ft Pierce, Florida, USA. Plantations of the E. grandis x
E. urophylla cultivar EH1 established on former citrus beds and managed at relatively low intensity
were economically feasible; e.g., a planting density of 2071 trees/ha with three (original plus two
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coppice) 5 ± year rotations resulted in an NPV in excess of $750/ha at 6% discount rate and stumpage
price of $11.02/green mt. At 3,588 trees/ha, EH1 had higher stand productivity at 41 months than
at lesser densities, and an organic fertilizer generally increased its growth more than an inorganic
fertilizer. The organic fertilizer combined with BC increased tree sizes of three E. grandis G Series
cultivars on an infertile sandy soil. Given that these eucalypts were determined to be suitable for the
production of BC, which in turn appears to be a useful soil amendment for their intensive culture, using
BC for eucalypt plantation establishment in Florida could result in more sustainable management.
High-quality feedstocks such as planted eucalypts in Florida are critical to producing consistently
high-quality biochar with uniform quality and specifications.
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Abstract: Short-rotation woody crops (SRWC) have the potential to make substantial contributions to
the supply of biomass feedstock for the production of biofuels and bioproducts. This study evaluated
changes in the fuel quality (moisture, ash, and heating value) of stored spring harvested shrub willow
(Salix spp.) and hybrid poplar (Populus spp.) chips with respect to pile protection treatments, location
within the storage piles, and length of storage. Leaf-on willow and poplar were harvested in the
spring, and wood chips and foliage with moisture content in the range of 42.1% to 49.9% (w.b.) were
stored in piles for five months, from May to October 2016. Three protection treatments were randomly
assigned to the piles. The control treatment had no cover (NC), so piles were exposed to direct solar
radiation and rainfall. The second treatment had a canopy (C) installed above the piles to limit direct
rainfall. The final treatment had a canopy plus a dome aeration system (CD) installed over the piles.
Covering piles reduced and maintained the low moisture content in wood chip piles. Within 30 days
of establishment, the moisture content in the core of the C pile decreased to less than 30%, and was
maintained between 24%–26% until the end of the storage period. Conversely, the moisture content
in the NC piles decreased in the first two months, but then increased to the original moisture content
in the core (>45 cm deep) and up to 70% of the original moisture content in the shell (<45 cm deep).
For all the treatments in the tested conditions, the core material dried faster than the shell material.
The higher heating value (HHV) across all the treatments increased slightly from 18.31 ± 0.06 MJ/kg
at harvest to 18.76 ± 0.21 MJ/kg at the end of the storage period. The lower heating value (LHV)
increased by about 50% in the C and CD piles by the end of the storage period. However, in the
NC piles, the LHV decreased by 3% in the core and 52% in the shell. Leaf-on SRWC biomass stored
in piles created in late spring under climatic conditions in central and northern New York showed
differing moisture contents when stored for over 60–90 days. Overhead protection could be used to
preserve or improve the fuel quality in terms of the moisture content and heating value if more than
two months of storage are required. However, the implementation of such management practice will
depend on whether the end users are willing to pay a higher price for dryer biomass and biomass
with a higher LHV.

Keywords: willow; poplar; wood chips; ash; LHV; HHV; storage; bioenergy

1. Introduction

To meet the goal of annually supplying a billion tons of biomass in the future, energy crops are
projected to be the greatest source of biomass in the United States, with an estimated contribution
in the range of 411 to 736 million tons by 2040 [1]. Short-rotation woody crops (SRWC) such as
poplar (Populus spp.) and willow (Salix spp.) are an asset for the development of a biomass system for
bioenergy and bioproducts. Willow has been in development in the United States and Canada for
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more than 30 years [2,3]. These crops have shown desirable characteristics such as high annual yield
and the ability to regenerate by re-sprouting multiple stems after each harvest while having similarities
to other woody biomass (i.e., heating value, cellulose, hemicellulose, and lignin content), as well as
differences (i.e., bark to wood ratio) [4,5].

A SRWC biomass supply system includes all the processes from cultivation, harvesting, and
collection, storage, and transportation to the end user, and may include some preprocessing steps
depending on the conversion pathway. Management considerations may dictate that the harvested
biomass material be stored prior to delivery to a conversion plant or depot [6]. Most recently, harvested
willow biomass has been mixed with forest residues to produce biopower at a 60-MW facility (Black
River) and power at another 22-MW facility (Lyonsdale) in northern New York (NY). Moisture content,
ash content, heating value, and particle size distribution are among the key quality parameters for
biopower systems, because they influence the handling and conversion systems’ efficiency, and thus
the cost of production. High moisture content in biomass feedstock may increase the transportation
cost and affect the combustion behavior in terms of system efficiency and emissions when used in
thermochemical conversion processes [7]. Moisture in biomass reduces the net calorific value, because
a fraction of the heat is used to vaporize the water. Freshly harvested willow chips have a moisture
content of 44 ± 2.2%, an ash content of 2.1 ± 0.59%, a lower heating value of 10.4 ± 0.52 MJ/kg, and a
higher heating value of 18.6 ± 0.19 MJ/kg [8].

Several research studies have examined the effect of various factors such as the particle size,
composition of the material, geometries of storage piles, geographic location, covering system, microbial
communities, initial moisture, and length of storage on the fuel quality of stored wood chips [9–14].
High moisture content is an important driver for the development of fungal and bacterial communities
that play a key role in reducing fuel quality and catalyzing the process of self-ignition [9]. Also, the
temperature profile and moisture content in storage piles have links with weather conditions [14],
which depend on the geographic location and time of year when material is stored.

To reduce the moisture content after harvest, biomass could be either stored in open-air piles [15–18]
or subjected to drying measures [19,20], but both approaches have limitations. Unprotected biomass
piles suffer high dry matter losses (up to 20%), while active drying requires energy consumption
and incurs additional costs [15,20]. Whittaker et al. [18] investigated dry matter losses from two
short rotation willow storage piles that were constructed in March and April, and found that there
was a significant reduction in the moisture content in addition to an overall loss of 1.5 GJ/Mg in a
six-month-old pile and 1.1 GJ/Mg in another four-month-old pile. Moisture is redistributed during the
storage of wood chips in piles, resulting in a general differentiation between a wetter outside layer
(shell) and a drier inside layer (core). Rates of changes in moisture in the shell and core also differ by
season [21]. For instance, during late spring and the summer, the overall moisture content of the pile
could decrease from 50% to 25% moisture content after several months. However, heavy rain and high
air humidity could rapidly increase moisture in unprotected piles [14,22].

An alternative approach to maintain biomass quality during storage in piles is to protect the
biomass from rewetting by snow or rain [22–25]. The use of gas-permeable and waterproof membranes
that have several agricultural and construction applications can contribute to improved wood chip
quality [25]. Covers can be deployed as a means to protect piles from precipitation and allow air
flow at nominal cost with no direct energy input; however, limited information is available in the
literature investigating these covers in the northeastern United States. The objective of this work was
to investigate the effects of cover, storage duration, and depth in storage piles on the moisture content,
ash content, and higher and lower heating value of a mixture of leaf-on willow and poplar biomass
stored at the edge of the field.
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2. Materials and Methods

2.1. Harvests and Storage

A mixture of approximately 50% willow and 50% poplar biomass crops were harvested in late
spring starting on 26 May 2016 in a field located at Lafayette, NY (42.980◦ N, 76.112◦ W). The field
was previously harvested in 2005 and 2010. Due to the layout of the plots in this field and the
logistics of the commercial harvest operation, it would be challenging to harvest the poplar and willow
plots separately. Leaf proportion from four samples collected from the harvested materials was less
than 10% of the total mass. The site was planted in double rows in 1997 with poplar and willow
cultivars including SV1 (Salix × dasyclados), NM6 (P. nigra × P. maximowiczii), S25 (Salix eriocephala),
S365 (S. caprea × S. cinerea), and S301 (S. interior). Harvesting was conducted with a New Holland
FR9080 forage harvester equipped with a New Holland 130FB coppice header [26]. The cutting length
was set at 33 mm (the largest size for its configuration). Eisenbies [27] reported the bulk density
and particle size distribution of willow chips harvested with the same setting on the harvester. The
harvested biomass was transported 21.3 km by dump truck to the Tully Experiment Station (College of
Environmental Science and Forestry; 42.797◦ N, 76.120◦ W). A wood chip sample comprised of several
scoops distributed around the dumped material was collected from each load.

The delivered chips were used to establish wood chips piles on flat and open ground at the site.
The Köppen–Geiger climate class of the site is Dfb (snow, fully humid, warm summer) [28]. The piles
contained 25 to 40 Mg of wood chips. A bucket loader was used to create the wood chip piles from
the multiple loads. A 15-cm base of chips was maintained during pile construction to prevent soil
contamination. Pile heights ranged from 2.4 to 3.5 m and the diameter of pile bases varied from 6.1 to
8.0 m.

2.2. Study Plan

To address the objectives of this study, we set up a repeated measurement experiment design.
From a total of six storage piles created, we applied three protection treatments. We monitored the
moisture content, ash content, and heating value in the piles for five consecutive months at two pile
depth levels and two positions.

Three protection treatments were randomly assigned to the piles. Unprotected piles had no cover
(NC), and were exposed to direct solar radiation and rainfall. The next group of piles had canopies
(C) erected to limit direct rainfall, while allowing air to flow from one side to the other (Figure 1).
The 3 × 6 m canopies were made of white powder-coated steel frames and white drawstring covers.
The final group of piles had canopies plus a dome aeration system (CD). Dome aeration [24] is a
method of passive aeration that is used in the aerobic biological degradation of biomass that facilitates
gas (including water vapors) accumulation in the interior of the dome and flow through a pipe from
the interior to the exterior of the pile. The dome structure was made of construction wood and chicken
wire by creating an irregular hexahedron. A 10-cm diameter perforated, polyvinyl chloride pipe was
placed at the top of the wooden structure to facilitate the air exchange between the ambient atmosphere
and the core of the pile. Wood chips were mounded around the wooden structure to form a chip pile
over six to eight perforated PVC pipes, followed by the erection of the canopy. Air was allowed to
flow underneath the canopy between the tarp and the wood chip pile in order to maximize the flow of
moisture out of the pile.
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Figure 1. Cross-section of protected piles with dome (A) and protected piles (B).

2.3. Monitoring, Sampling, and Laboratory Analysis

Temperature probes were inserted at two depths in the shell (<45 cm) and core (~1/2 pile height) at
two positions: two at the top and two on the sides of the piles. Precise insertion depth was achieved by
attaching the probe to a threaded rod with a piece of vinyl tape and a small nut, inserting and raising a
three-cm angle iron point side up to create a linear void, and inserting the probe inserted to the required
depth. A detailed description of this technique and the cross-section of a pile profile showing the
sample and temperature probe locations within the pile can be found in [21]. Then, the angle iron was
removed, collapsing the void, and the rod was unscrewed and removed. Temperature loggers (HOBO
U12-008) recorded pile temperatures automatically every 30 minutes. A weather station (HOBO U30)
was installed on the site to monitor climatic conditions such as air temperature, precipitation, and
relative air humidity for the first 100 days. For the remaining storage period, there was a technical issue
with the power system of our installed weather station; thus, reported temperature and precipitation
data for this period were gathered from PRISM (Parameter-elevation Regressions on Independent
Slopes Model) climate data for Tully, NY [29]. PRISM uses elevation and measured climate data to
develop climate data sets for smaller spatial grids across the United States [30].

The piles were monitored for five consecutive months; the canopies were not expected to hold up
to the snow season, but freshly harvested biomass would be available by November. A minimum of
six physical samples was collected monthly from the shell and the core of each pile. To have a better
representation of each pile, samples were taken from both positions (the top and side) and depths
(shell and core) of the pile. The shell samples were collected by using a drain spade, and the pile
surface was recontoured. In order to minimize the disturbances, a custom augur was used to collect
samples from the core of the pile by following the technique described by Eisenbies [21]. Then, the
samples were weighed immediately to the nearest 0.1 g, and transferred to the laboratory. Moisture
content was determined after drying at 60 ◦C until constant weight was achieved. Dried samples
were ground using a Wiley mill and screened through a 0.5-mm screen before they were submitted for
heating value and ash content determination. The higher heating value (HHV) was determined in
accordance with ASTM (American Society for Testing and Materials) method D5865-13: The standard
test method for the gross calorific value of coal and coke was completed using a Parr 6200 Oxygen
bomb calorimeter [31]. The lower heating value (LHV) was calculated using the formula described by
Krigstin and Wetzel [32] that takes into account the loss of energy associated with moisture and the
heat of vaporization. The ash content was determined by combustion in a thermolyne muffle furnace
(Model F30400) in accordance with the National Renewable Energy Laboratory NREL/TP-510-42622
method [33].

2.4. Statistical Analyses

The statistical data analysis was conducted in SAS v9.4 (Cary, NC, USA) by using the MIXED
procedure. This experiment was a 3 × 2 × 2 factorial design with three protection treatments (no
cover, NC; canopy, C; and canopy with a dome aeration system, CD), two depths (core and shell),
and two positions (top and side). Wood chips samples were collected at regular time intervals (~four
weeks); therefore, repeated measures analysis was performed. To take into account the autocorrelation
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resulting from the repeated measurements over time, a first-order autoregressive AR (1) covariance
structure was applied. The model used includes all the main effects and the interaction terms: (Model =
Protection Depth Position Period Protection × Depth Protection × Position Protection × Period Depth×Position
Depth × Period Position × Period Protection × Depth × Position Protection × Depth × Period Protection ×
Position × Period Depth × Position × Period Protection × Depth × Position × Period). The differences of
the least squares means were calculated for the factors that are included in the model. Significant
differences were claimed for P-values less than 0.05, but the interaction tests were evaluated at a more
liberal p-value of 0.10 [34].

3. Results

3.1. Weather Conditions and Pile Temperatures

During the first three months, the relative air humidity oscillated between 60–94% and was less
than 70% for 10 consecutive days starting from 17 June (Figure 2). Daily mean temperature for the site
ranged from 1.1 to 25.5 ◦C for the entire storage period, and the average daily mean temperature was
17 ◦C. From 1 June to 1 November, the site received more than 474 mm of rainfall. The months of June
and July received about 115 mm of rainfall, while the month of October had 170 mm of rainfall.

Figure 2. Daily weather patterns at the site where willow and poplar chips were stored in piles for five
months (day zero is 31 May 2016).

Temperature in the piles increased rapidly, nearing 60 ◦C after the first week of storage and
decreasing thereafter (Figure 3). The temperature in the cores of the CD piles decreased to 35 ◦C within
30 days of storage, while the temperature in the cores of the NC piles reached the same level after
45 days of storage. After two months, the temperatures in the shells and cores of the NC piles were
generally higher than those of both the C and CD piles. The aggregate monthly temperature in the
cores and the shells indicated that the shell had a lower temperature than the core for the C and CD
piles. However, temperatures in the cores of the NC piles were 9.9 ◦C higher than those of the shell for
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the first month, and 1 ◦C higher for the second month of storage; however, during the third and fourth
months, the temperatures in the shells of the NC piles were higher than those in the core.

Figure 3. Daily mean temperature in the core (about 1
2 depth) and shell (<45-cm depth) of C, NC, and

CD piles of willow and poplar wood chips (NC—no cover on pile; C—covered pile; CD—covered pile
with dome ventilation).

3.2. Moisture

The three-way interaction of depth, protection, and period was significant for moisture content
(p = 0.0002) (Table 1). The cores of the NC piles were significantly drier than the shells after 60 days of
storage. The C and CD piles had significantly drier cores within the first 90 days of storage, but beyond
this period, the shells were slightly drier than the cores, with no statistical significance (Figure 4). The
interaction between position and depth was significant (p = 0.0025).

Core samples collected from both the side and the top of the pile were not significantly different
(p = 0.7529) to each other, but shell samples from the side were 8.8% drier than the shell samples
from the top of the piles (p < 0.0001). The C piles were drier than the NC piles by 9% in the core and
18.6% in the shell. However, the dome feature did not result in significant moisture differences when
compared to the C piles (Figure 4), suggesting that passive ventilation in piles of this size did not
facilitate additional drying.
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Table 1. Analyses of variance (ANOVA) for moisture, ash, higher heating value (HHV) and lower
heating value (LHV) of willow and poplar chip piles that were sampled over six month period
(June–October).

Moisture Ash HHV LHV

Source of Variation df a F
Value

p > F
F

Value
p > F df

F
Value

p > F
F

Value
p > F

Protection 2 18.05 0.0213 3.27 0.1764 2 1.12 0.4321 30.43 0.0102
Depth 1 38.85 <0.0001 12.3 0.0008 1 0.33 0.5692 18.74 <0.0001
Position 1 12.91 0.0006 0.86 0.3581 1 0.01 0.919 9.06 0.0043
Period 5 13.79 <0.0001 6.6 <0.0001 3 7.88 0.0002 24.31 <0.0001
Error (Protection) 3 - - - - 3 - - - -

Depth × Protection 2 3.87 0.0255 0.49 0.614 2 0.21 0.81 0.52 0.5997
Depth × Period 5 4.12 0.0025 2.29 0.0555 3 1.5 0.2276 3.48 0.0234
Depth × Position 1 9.89 0.0025 1.61 0.209 1 0.1 0.7593 6.94 0.0115
Protection × Period 10 10.96 <0.0001 1.26 0.2735 6 0.4 0.8757 16.95 <0.0001
Protection × Position 2 0.87 0.4236 1.96 0.1486 2 1.49 0.2369 0.98 0.3826
Position × Period 5 1.13 0.3518 3.12 0.0138 3 0.32 0.8104 2.02 0.1248

Protection × Position × Period 10 1.23 0.2854 0.92 0.5176 6 1.29 0.2823 1.86 0.1091
Protection ×Depth × Position 2 0.56 0.5762 0.09 0.9117 2 1.05 0.3577 0.28 0.7541
Depth × Position × Period 5 1.74 0.1371 1.34 0.2576 3 0.04 0.9881 2.79 0.0511
Protection ×Depth × Period 10 4.03 0.0002 0.78 0.6463 6 1.79 0.1234 3.07 0.0132

Protection ×Depth × Position × Period 10 0.88 0.55 0.76 0.6647 6 0.88 0.5177 1.48 0.2064
Error 68 b - - - - 45 - - - -
Total Error 142 c - - - - 95 - - - -

a Degree of freedom; b df = 65 for ash; c df = 139 for ash.

Figure 4. Variation of the moisture content of willow and poplar wood chips stored for five months in
piles with three different treatments (NC—no cover on pile; C—covered pile; CD—covered pile with
dome ventilation); (A) samples from the core; (B) samples from the shell.
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Cover was a significant factor in decreasing and maintaining low moisture content. The moisture
content in the core of both types of C piles decreased from 45% to less than 30% within 30 days of
storage, and remained between 24–27% for the remainder of the storage period. Meanwhile, the
biomass in the shells did not dry as quickly as that in the cores of the C piles, which could be attributed
to the condensation of water vapors that migrated from the core of the piles. The most significant
decrease of moisture content in the shells of the C piles occurred between 60–120 days of storage, and
after the moisture content in the core had already equilibrated. Unlike the C piles, the moisture content
of the NC piles initially decreased from 46% to 37% in the shell, and 26% in the core after 60 days of
storage, and increased thereafter until the end of the storage period.

3.3. Higher and Lower Heating Values

The higher heating value (HHV) of stored willow chips was significantly affected by the storage
time (p = 0.0002), but not by the factors such as cover and sample location. There was a significant
linear relationship (HHV = 18.355 + 0.0031 t, R2 = 0.18, p < 0.0001 and n = 96) between the HHV and
storage time across all the treatments and sample locations (Figure 5), but the change over time was
small. The results suggested that the mid-term (up to 150 days) storage of leaf-on willow and poplar
chips immediately after harvest in piles increased slightly from 18.31 MJ/kg to 18.76 MJ/kg.

Figure 5. Variation of the higher heating value of willow and poplar wood chips stored for five months
in piles with three different treatments (NC—no cover on pile; C—covered pile; CD—covered pile with
dome ventilation); (A) samples from the core; (B) samples from the shell.

As for moisture content, the three-way interaction between depth, protection, and period was
significant for the LHV (p = 0.013) (Table 1, Figure 6). Comparisons of the LHV in the shells and the
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cores during the storage period indicated that the LHV of the NC piles was higher in the cores than in
the shells for the entire storage period. The same observation was true for the C and CD piles for the
first 117 days of the trials, but by 147 days, the LHV in the shell and core were not statistically different.
The LHV in the core was 4.35 MJ/kg greater than the shell for the NC piles, and the difference was less
than 0.29 MJ/kg for the CD piles.

Figure 6. Variation of the lower heating value of willow and poplar wood chips stored for five months
in piles with three different treatments (NC—no cover on pile; C—covered pile; CD—covered pile with
dome ventilation); (A) samples from the core; (B) samples from the shell.

The interaction between depth, position, and period was significant for the LHV (p = 0.051).
The LHV of the core samples from the side of the piles was 11.3 MJ/kg, and was not significantly
different than the LHV of the core samples from the top (p = 0.79) and the shell samples from the side
(p = 0.23) for the entire storage trial. However, the LHV of the shell samples from the top of the piles
was 9.2 MJ/Kg, which was significantly lower than the LHV of the shell samples from the side (1.1 to
3 MJ/kg) and the core samples from the top (1.5 to 3.3 MJ/kg).

Pile protection can contribute to the enhanced fuel quality of willow and poplar chips during
storage through an increase in the LHV over its initial value and providing a higher value than the
NC piles. Initially, the LHV of the willow and poplar biomass chips was 8.85 MJ/kg due to the high
moisture content of the freshly harvested material. Although the differences between the LHV of the
C and NC piles were not significant after 30 days of storage (p > 0.73), cover became a significant
factor resulting in a higher LHV for the rest of the trial. Furthermore, the LHV of the C and CD piles
increased over time and remained higher until the end of the storage period. However, in the case of
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the NC piles, the LHV increased slightly during the first 30 days, and subsequently decreased to about
8.50 MJ/kg in the core and 4.15 MJ/kg in the shell at the end of the trial. These observations suggest that
leaf-on willow and poplar biomass that is stored immediately after being harvested for a very short
term does not require any protection to get an increase of the LHV, but protection would be necessary
to maintain or improve LHV if storage was to occur for more than 60 days.

3.4. Ash

There was a significant DepthxPeriod interaction (p = 0.055) and a significant PositionxPeriod
interaction for ash content (p = 0.0138) (Table 1). While there were statistical differences in ash content,
mean values were all within a small range of 2.1% to 3.3% in the shell and in the core (Figure 7). The
ash content of samples from the shell was more variable over time than the values in the core, and was
0.37% higher than that of the samples from the core across the entire trial.

Figure 7. Variation of the ash content of willow and poplar wood chips stored for five months in piles
with three different treatments (NC—no cover on pile; C—covered pile; CD—covered pile with dome
ventilation); (A) samples from the core; (B) samples from the shell.

4. Discussion

Studies on wood chip storage in Europe [12,15,25] corroborate the findings of this study in regards
to pile protection. Krzyżaniak [25] found that moisture content decreased from 52.5% to 20.0% over
one year when biomass materials were protected with covers made of gas-permeable materials, while
observing increases in moisture content for unprotected piles. The benefits associated with covering
piles occur when the material is stored for longer periods of time, which will vary based on the timing
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of the harvest of the material and local weather conditions. In this trial, the benefits of covering the
pile were most apparent after 60 days of storage.

The significant decrease in the moisture content of the NC piles during the first two months of
this study could be attributed to the high temperature in the pile, low relative air humidity, and low
cumulative rainfall during the first two months (Figure 2). Temperature increases in these storage piles
primarily occurred due to wood respiration and microbial activities facilitated by high initial moisture
content and the presence of leaves and bark in the wood chips. These conditions favor the transfer of
moisture from the wood chips to the atmosphere based on the principle that moisture will migrate
from the more humid (wet chips) to the less humid (dried air) environment.

Although not measured directly in this study, shoot diameter and branchiness are important
parameters, as they can indirectly influence the quality of the wood chip. Previous studies reported
models to predict the bark content of willow and poplar stems when the diameter is known [35,36].
Bark content decreases as the stem diameter and branchiness increase. The bark content of two
three-year-old willow cultivars from two sites ranged from 14.9% to 22.6% [36]. The mean bark content
of two-year-old poplar (cultivar Lux) decreased from 33.9% to 15.1% as the stem diameter increased
from 1 to 9 cm [35]. Results from two experimental plots of hybrid poplar located in northern Italy
demonstrated the positive correlation between nitrogen content and branchiness [37].

Increased rainfall, the lower pile temperature, and the lower air temperature thereafter were
responsible for the increase in the moisture content of the NC piles (Figure 2, Table 2). Although the
dome system did not show better performance in terms of moisture content than the canopy system
alone, it allowed a faster dissipation of heat from the CD piles. This resulted from the higher surface to
volume ratio of the CD pile, and the additional cooling by the perforated pipes installed on the side
and top of the piles. The wooden structure from the center of the CD piles increased the surface area of
the piles.

Table 2. Changes in moisture content from previous sampling period and cumulative rainfall over one,
five, and 10 days prior to the dates when the samples were collected from poplar and willow chip piles
(NC—no cover on pile; C—covered pile; CD—covered pile with dome ventilation). A positive sign
indicates an increase in moisture content, and a negative sign shows a decrease in moisture content).

Storage
Time (Days)

Moisture Content Differences (% Point) Cumulative Rainfall in Days
Prior to Sampling (mm)

NC C CD

Shell Core Shell Core Shell Core 1 Day 5 Days 10 Days

30 −9.5 −12.1 −4.4 −16.0 −4.6 −15.8 0 3.8 10.2
59 +6.5 −8.1 +0.9 −1.9 −1.8 −5.7 0 22.4 26.8
87 +2.2 +11.1 −6.7 −1.5 −2.0 +2.4 0 12.6 27.4

117 +18.8 −3.5 −10.2 +1.5 −12.6 −0.3 0 3.2 23.6
147 +4.7 +15.0 +0.4 −1.3 −0.6 −1.8 18.6 113.4 127.6

The achievement of similar moisture content in the shells of the C and CD piles during the last
two sampling periods suggested that the chip piles trend toward equilibrium moisture content. The
equilibrium moisture content will vary relative to the ambient air and pile temperatures, precipitation
patterns, and humidity conditions in the surroundings [32].

Maintaining low moisture content during storage is desirable to preserve feedstock quality as a
fuel source. Low moisture content limits the associated dry matter loss and spontaneous combustion
risk [22]. Whittaker et al. [18] reported dry matter loss in the range of 13% to 23% with the higher losses
occurring in wetter samples. Other advantages are the reduction of transportation cost per ton of dry
matter and better combustion efficiency. The combustion of wet biomass is less efficient; a fraction of
the heat produced by the combustion process is required to evaporate the moisture in the biomass,
thus reducing the lower heating value of the biomass.

Numerous studies on wood storage have reported no significant change or a decrease of the higher
heating value [13,15,21,38], while others have reported a slight increase of heating value [10,16,25] at
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the end of the storage. Eisenbies [21] found stable HHVs in the range of 18.6 to 19.0 MJ/kg during a
six-month winter storage of leaf-offwillow biomass in the northeastern United States. Alternatively,
a small increase of the HHV of willow biomass from 19.5 to 20.0 MJ/kg was reported in studies
conducted in Poland [25]. The increase of HHV in that case, and in our study, may be associated with
the degradation of the low-energy content components (e.g., leaf material) that were easily accessible
to the microbial community in the storage piles. Krigstin and Wetzel [32] explained in their review
that changes to the proportion of components in the biomass will affect energy content. For example,
the preferential decomposition of hemicellulose will result in increased heating values, but the loss of
extractives or the preferential fungal decomposition of lignin would tend to reduce heating values.

Despite the potential benefit afforded by cover in terms of increased LHV and the decrease of
moisture content, the adoption of a storage pile protection system by SRWC growers in the northeastern
United States would be affected by whether the value of biomass includes moisture or energy content,
or is just based on as delivered mass. The current market for woody biomass in upstate NY primarily
pays for wood chips based on the mass of material received, although some smaller facilities have
begun to incorporate moisture content into their price. Assuming that the price of biomass is $25/Mg
as received, and using the LHV of the material, the end user would pay about $2.77–2.87/MJ at the time
of harvest. For NC piles, the price would decrease slightly, and then increase to $3.95/MJ at the end of
the storage period (Table 3). For C piles, the price would steadily decrease over time to be $1.87/MJ at
the end of the storage period.

Table 3. Biomass price and gross revenue for a storage pile with fuel purchase on a wet weight basis or
an energy basis.

Protection

Storage
Duration

(Days)

Moisture
(%)

LHV
(MJ/Mg)

Paid $25/Mg as Received Paid $2.81/MJ

Biomass
Gross Revenue ($) for a

35-Mg Pile

Biomass
Gross Revenue ($) for a

35-Mg Pile
Price Price

($/MJ) ($/Mg)

0% 5%
DML

15%
DML

0%
DML

5%
DML

15%
DMLDML a

NC 0 46.2 8.7 2.87 875 875 875 24.52 858 858 858
NC 30 35.4 11.1 2.26 729 721 707 31.08 906 897 879
NC 59 34.6 - - 720 705 677 - - - -
NC 87 41.3 10 2.5 801 777 729 28.07 900 873 819
NC 117 48.9 - - 921 884 810 - - - -
NC 147 58.8 6.3 3.95 1141 1084 970 17.77 811 770 689

C 0 44.9 9 2.77 875 875 875 25.33 887 887 887
C 30 34.7 11.3 2.22 739 731 716 31.69 936 927 908
C 59 34.2 - - 733 718 689 - - - -
C 87 30.1 12.4 2.02 690 669 628 34.83 961 932 875
C 117 25.8 - - 650 624 572 - - - -
C 147 25.3686 13.4 1.87 646 613 549 37.64 972 924 826

a DML: dry matter loss. The gross revenue is estimated under three assumed scenarios: no account for dry matter
loss (DML = 0), 1% monthly loss (DML = 5%), and 3% monthly dry matter loss (DML = 15).

From the SRWC grower’s perspective, the value of a 35-Mg pile of chips that are purchased at
$25/Mg as received (no dry matter loss is assumed) is greatest ($1141) at the end of the storage period
for the NC piles, but greatest at the start of the storage period ($875) for the C piles. Factoring in
different rates of dry matter loss [39,40] does not change the decision on when to sell chips. From the
grower’s point of view, covering storage piles does not make sense, because there is additional cost
and a loss of revenue when chips are purchased on a weight as-received basis.

If end users want to stimulate growers to bring better quality biomass that has lower moisture and
higher LHV, paying for chips on LHV should be considered. Using a fixed price of $2.81/MJ, the value
of a 35-Mg pile for a grower is greatest at 30 days in a NC pile and at the end of the storage period for C
piles. After five months, the gross value of the chips in the C piles is about 17% greater than that of the
NC piles. Comparing the highest value for the NC and C piles shows that chips in the C pile after five
months ($972) are worth about 7% more than the chips in the NC pile after one month ($906). When
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dry matter loss is factored in, the pattern is the same for the NC piles, with the highest gross value
occurring at one month, but the greatest value for C piles occurs after about three months, rather than
five months. There are dynamics associated with changes in the quality of biomass in storage piles,
and the way that chips are purchased that will impact the supply chain dynamics of chips from SRWC.

Ash content is one of the most critical parameters for the quality testing of biomass to be used in
the thermochemical conversion process. The International Standardization Organization specified
three classes (A1.0, A1.5, and A3.0) for ash content in the ISO 17225 standard for solid biofuels [41].
Overall, for all the samples collected during this storage trial, 77% complied with class A3.0. However,
95% of the samples had ash content less than 3.5%, which is lower than many herbaceous biomass
sources [42]. Throughout the entire trial, the ash content of the chips was consistent, and there was little
variation. Consistency in the ash content with a limited amount of variation in biomass supply over
time is important for end users [42]. If end users require lower ash values than are present in SRWC
from this kind of harvesting and storage system, then pretreatments such as hot water extraction,
washing, or air classification could be employed [43,44], or different types of woody material could
be blended.

5. Conclusions

This study characterizes the changes in biomass quality (moisture, ash, and heating values) during
the storage of SRWC chips over a five-month period with respect to overhead protection and sample
location. Storage piles constructed in late spring went through a natural drying process during the
first 60 days. For a longer storage time, covering piles impacted the changes in moisture content. The
LHV varied based largely on moisture content, because the HHV variation was small for the duration
of the study. Ash content was fairly low and consistent. A covering system is desirable and perhaps
necessary to maintain the fuel quality (moisture and LHV) of biomass stored for more than two months,
such as wood chip piles in New York state or other regions with similar climatic conditions. However,
how end users value wood chips will influence how storage piles are managed at the edge of the field.
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Abstract: Research Highlights: This research provides a firm basis for understanding the improved
aspen hybrid performance that aims at facilitating optimal clone selection for industrial application.
Background and Objectives: Rapid growth and wood properties make aspen (Populus tremula L.)
suitable for the production of pulp and paper. We assessed the potential of tree improvement through
hybridization to enhance aspen productivity in northern Poland, and investigated the effects of
Populus tremula hybridization with Populus tremuloides Michaux and Populus alba L. on the growth
and cellulosic pulp properties for papermaking purposes. Materials and Methods: A common
garden trial was utilized that included 15 hybrid aspen clones of P. tremula × P. tremuloides, four
of P. tremula × P. alba, and one, previously tested P. tremula clone. Clones of P. tremula, plus trees
from wild populations, were used as a reference. Tree height and diameter at breast height (DBH)
were measured after growing seasons four through seven. At seven years of age, the three clones
representing all species combinations were harvested, and their cellulosic pulp properties and paper
sheet characteristics were assessed. Results: The clones from wild populations exhibited the poorest
growth. In contrast, the clone ‘Wä 13′ (P. tremula × P. tremuloides) demonstrated the highest DBH,
height, volume production, and mean annual increment (MAI) (25.4 m3 ha−1 year−1). The MAI ratio
calculated for interspecific crosses ranged from 1.35- to 1.42-fold, higher than that for the P. tremula.
Chemical properties of pulp, fiber morphology, and the physical properties of paper sheets were
more desirable for interspecific hybrid clones than those for the pure P. tremula clone. Conclusions:
The results indicated that plantations of hybrid aspen may constitute an important additional source
of wood for pulp and paper products in Poland. Our findings further suggested that the standard
rotation of these trees may be reduced from 40 to 20 years, increasing overall biomass yield and
enhancing atmospheric carbon sequestration.

Keywords: Populus tremula; heterosis; growth rate; cellulosic pulp; paper properties

1. Introduction

Populus tremula L. (known as common, European, or Eurasian aspen) has the largest native range
of any species from the Populus genus, being one of the most widely-distributed trees globally [1].
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This species occurs from 40◦ to 70◦ N latitude [2] on the Eurasian continent, across a wide variety of
soils, elevations, and climatic conditions. In Poland, common aspen is considered as the only forest
species of the Populus genus. Being an early successional species, P. tremula L. plays an important
role in the first generation of a forest on previously non-forested areas, or following considerable
forest disturbances. Tree stands with common aspen as the dominant tree species cover only 0.8%
of all forest area in Poland; however, owing to its high ecological value, P. tremula constitutes a
respected supplementary (co-occurring) tree species. In addition, because of its relatively short life
span, P. tremula provides numerous birds and mammals with habitats and food, thereby contributing to
the enhancement of forest biodiversity. Aspen’s advantage over all other native tree species of Poland
manifests however in large part through its rapid growth, especially in the juvenile phase. Through
its favorable wood properties, low lignin, and high carbohydrate content along with fibers of small
diameter and thin wall, P. tremula comprises a suitable and desirable tree species for the production
of pulp and paper [3]. These qualities appear to be particularly significant in consideration of the
projections showing that paper production is expected to increase worldwide from the current value
of 400 million Mg annually, to 700–900 million Mg by 2050 [4]. Thus, plantations of fast-growing
aspen may represent a promising source of wood for satisfying the increasing demand for wood-based
products, providing the opportunity to reduce the timber harvest from natural forests. Moreover,
the latter possibility provides added incentive to improve both the growth rates and wood properties of
fast-growing species such as aspen, because of the limited wood resources that have been increasingly
exploited for papermaking, as well as other cellulose-based products and timber purposes.

Taking into account the considerable genetic diversity in natural populations of aspen and its
predisposition to hybridization, the most promising results of aspen improvement might be achieved
through breeding, inter-specific hybridization, and cloning [5–9]. Hybrid aspens, in particular the
offspring of geographically distant species (e.g., P. tremula with P. tremuloides Michaux), demonstrate
superior performance over the average of both their genetically distinct parents [10]. This phenomenon,
known as heterosis, or hybrid vigor, constitutes a multi-genetic complex trait, and can be extrapolated
as the sum of multiple physiological and phenotypic traits, including the magnitude and rate of
growth, flowering time, yield, and resistance to biotic and abiotic environmental factors [11,12].
However, despite the ability of numerous studies to achieve desirable increases in the growth of F1

hybrids of Populus spp. including aspen [13,14], the genetic mechanism underlying heterosis remains
incompletely understood.

The hybrid vigor phenomena in aspen breeding began to be widely utilized in Europe in the
early 20th century [10,15–18]. At the end of the 1950s, P. tremula × P. tremuloides hybrids were already
produced in almost all European countries [17], as well as in the USA and Canada [8,19]. In Poland,
the first studies on poplar hybridization within the Populus section began in 1953 [10]. The main
objective was to cross aspen (P. tremula) with native white poplar (P. alba L.) or trembling (American)
aspen (P. tremuloides). Concurrently, an independent breeding program for aspen was also initiated
in the Polish forestry. Although the goals of this program were never fully realized, over 50 trees
were phenotypically selected, the majority of which originated from the Białowieża Forest. Owing
to their high qualitative and quantitative value, these selected P. tremula genotypes were used as
the mother trees in the hybridization program for control crosses with P. tremuloides or P. alba as the
paternal parents.

The primary factor that supports the improvement and testing of a fast-growing species as a
feedstock source for papermaking, as well as renewable energy, is based on the restrictions placed on
the harvesting of natural forests, stemming from ecological needs and social expectations concerning
the use of forests. Nevertheless, fast-growing aspen and its hybrids have attracted relatively little
research attention in Poland.

The aims of this study were therefore to (1) evaluate the productivity of aspen and its hybrids in
the environmental conditions of Poland, and (2) investigate the effects of P. tremula with P. tremuloides
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and P. alba hybridization on the growth and wood quality for papermaking purposes, in the context of
further genotypes selection and developing recommendations for industrial application.

2. Materials and Methods

2.1. Experimental Location, Soil, and Climatic Condition

The experimental area of the study was located in northern Poland (54◦4′26′′ N, 20◦30′4′′ E) in the
proximity of Lidzbark Warmiński. Average annual temperature is 8.0 ◦C with an annual precipitation
of 683 mm. The experiment was initiated in April 2011 on post-agricultural land. According to the
World Reference Base for Soil Resources (WRB) the main soil type was Luvisol. The soil texture was
determined as sandy clay with a pH in H2O of 4.7–5.0 (acidic), and the C:N ratio of 8.7–9.3 in the top
20 cm. The soil preparation was done by plowing, and the saplings were planted in holes, created by
an earth auger powered by a tractor.

2.2. Planting Material

Planting material consisted of 15 hybrid aspen clones of P. tremula × P. tremuloides (TA × TE), four
hybrid clones of P. tremula × P. alba (TA × A), and one clone of P. tremula (TA × TA), which performance
was tested previously in Germany. Additionally, a mixture of 30 clones of P. tremula (TA) plus trees
from wild populations in the Białowieża Forest was used as a reference (Table 1). Hybrid clones had
been crossed and selected in Poland and Germany. The German genotypes were propagated by tissue
culture. Polish clones used in the experiment were crossed and selected at the Forest Research Institute,
and were propagated vegetatively from root cuttings. Prior to planting, all saplings were maintained
for one year in the forest nursery.

Table 1. Source and parentage of the clones used in the study.

Clone Cross Taxon Code Background Source

IBL 264/2/2
Populus tremula 19 (Anin)
× P. tremuloides 84

(Sweden)
TA × TE

Selected clone within a
progeny crossed at the Forest

Research Institute

Poland

IBL 55/8
Populus tremula 38

(Białowieża) × P. alba var.
nivea 31 (Sadłowice)

TA × A
Selected clone within a

progeny crossed at the Forest
Research Institute

IBL 91/78
Populus tremula 19 (Anin)
× P. alba 30 (Grodzisk

Maz.)
TA × A

Selected clone within a
progeny crossed at the Forest

Research Institute

IBL 91/2
Populus tremula 19 (Anin)
× P. alba 30 (Grodzisk

Maz.)
TA × A

Selected clone within a
progeny crossed at the Forest

Research Institute

Białowieża (Clone
mixture = reference)

Populus tremula TA

Vegetative progeny of 30 plus
trees) originated in wild

populations in Białowieża
Forest

CA-2-75 P. tremula × P. alba TA × A

Germany

Kh 83
P. tremula (Wedesbüttel 3)
× P. tremuloides (North
Wisconsin Clone 13)

TA × TE
Selected clone within a

progeny crossed at the Thünen
Institute

ESCH 5

P. tremula (Brauna 11) ×
P. tremuloides (New

Hampshire
Turesson 141)

TA × TE
Selected clone within a

progeny crossed at the Thünen
Institute at the site Escherode

166



Forests 2019, 10, 450

Table 1. Cont.

Clone Cross Taxon Code Background Source

ESCH 8

P. tremula (Brauna 11) ×
P. tremuloides (New

Hampshire
Turesson 141)

TA × TE
Selected clone within a

progeny crossed at the Thünen
Institute at the site Escherode

L 176 (Se 3)

P. tremula (Brauna 11) ×
P. tremuloides (New

Hampshire
Turesson 141)

TA × TE
Selected clone within a

progeny crossed at the Thünen
Institute at the site Seedorf

Se 1

P. tremula (Brauna 11) ×
P. tremuloides (New

Hampshire
Turesson 141)

TA × TE
Selected clone within a

progeny crossed at the Thünen
Institute at the site Seedorf

W 3
P. tremula

(Wedesbüttel 3) TA
Selected clone in the stand
Wedesbüttel (which was

originated Tapiau)

174/10

P. tremula
(Wedesbüttel 18) ×

P. tremuloides (North
Wisconsin Clone 13)

TA × TE
Selected clone within a

progeny crossed at the Thünen
Institute

Wä 1
P. tremula (Großdubrau 1)

× P. tremuloides
(Ontario Maple)

TA × TE

Selected clone within a
progeny crossed at the Thünen

Institute at the site
Wächtersbach

L 191 (Wä 14)
P. tremula (Großdubrau 1)

× P. tremuloides
(Ontario Maple)

TA × TE

Selected clone within a
progeny crossed at the Thünen

Institute at the site
Wächtersbach

Astria P. tremula × P. tremuloides TA × TE

A triploid clone which is on
the market as forest

reproductive material of the
category “tested”

KH 73
P. tremula (Wedesbüttel 3)
× P. tremuloides (North
Wisconsin Clone 13)

TA × TE
Selected clone within a

progeny crossed at the Thünen
Institute at the site Klausheide

Wä 13
P. tremula (Großdubrau 1)

× P. tremuloides
(Ontario Maple)

TA × TE

Selected clone within a
progeny crossed at the Thünen

Institute at the site
Wächtersbach

Se 4

P. tremula (Brauna 11) ×
P. tremuloides (New

Hampshire
Turesson 141)

TA × TE
Selected clone within a

progeny crossed at the Thünen
Institute at the site Seedorf

Ihlendieksweg
(Ihl 174/59)

P. tremula
(Wedesbüttel 18) ×

P. tremuloides (North
Wisconsin Clone 13)

TA × TE

Selected clone within a
progeny crossed at the Thünen

Institute at the site
Schmalenbeck

164A
P. tremula (Wedesbüttel 5)
× P. tremuloides (T 13-58) TA × TE

Selected clone within a
progeny crossed at the Thünen

Institute

2.3. Study Design

The study layout comprised a randomized complete block design with four replicates. Each block
was divided into 21 plots equal to the number of the tested group of clones. A total of 25 saplings of a
given clone were planted within each plot with a spacing of 2.5 × 3.0 m, resulting in a planting density
of 1333 saplings ha−1. A bordering row was planted around the experimental area. The area was
fenced to prevent browsing by wild animals. During the first three years, the plantation was weeded
mechanically once annually. No irrigation or fertilization was applied to the tested area.

2.4. Measurement of Tree Characteristics

The diameter at breast height (DBH; measured at a height of 1.3 m) of all trees was measured
after four, five, six, and seven growing seasons on the plantation. The basal area for each tree was
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calculated, based on its DBH. Height was recorded for 20% of trees systematically in each plot and
year. The height curve was constructed separately for each clone in a given block and year, according
to the following function [20]:

h =

(
DBH

α+ β×DBH

)2

+ 1.3 (1)

where h represents tree height (m), DBH is the diameter at breast height (cm), and α, β are the
fitted coefficients.

The estimated coefficients (α, β) of the regression function for each clone in each block were used
to estimate the height of trees from the entire range of DBH, which was utilized in the volume equation.
Tree volume was calculated based on the function developed by Wróblewski and Zasada [21] based on
the volume table of Orłow (elaborated by Czuraj [22]):

V = 0.0000529644×DBH1.882362 × h (2)

where V represents an individual tree stem volume, h is tree height, and DBH is breast height diameter.
Based on individual tree volumes, we calculated tree volume on an area basis and the mean

annual increment (MAI) for each clone at a given age. The survival rate was assessed based on the
number of living trees.

2.5. Properties of Cellulosic Pulp

At the age of seven years, three clones representing all species combination types and characterized
by the good performance (‘Wä 13′ TA × TE, ‘IBL 91/78′ TA ×A, and ‘W 3′ TA) were selected to evaluate
the properties of cellulosic pulp. From each selected clone in a given replication, three trees (total
number 9 trees per clone), representing average parameters, were felled. The ‘average trees’ were
identified according to the basal area of trees. From harvested trees, 70 cm long samples were taken at
the middle of every 2 m section, beginning from the stem base to the tree top. The total volume of the
samples represented approximately 50% of the volume of the whole stem. All samples were numbered
and transferred to the laboratory immediately after collection. The wood samples were manually
debarked and deprived of knots, and subsequently sawn into chips using an electric Milwaukee MD
304 saw (Milwaukee Electric Tool Corporation, Hilden, Germany).

Poplar cellulosic pulp was prepared by the Kraft method [23,24] from air-dried woodchips (25 mm
× 15 mm × 8 mm). Dry weight (d.w.) of all materials was determined prior to pulping. Pulping
processes were conducted in a 0.015 m3 stainless steel reactor with regulated temperature (PD-114,
Danex, Rosko, Poland) with agitation (3 swings min−1, swinging angle of 60◦). Suspensions of
woodchips (1000 g d.w. of wood chips in 0.004 m3 of alkaline sulfate solution) were heated for 120 min
to achieve the temperature of 165 ◦C, and incubated at this temperature for a further 120 min. Then,
the temperature was decreased to ambient temperature (22 ± 1 ◦C) using a jacket with cold tap water,
and the insoluble residue was separated by filtration within the reactor, washed with approximately
0.050 m3 of demineralized water, and incubated overnight (12 h) in demineralized water to remove the
residues of the alkali-soluble fractions.

The obtained fibrous biomass was disintegrated using a laboratory JAC SHPD28D propeller
pulp disintegrator (Danex, Rosko, Poland) at 10,000 rpm and screened using a PS-114 membrane
screener (Danex, Rosko, Poland) (0.2 mm gap). Fibers were collected, dried for 48 h in ambient
conditions (21 ± 1 ◦C), then weighed. Analysis of the chemical composition of cellulosic pulps included
a quantification of extractives, lignin, cellulose, hemicelluloses, and ash. The lignin mass fraction was
determined by a gravimetric method in compliance with the TAPPI T222 standard after the removal
of extractives (TAPPI T204). The holocellulose mass fraction was determined in accordance with the
TAPPI T249 standard. Cellulose was quantified as alpha cellulose (TAPPI T203). The hemicelluloses
mass fraction was calculated as the difference between the holocellulose and cellulose mass fractions.
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Ash content was determined by a gravimetric method in compliance with TAPPI T211. All these assays
were performed in triplicate for each raw material.

2.6. Properties of Paper Sheets

Sheets of paper were produced under laboratory conditions from rewetted pulp samples (22.5 g
d.w. samples were soaked in water for at least 8 h) that were subjected to disintegration using the
laboratory JAC SHPD28D propeller pulp disintegrator at 20,000 rpm, according to the ISO 5263-1
(2004) standard. The disintegrated pulps were concentrated to a dry weight mass fraction of 10% and
refined in a JAC 12DPFIX PFI mill (Danex, Rosko, Poland) under standard conditions (ISO 5264-2
(2011)). The ultimate standard freeness of the pulp was approximately 30◦ Schopper-Riegler. Water
retention values were determined according to the ISO 23714 (2014) standard. Dimensions of fibers
were measured using a Morfi Compact Black Edition apparatus (Techpap, Saint Martin d′Hères, France)
according to ISO 16065-2 (2014).

Paper sheets (grammage of approximately 80 g m−2) were produced from the refined and unrefined
pulps, using a Rapid-Koethen class apparatus (Danex, Rosko, Poland) according to ISO 5269-2 (2004).
Mechanical properties of paper were determined only for the sheets with a grammage of 80 ± 1 g m−2.

The sheets were stored for 24 h at the relative moisture mass fraction of 50 ± 2% and temperature
of 23 ± 1 ◦C (ISO 187 (1990)), prior to the determination of mechanical properties such as tensile index,
stretch, tensile energy absorption (ISO 1924-2 (2008)), and tear index (ISO 2758 (2014)). Other parameters
measured included bulk (ISO 534 (2011)), brightness (TAPPI T452), and opacity (TAPPI T519).

2.7. Data Analysis

To assess differences in biometric characteristics and productivity (volume and MAI) between
clones and the interaction between clones over time, generalized linear mixed models with a log
link function and normal-distributed errors were used (the GLIMMIX procedure). The choice of the
optimal model was based on the Akaike Information Criterion. The model was expressed using the
following equation:

log(E(Yi)) = μ+ b + Cj + Tk + (CT) jk + E(Bl) (3)

where μ represents the general mean, b is the mean of random effect, Cj is the j-clone effect, Tk is
the k-year effect, (CT) jk represents the kj-interaction between clones and time, and Bl is the l-random
block effect. The log link function represented the multiplicative form of the explanatory variables.
The type III tests of fixed effects were used to determinate the significance of specified effects. The size
of these effects was calculated as means ratios according to the base level achieved for TA clones
from wild populations (reference) in Białowieża Forest. The same generalized linear mixed models
and subsequent procedures were implemented for comparisons between groups of different species
crosses (clones were grouped in accordance with their parental species). In this case, the pure species
TA (= clone mixture from wild populations in the Białowieża Forest and clone ‘W 3′) was used as
a reference.

The papermaking traits between species crosses were compared using Analysis of Variance
(ANOVA) with the PROC GLM procedure. The model assumed:

Yi = μ+ Sj + εi (4)

where Yi represents a dependent variable, μ is a general mean, Sj is a j-clone effect, and εi is a random
component from the normal distribution. Such model choice was dictated by the fact that data were
collected on an annual basis (after seven years of tree growth), with the results relating to optimized
processes (without considering the block effect). The post-hoc comparisons between clones/species
combination types were performed using the Tukey HSD test. Moreover, the SAS CORR procedure
was used to determine the correlations between papermaking traits for clones. All statistical analyses
were performed with SAS/STAT (rel. 14.3) statistical package (SAS Institute Inc., Cary, NC, USA).
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3. Results

3.1. Biometric Characteristics and Productivity of Clones

Survival rate for all clones was generally high (Figure 1) and stable for most clones over time. ‘Kh
73′ (TA × TE) constituted the only clone for which the recorded survival rate was lower than 90%.

Figure 1. Trend lines in survival rate for clones over time. The bold line with square symbols indicates
the trend for a mixture of 30 clones of P. tremula (TA) plus trees from wild populations in the Białowieża
Forest (Białowieża = reference), and the bold line with triangle symbols for the clone with the lowest
survival rate.

Overall, biometric characteristics differed noticeably among clones and, for most traits, significant
clone-by-year interaction was observed (Table 2). The average diameters of the various clones showed
statistically significant differences. Clone ‘Wä 13′ (TA × TE) had the largest mean DBH values in each
researched year (14.34 cm at the age of seven years) (Figure 2). Of all analyzed clones, the reference
clones exhibited the lowest DBH (8.70 cm at the age of seven years). Mean DBH values were significantly
greater for all researched clones in comparison to the reference, which was reflected in the results of
our Tukey test (Table 3). The results obtained from all clones in different years are shown in Figure 2.

Table 2. Results of the generalized linear mixed model (GLIMMIX) analysis of growth traits of aspen
clones: Type III tests of fixed effects.

Effect DF
DBH H V MAI

F Value (p-Value)

Clone 20 221.61 (<0.0001) 359.61 (<0.0001) 150.27 (<0.0001) 266.33 (<0.0001)
Age 3 2599.52 (<0.0001) 7119.56 (<0.0001) 2156.28 (<0.0001) 1157.05 (<0.0001)

Clone × Age 60 1.03 (0.4105) 6.37 (<.0001) 1.47 (0.0105) 1.70 (0.0006)

Abbreviations: DF—degrees of freedom; DBH—diameter at breast height; H—Height; V—Volume; MAI—Mean
annual increment.

Similarly, clone ‘Wä 13′ produced significantly taller trees (arithmetic mean from 10.35 m at
the age of four years to 13.20 m at the age of seven years), than those of all other analyzed clones.
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The reference exhibited the lowest mean heights in each consecutive year, achieving from 6.17 m at the
age of four years to 10.21 m at the age of seven years.

(a) (b) 

(c) (d) 

Figure 2. Trend lines of (a) mean diameter at breast height (DBH), (b) height (H), (c) stem volume
(V) and (d) mean annual increment (MAI)) for clones over time. The bold line with square symbols
indicates a trend for a mixture of 30 clones of P. tremula L. (TA) plus trees from wild populations in the
Białowieża Forest (Białowieża = reference), and the bold line with circle symbols for the best performing
clone. Vertical bars denote standard errors.

Volume calculated on an area basis indicated large differences between clones. The mean volume
ranged from 46 m3 ha−1 for the reference to 178 m3 ha−1 for the best performing hybrid aspen clone,
‘Wä 13′ (TA × TE), at the age of seven years (Figure 2). The mean annual increment of ‘Wä 13′ ranged
from 12.19 m3 ha−1 at the age of four years to 25.42 m3 ha−1 at the age of seven years. In contrast,
the MAI produced by the reference at the same age amounted to 2.37 and 6.60 m3, respectively. During
the studied period, clones showed an increasing MAI that progressed over each analysis year (Figure 2).
The mean estimated stem volume of all hybrid clones was greater than that of the wild species. In case
of the best performing clone ‘Wä 13′, the mean estimated stem volume ratio was 4.6-fold greater than
the reference (Table S1).

3.2. Biometric Characteristics and Productivity for Species Combination

To reduce the number of comparisons, we grouped together clones with the same species parentage.
The differences between taxa were statistically significant (α = 0.05) for all the researched traits (Table 3).
The reference (TA) exhibited inferior biometric parameters in comparison to the adequate traits of
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crosses TA × TE and TA × A (Figure 3). The inferiority of TA was further reflected in the Tukey test
results and ratio values (Table S2). The MAI ratio calculated for inter-specific crosses ranged from 1.35-
to 1.42-fold higher than the reference (Table S2). The absolute values for taxa over time are presented
in Figure 3.

Table 3. Results of the generalized linear mixed model (GLIMMIX) analysis of growth traits of taxa:
type III tests of fixed effects.

Effect
DBH H V MAI

DF F Value (p-Value)

Taxon 2 156.05 (<0.0001) 274.46 (<0.0001) 41.74 (<0.0001) 73.97 (<0.0001)
Age 3 817.24 (<0.0001) 1593.65 (<0.0001) 584.37 (<0.0001) 309.17 (<0.0001)

Taxon × Age 6 0.79 (0.5775) 3.66 (0.0013) 0.20 (0.9769) 0.21 (0.9730)

Abbreviations: DF—degrees of freedom; DBH—Diameter at breast height; H—Height; V—Volume; MAI—Mean
annual increment.

(a) (b) 

(c) (d) 

Figure 3. Trend lines of (a) mean diameter at breast height (DBH), (b) height (H), (c) stem volume
(V ha−1) and (d) mean annual increment (MAI)) for taxa over time. Vertical bars denote standard errors.
Abbreviations: TA: P. tremula L.; TA × A: P. tremula × P. alba; TA × TE: P. tremula × P. tremuloides.

3.3. Properties of Cellulosic Pulp and Paper

The main component of the Kraft pulps was cellulose (Table 4). The cellulose mass fraction ranged
from 87% d.w. for ‘W 3′ (TA) to >92% d.w. for the ‘Wä 13′ (TA × TE). The lignin mass fraction was also
diversified between different clones, being significantly lower in ‘Wä 13′ (TA × TE) pulp in comparison
to that in pulps of other clones. The screened yield for pulps ranged between 41.6 and 46.8%. The Kraft
pulping results and chemical composition of cellulosic pulps are presented in Table 4.
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Table 4. Kraft cellulosic pulps and chemical composition of different clones ±SE, and results of Tukey’s
honestly significant difference test. The same lowercase letters indicate statistically homogenous groups
at α = 0.05 in Tukey test.

Clone Taxon
Kappa

Number [-]
Screened
Yield [%]

Cellulose
[%, d.w]

Hemicellulose
[% d.w.]

Lignin
[%, d.w]

Extractives
[%, d.w]

Minerals
[%, d.w]

Wä 13 TA × TE 19.2 ± 0.3 a 46.8 92.4 ± 0.3 a 3.4 ± 0.6 a 3.3 ± 0.2 a 0.2 ± 0.1 a 0.6 ± 0.2 a
IBL 91/78 TA × A 18.3 ± 0.1 b 41.6 88.1 ± 0.9 b 5.1 ± 1.2 b 5.6 ± 0.8 b 0.5 ± 0.1 b 0.7 ± 0.3 a

W 3 TA 18.0 ± 0.1 b 43.7 86.7 ± 0.6 c 6.1 ± 1.3 b 6.0 ± 0.8 b 0.5 ± 0.1 b 0.7 ± 0.2 a

Abbreviations: SE: standard error; TA: P. tremula; TA × A: P. tremula × P. alba; TA × TE: P. tremula × P. tremuloides.

With regard to refined pulp properties, the greatest weighted fiber length among the researched
clones was obtained for ‘Wä 13′ (TA × TE) followed by ‘IBL 91/78′ (TA × A). Overall, these crosses
were characterized by significantly more desirable pulp characteristics in comparison to those of ‘W 3′
(TA) (Table 5).

Table 5. Characteristics of the refined pulps (freeness 30◦ SR) means ± SE and results of Tukey’s
honestly significant difference test. The same lowercase letters indicate statistically homogenous groups
at α = 0.05 in Tukey test.

Clone Taxon
Mean Arithmetic Fiber

Length [μm]
Mean Weighted Fiber

Length [μm]
Mean Fiber
Width [μm]

Coarseness
[mg m−1]

Fine Content
[% in Length]

Wä 13 TA × TE 619.5 ± 1.7 a 712.8 ± 3.0 a 24.6 ± 0.2 a 0.0836 ±
0.001 a 11.9 ± 0.4 a

IBL 91/78 TA × A 622.3 ± 1.0 a 697.5 ± 2.1 b 24.4 ± 0.2 a 0.087 ± 0.001
a 11.2 ± 0.3 a

W 3 TA 585 ± 1.8 b 672.3 ± 1.9 c 22.7 ± 0.1 b 0.076 ± 0.001
b 13.4 ± 0.5 b

Abbreviations: SR: Schopper-Riegler; SE: standard error; TA × TA: P. tremula; TA × A: P. tremula × P. alba; TA × TE: P.
tremula × P. tremuloides.

The refined pulps were used to produce sheets of paper under laboratory conditions. Static tensile
properties, i.e., braking length and strain, show very well in plane tensile properties of the paper
produced from all the tested clones. However, due to low weighted average fiber length and relatively
high fines content, the tear index for the ‘W 3′ TA was significantly lower than that for other hybrid
aspen clones. The brightness (at 36%) and CIE L*a*b* color of paper were similar for researched clones.
The opacity for all clones was very high, reaching 100% (data not shown). The remaining physical
properties of sheets did not differ notably among clones (Table 6).

Table 6. Physical properties of paper sheets for researched clones, means ± SE and results of Tukey’s
honestly significant difference test. The same lowercase letters indicate statistically homogenous groups
at α = 0.05 in Tukey test.

Clone Taxon
Apparent
Density
[g cm−3]

Breaking
Length [m]

Strain [%]
Breaking

Energy/TEA
[J]

Tear
Resistance

[mN]

Tensile
Index

[N m g−1]

Tear Index
[mN m2 g−1]

WRV [%]
Beaten

Wä 13 TA × TE 0.79 ± 0.10 a 11033 ± 367 a 2.6 ± 0.1 a 0.20 ± 0.01 a 227 ± 11 a 102.7 ± 3.4 a 2.8 ± 0.1 a 2.155 ± 0.005 a
IBL

91/78 TA × A 0.81 ± 0.01 b 11467 ± 260 a 2.7 ± 0.2 a 0.22 ± 0.01 a 220 ± 18 a 106.8 ± 2.4 a 2.8 ± 0.2 a 2.107 ± 0.008 b

W 3 TA 0.82 ± 0.10 b 11483 ± 328 a 2.4 ± 0.2 a 0.20 ± 0.02 a 189 ± 15 b 106.9 ± 3.1 a 2.4 ± 0.2 b 2.088 ± 0.017 b

Abbreviations: SE: standard error; TA × TE: P. tremula × P. tremuloides; TA × A: P. tremula × P. alba; TA: P. tremula.

3.4. Correlations

The chemical composition of the pulp showed the highest correlations among the papermaking
properties. Cellulose mass fraction was highly negatively correlated with other carbohydrates and
increased with the increase in Kappa number. The inverse correlation was found with regard to
lignin mass fraction and Kappa number. The chemical composition of the pulp positively influenced
fiber length and width with regard to the cellulose mass fraction and negatively with regard to the
lignin mass fraction. Each fiber characteristic was positively correlated with each other. Among
physical properties of the sheets, the tear index was strongly correlated with fiber properties. Table S3
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summarizes the correlation coefficients between the studied traits along with their significance at the
level of α = 0.05.

4. Discussion

Aspen is among the most widely used poplars for papermaking purposes in the Northern
Hemisphere. Because hybrid aspens may benefit from heterosis, the majority of practically oriented
hybridization programs are aimed at using this phenomenon for the improvement of growth and
wood quality parameters. This is also confirmed by the present study, which showed that during
a seven-year long experiment, all hybrid aspen clones were characterized by superior growth and
productivity in comparison with those of wild species.

The MAI of the stem wood of the best performing clone ‘Wä 13′ (TA × TE) was at the highest
expected level for climatic conditions of the Baltic Region, which encompasses central and northern
European countries. Numerous studies have reported that the MAI of hybrid aspen in the southern
part of the Nordic region and the Baltic area may reach up to 20 m3 ha−1 year−1 during rotation periods
of 20–25 years [25–31]. The highest MAI measured to date, 25.8 m3 ha−1 year−1, was recorded for a 23
year old hybrid aspen (TA × TE) plantation in southern Sweden [32]. For hybrid aspen trials established
in north-western Germany, the modeled MAI reached its maximum at the age of 24 years [33]. In the
present study, the majority of aspen hybrid clones examined at the age between four and seven years
demonstrated a high MAI, with that for the best clone amounting to 25 m3 ha−1 year−1 at the age of
seven years, which progressed in each consecutive year of the analysis. Considering that the MAI for
aspen plantations is not expected to culminate before the age of 20 years [34], we can anticipate further
improvement of this MAI in subsequent years.

In Poland, a rotation period of native stands of P. tremula typically comprises 40 years, which in
the present case can be assigned to vegetatively propagated offspring of wild populations from the
Białowieża Forest. Taking into account that in the present study inter-specific crosses resulted in 1.4-fold
greater mean annual increment, as compared to the clones of trees from wild populations of TA, and
ranging from 1.6- to 4.6-fold enhancement for particular hybrid clones, in comparison to the reference,
our data suggest that the rotation age for selected hybrid aspen clones might be reduced to 20 years.
Similar conclusions were provided by Li et al. [8], who postulated that the expected rotation for aspen
clones in the north-eastern part of the United States might also be limited to 20 years. This remains
consistent with the considered periods of 30 years in the Swedish short-rotation program [35] along
with the estimated period for reaching merchantable volumes of American aspen crosses in Alberta,
Canada [5].

The reduced rotation periods for superior hybrid aspen clones may complement traditional,
multifunctional forest management with the long-rotation periods, widely implemented in Central
Europe. Shortened production cycles may serve as a partial remedy for the loss of stability of forest
ecosystems in conditions of rapidly progressing climate change. Over the period 1951–2008, the mean
temperature in Poland increased by 0.24 ◦C per 10 years [36]. Climate change not only involves
directional changes in the mean values of climatic variables (e.g., global warming) but the frequency
and magnitude of various extreme climatic events [37,38]. In many regions of Europe, extreme weather
events (heat waves, heavy precipitation, droughts, heavy storms) are likely to intensify in the coming
decades [39,40]. In the case of hurricanes/storms, which in recent years frequently cause serious
damages in Polish and in European forestry [41], it was proved that a greater stand age and a taller
stand height increase stand susceptibility [41–43].

Replacement of such high-risk stands, and associated economic losses, can be made by introduction
of stands with shortened production cycles, which have also the potential to significantly contribute to
both increasing biomass supply and capturing carbon from the atmosphere [44–47].

Understanding the growth increment curve of various tree species in the juvenile period holds
exceptional importance for silviculture [48], determining e.g., the choice of spacing and term of first
thinning. Among fast-growing species, aspen is considered to achieve the highest annual increment,
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albeit somewhat later than poplars from the Aigeiros or Tacamahaca sections or species of the Salix
genus [49]. However, the stem volume produced by hybrid aspen in northern Poland at the age of
seven years did not reflect inferior productivity in comparison to that of hybrid poplars at the same
age, growing in the same soil and climatic condition [50]. As highlighted by Liesebach et al. [51],
considerable growth increment is produced by aspen from the age of 6 years onward with the differences
occurring at a very early stage of tree growth. This may explain the comparable results of productivity
achieved by species crosses from the Populus section in the present study with those of the different
crosses among the Aigeiros or Tacamahaca sections.

Taking into account differences in productivity among various parental species and combinations
of species within the Populus section, we revealed that inter-specific hybrids of TA × TE and TA ×
A performed significantly better than vegetative progenies of TA. Notably, however, on the clone
level, statistically significant differences between the selected TA clone ‘W 3′, and other clones of
inter-specific hybrid aspen crosses, in terms of growth parameters, were not found. This finding
suggests that selection and testing genotypes in the area of the future utilization may result in good
performing clones, with adaptive ability to specific climatic and soil conditions. Furthermore, it seems
reasonable to add the clone ‘W 3′ to further stages of the tree improvement program, thereby enriching
the native population of P. tremula, and providing new genotypes for future mating strategies.

Hybrid aspen clones were characterized by more desirable properties related to papermaking
traits than those of the clone of the pure species TA. Moreover, the chemical composition of the
cellulosic pulp was diversified among the clones. It is notable that the cellulose mass fraction was
greater in the pulps of both hybrid aspen clones than that in the pulp of the pure species, indicating
the enhanced desirability of the former. This result impacts yield and Kappa number, as reflected
in the positive correlation with the cellulose mass fraction and a negative correlation with the lignin
mass fraction. As indicated by Hart et al. [5], the further consequences of particular carbohydrate
concentrations can be revealed in ethanol biofuel applications. Therefore, the obtained differences in
chemical composition (yield) between clones may represent important factors when considering the
utilization of the biomass of a particular clone for paper and biofuel production at the industrial scale.

The present results regarding the absolute values of screened yield and Kappa number are
comparable with the findings of several previous studies. It has to be mentioned however, that a much
higher yield of hardwood pulps can be achieved by trees older than those we tested in our study [52].
When considering yields and characteristics of cellulosic pulps obtained from multiple softwood
and hardwood species, along with fast growing grasses in Poland [24], the yield of cellulosic pulp
from aspen clones obtained in the present study confirms their high suitability for pulp production.
In comparison, the only alternatives for hybrid aspen pulp in Poland appear to comprise pulps obtained
from silver birch (Betula pendula Roth.) and the hybrid poplar P. maximowiczii × P. trichocarpa ‘NE-42′
(syn. ‘Hybrid 275′).

Fiber properties of hybrid aspen clones were enhanced and more desirable, compared to those
of pure species fibers, albeit they remained typical for the Populus section [45]. According to
Francis et al. [53], 31 year old aspens produced much longer fibers than those of 7.5 year old poplars.
Consequently, fiber and strength properties are expected to increase with age. This observation
highlights the need for a reassessment of pulp and paper properties at the end of the rotation period in
the experimental plantation in northern Poland. The differences in fiber morphology between aspen
crosses resulted in different physical properties of paper sheets, which is consistent with the results of
a previous study by Gurnagul et al. [54].

Generally, sheet properties were affected by fiber morphology in manners that could be predicted
from the principles of paper physics [54,55]. In particular, tearing resistance, as the most important
strength parameter, was directly correlated with fiber length.
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5. Conclusions

Overall, the high evaluated productivity identified in the present study clearly indicated that
short rotation plantation of hybrid aspen might be considered as an important additional source
of woody biomass for pulp and paper products in Poland. Such plantations may complement
traditional, multifunctional forest management, in which conservation approaches play an increasing
role. The reduced rotation periods for superior hybrid aspens would likely contribute to an increase
in economic benefits, and partly mitigate the uncertainty accompanying the long-rotation periods
applied in traditional silviculture. In addition, this aspect appears to be particularly important with
regard to rapid climate change and its impact on forests.

Furthermore, significant improvement of hybrid aspen traits related to growth, pulp, and paper
properties was observed in the present study, which dominated over those of pure species. The effect of
hybrid vigor manifested as 1.4-fold greater MAI compared to that of wild species, with particular hybrid
clones exhibiting a 1.6- to 4.6-fold enhancement. The superiority of hybrid aspen also translated into
papermaking properties, as the chemical properties of the pulp, yield, fiber morphology, and physical
properties of the final paper sheets were more desirable for P. tremula hybrids with both P. tremuloides
and P. alba, than those for pure P. tremula. Together, our findings confirmed that a good knowledge
of the maximal growth parameters that could be achieved with particular site conditions; species, or
hybrid selection, combined with the concise relationship between chemistry, fiber morphology, and
sheet properties, could facilitate the optimal clone choice for each specific region for industry purposes.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4907/10/5/450/s1,
Table S1. Least squares means and ratios for growth traits by clone from the GLIMMIX. Standard errors (SE)
are shown in brackets. Reference ratio for trees from the wild population (Białowieża) = 1. Tukey’s honestly
significant difference test, α = 0.05 was applied to test statistically significant differences between clones. The same
lowercase letters accompanying LS-means indicate statistically homogenous groups of clones. Abbreviations:
DBH: Diameter at breast height; H: Height; V: Stem volume; MAI: Mean annual increment; SE: Standard error;
TA: P. tremula; TA × A: P. tremula × P. alba; TA × TE: P. tremula × P. tremuloides; TA: P. tremula a mixture of 30
clones of plus trees from wild populations in Białowieża (reference). Table S2. Least squares means and ratios
for growth traits by taxon from the GLIMMIX. Standard errors (SE) are shown in brackets. Reference ratio for
TA = 1. Tukey’s honestly significant difference test, α = 0.05 was applied to test statistically significant differences
between taxa. The same lowercase letters accompanying LS-means indicate statistically homogenous groups of
taxa. Abbreviations: DBH: Diameter at breast height; H: Height; V: Stem volume; MAI: Mean annual increment;
TA: P. tremula; TA × A: P. tremula × P. alba; TA × TE: P. tremula × P. tremuloides. Table S3. Pearson’s correlations
coefficient between papermaking traits. Values statistically significant at the level α = 0.05 are shown in bold.
The green tones indicate positive correlation and the red tones negative relationship.
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Abstract: Background: Poplar (Populus spp.) hybridization is key to advancing biomass yields and
conversion efficiency. Once superior varieties are selected, there is a lag in commercial use while
they are multiplied to scale. Objective: The purpose of this study was to assess the influence of gains
in biomass yield and quality on investment in rapid propagation techniques that speed the time
to commercial deployment. Material and Methods: A factorial experiment of propagation method
and hybrid variety was conducted to quantify the scale-up rate of in vitro and greenhouse clonal
multiplication. These data were used in modeling the internal rate of return (IRR) on investment
into rapid propagation as a function of genetic gains in biomass yield and quality and compared
to a base case that assumed the standard method of supplying operational varieties in commercial
quantities from nurseries as hardwood cuttings, capable of yields of 16.5 Mg ha−1 year−1. Results:
Analysis of variance in macro-cutting yield showed that propagation method and varietal effects as
well as their interaction were highly significant, with hedge propagation exceeding serial propagation
in macro-cutting productivity by a factor of nearly 1.8. The Populus deltoides × P. maximowiczii and
the Populus trichocarpa × P. maximowiczii varieties greatly exceeded the multiplication rate of the
P. × generosa varieties due to their exceptional response to repeated hedging required to initiate
multiple tracks of serial propagation. Analyses of investment into rapid propagation to introduce
new material into plantation establishment followed by a 20-year rotation of six coppice harvests
showed that gains in biomass yield and quality are warranted for a commitment to rapid propagation
systems. The base case analysis was generally favored at yields up to 18 Mg−1 year−1 dependent
on pricing. The rapid multiplication analysis proved superior to the base case analysis at the two
highest yield levels (27.0 and 31.5 Mg ha−1 year−1,) at all price levels and at yields of 22.5 Mg−1 year−1,
dependent on price and farm location. Conclusion: Rapid multiplication is a reliable method to move
improved plant material directly into operations when valued appropriately in the marketplace.

Keywords: hybrid poplar; genetic improvement; clonal propagation; biofuels; renewable energy

1. Introduction

The profitability of hybrid poplar biomass production and its biochemical conversion to
transportation fuels is dependent on genetically improved interspecific varieties. Both farm and
refinery economics are influenced by genetic gains in biomass yield [1,2] and biomass quality,
the latter manifested in the ease of cell wall deconstruction and sugar release during pretreatment and
hydrolysis [3–5]. The improvement cycle is not trivial, encompassing up to seven years to complete
the process of hybridization, clonal propagation, and yield testing through the first coppice cycle and
laboratory analyses of biomass composition and conversion efficiency. Additionally, once superior
varieties have been identified, it remains for them to be multiplied to levels for widespread initial
varietal deployment. Considering the density of bioenergy plantations approximates 3500–4500 stems
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per hectare (ha) and the sizable acreage that needs to be cultivated to produce the tonnage required by
refinery operations, the time to fully expand the supply of planting stock of newly-selected varieties
impedes the expeditious delivery of gains in yield and conversion efficiency. While traditional nursery
propagation may take seven years and 150 ha to introduce a new varietal into a moderately sized
plantation (i.e., 10,000 ha), a combination of laboratory and greenhouse propagation has demonstrated
a condensed delivery timeline [6]. An argument for such rapid multiplication propagation techniques
as indispensable to the initial propagation of new hybrid varieties for bioenergy farms has been made
since the beginnings of clonal forestry [7].

Commercial biomass farms employing interspecific poplar hybrids between sections Aigeiros and
Tacamahaca are normally planted as clonal stands using inexpensive one-year-old hardwood cuttings
that establish in the field by formation of adventitious roots that elongate from initials formed on
nursery stock the previous growing season during shoot development. Although measurable genetic
variance in vegetative propagation has been reported, field rooting of Aigeiros × Tacamahaca hybrid
taxa using hardwood cuttings is a generally reliable propagation method [8]. However, for the initial
scaling of clonal selections, varieties are rapidly multiplied in greenhouses using succulent cuttings
rooted under mist propagation in soil or hydroponically to produce containerized planting stock [9,10].
Alternatively, in vitro micropropagation systems of exceedingly greater capacity are available, albeit
costly [11,12]. Recent micropropagation research—producing plantlets in liquid-phase bioreactors for
ex vitro greenhouse rooting—may ultimately prove cost-effective for industrial clonal propagation [13],
but as currently practiced, micropropagation is prohibitively expensive for commercial planting
stock quantities [14]. Until the affordability of in vitro systems is proven, the rapid multiplication
technique as developed in Finland for hybrid aspen (Populus × wettsteinii Hämet-Ahti) may be the most
cost-effective avenue for scaling new selections [15]. This approach utilizes in vitro micro-cuttings that
are produced in laboratories, rooted in greenhouses, and subsequently expanded by hedge propagation
of macro-cuttings to generate multiple serial propagation tracks. In vitro propagation takes place in a
laboratory using culture media and glass vessels [16]. Hedge propagation is the continuous harvesting
of re-sprouting plants for re-planting under greenhouse conditions. Serial propagation begins with
greenhouse propagation of cuttings that become primary ramets, from which cuttings are collected
that become secondary ramets that lead to tertiary ramets and so on.

The economics of this combined approach has not been studied for the Aigeiros × Tacamahaca
taxa, although generally recognized to be more expensive than conventional nursery propagation.
A factorial study was therefore conducted to assess the economics of a rapid multiplication method
based on the propagation of micro- and macro-cuttings for Aigeiros × Tacamahaca hybrid varieties
patterned on the Finnish P. × wettsteinii model. For this paper, micro-cuttings are shoots produced
through multiple rounds of in vitro propagation from explants containing a shoot-tip or nodal meristem.
Conversely, shoots produced using ex vitro greenhouse rooting techniques for containerized planting
stock are referred to as macro-cuttings in this study. The intent of the investigation was to: (1) Quantify
the efficiency of greenhouse hedge and serial macro-cutting multiplication initiated with in vitro
micro-cuttings for several varieties of diverse taxa and (2) determine the profitability of greenhouse
rapid multiplication as a function of genetic gains in biomass yield and biomass quality using the
internal rate of return as a standard metric of economic performance [17].

2. Materials and Methods

2.1. Selection of Plant Material

Twenty-two centimeter (cm) hardwood cuttings of four experimental varieties were collected in
January 2013 from a clonal bank maintained by GreenWood Resources at its Tree Improvement Center,
Westport, Oregon, USA. The varieties were chosen to provide a contrast of nursery growth rates and
four distinct hardwood cutting production categories. A further consideration in the choice was the
assemblage of four distinct taxa, Populus × generosa (Henry) and its reciprocal and hybrids formed from
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separate crosses between Populus deltoides (Bartram ex Marsh.) and Populusmaximowiczii (Henry) and
Populus balsamifera subsp. trichocarpa (Torr. and Gray) (Table 1). The hardwood cuttings were used to
grow a single stock plant for each variety in 7.6 cubic decimeters (dm3) pots in a greenhouse to provide
nodal cuttings, with which in vitro propagation was initiated. Before entering dormancy in the fall,
the stock plants were sheared during the 2013 growing season to encourage branching. Stock plants
were forced in January 2014 and grown for three months to an average height of 92 cm when succulent
cuttings were collected from axillary and terminal shoots. The shoots were trimmed to a terminal bud
and two nodal buds, disinfected with a fungicidal application, refrigerated, and shipped to a contract
micropropagation laboratory for in vitro production of micro-cuttings for greenhouse rooting trials.
Between 47 and 87 succulent shoots approximately 10 to 14 cm in length were provided in March–July
2014 for culture establishment and shoot proliferation.

Table 1. Experimental varieties, taxa, and hardwood nursery production metrics.

Varietal
Identity

Taxon 1 Sprouts
Stool−1 DBH 2 (mm)

Height 2

(dm)
Cutting

Utilization 3
Production
Category

790-99-28596 T × D 3.8 17 31 0.47 Moderate growth;
low usage

846-00-30120 D ×M 1.7 26 40 0.29 Excessive growth;
low usage

854-00-30517 T ×M 2.3 21 42 0.72 Excessive growth;
high usage

893-01-31899 D × T 1.5 18 33 0.56 Moderate growth
and usage

1 Taxa coded as: D × T and T × D (Populus deltoides × P. balsamifera subsp. trichocarpa and reciprocal, aka Populus ×
generosa), T ×M (Populus balsamifera subsp. trichocarpa × P. maximowiczii), D ×M (Populus deltoides × P. maximowiczii).
2 Breast-height diameter and height of the largest sprout per stool following the fourth coppice year. 3 Proportion of
sprout length without sylleptic branching from which 24 cm cuttings bearing axillary buds required for quality
hardwood cuttings.

Five hundred micro-cuttings were returned to the greenhouse and transplanted into 144-cell
trays (23 cm3 capacity) filled with a commercial soil mix in the spring of 2015 and grown under
mist-propagation using artificial lighting to extend daylength to 18 h. Temperatures were set at 23 ◦C
for acclimation and root initiation. The total number of surviving ramets was recorded for each variety
after two months, at which time they ranged from five to 10 cm in height. The tallest 50 rooted plants
of each variety were then transplanted into plastic containers (163 cm3 capacity) filled with the same
soil mix to serve as a hedge bank. These were arranged in racks by variety at a density of 37 cm2 per
plant. The plants were grown through 2015, allowed to go dormant, and then forced in January 2016.
Succulent 20–22 mm (mm) macro-cuttings were collected in March 2016 from the hedges and used in
establishing one track of serial propagation that was cycled through the quinary ramet stage (Figure 1).
The 50-ramet hedges were harvested five additional times in propagating additional primary ramets
throughout all four seasons.

2.2. Greenhouse Rooting Trials

Succulent macro-cuttings were dipped in a commercial rooting hormone (1000 ppm indole acetic
acid and 500 ppm naphthalene acetic acid) during hedge and serial propagation before sticking in to
200 cell trays (20 cm3 capacity). Trays were grown under an 18 h day length at 23 ◦C and misted every
20 min for 10 s for the first week of acclimation. Mist settings were changed to a 30 min frequency of 10 s
duration for the second week. Thereafter, the plants were misted every 60 min for 20 s. The schedule
of hedge propagation cycles was not coincident with the schedule of the serial propagation due to the
time to regrow the hedges following the first harvest to initiate serial propagation (Table 2). Thereafter,
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the cycles of hedge propagation lagged the serial propagation cycles by approximately six weeks.
Succulent macro-cuttings were harvested after six to eight weeks dependent upon the season.

 
Figure 1. Schematic showing five cycles of greenhouse hedge and serial propagation.

Table 2. Greenhouse schedule of five season cycles of serial and hedge propagation.

Propagation Cycle Serial Propagation Hedge Propagation

(Seasons) Initiation Harvest Initiation Harvest

1 (Early spring–midsummer) March 25 June 2 May 27 July 18

2 (Late spring–summer) June 2 July 25 July 18 September 9

3 (Late summer–early autumn) July 25 September 19 September 9 October 21

4 (Autumn) September 19 November 9 October 21 December 12

5 (Late autumn–midwinter) November 9 December 30 December 12 February 13

2.3. Data Collection and Analysis

Survival was recorded as the percentage of ramets surviving each cycle of hedge or serial
propagation; yield of macro-cuttings was specified in terms of the number of cuttings harvested per
surviving ramet per cycle. Data were analyzed as a 2 × 4 factorial analysis of variance (i.e., two levels
of propagation method, hedge versus serial, and four levels of hybrid variety (Equation 1). Both factors
were considered fixed effects in the following analytical model:

Yijk = α + βi + βj + βij + εk(ij), (1)

where Yijk is ramet survival or macro-cutting yield for the ith variety using the jth propagation
method during the kth propagation cycle, βi is the fixed effect of the ith variety, βj is the fixed effect
of the jth method of propagation, βij is the interaction of variety and propagation method, and εk(ij)
is experimental error. (The five cycles of propagation were nested within propagation method as
replications since the timing of the serial and hedge propagation cycles were not coincident.)
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Varietal and interaction effects were investigated using three single-degree of freedom a priori
orthogonal contrasts based on the excessive and moderate levels of hardwood cutting production of
the varieties in field nurseries (Table 1). These are: (1) Comparison of the Populus × generosa varieties
(i.e., 790-99-28596 versus 893-01-31899,) (2) comparison of the P. maximowiczii interspecific varieties
(i.e., 846-00-30120 versus 854-00-30517,) and (3) the varietal contrast between the two main taxonomic
groups (i.e., contrast 1 versus contrast 2).

2.4. Economic Analysis

Survival and yield data from the greenhouse rooting trials were used in deriving the cost of
producing containerized macro-cuttings. The internal rate of return on investment into improved
planting stock produced by this system was then modeled as a function of increases in (1) yield and
(2) pricing for feedstock that undergoes hydrolysis more cost-effectively. Research costs in breeding
the improved varietals were not considered in the analysis; only the higher propagation and planting
costs of containerized macro-cuttings were accounted for. (This approach assumes research and
development costs are borne by a timber investment management organization that offers improved
plant material exclusively to its investors at a price to cover propagation costs as part of its investment
thesis.) Analyses were based on the average varietal propagation costs.

The analyses utilized a cost-of-production model developed by the USDA-NIFA AFRI CAP
program, Advanced Hardwood Biofuels Northwest (AHB) for hybrid poplar as a biomass investment
opportunity in renewable energy feedstock [18]. The model details the range of agronomic production
activities and the costs of land leases, equipment, labor, chemicals and fuel needed to grow the crop
and the expense of biomass harvesting and transportation. Inputs are integrated with yields and
anticipated biomass pricing in deriving internal rates of return specific to poplar production regions in
Washington, Oregon, Idaho, and Northern California, where four large-scale (i.e., 20–40 ha) hybrid
poplar biomass AHB demonstration farms were managed from 2012 to 2018 [19]. The demonstration
farms were situated on lands previously managed for grain, pasture, hay or row crops. The Oregon and
Washington farms were unirrigated, while the Idaho and California farms were irrigated. Lease rates
and production costs varied among farms, being highest in California due to the cost of land and
irrigation and lowest in Washington where biomass cropping followed pasture (Table 3). The economic
analyses supposed a medium-sized biorefinery supported by a 10,117 ha biomass farm managed
for a 20-year rotation comprising a two-year establishment cycle followed by six three-year coppice
cycles netting seven harvests. The planting density was set at 3,588 trees ha−1. Plantation composition
was set at five varieties each stocking 674 ha per each of the two years of planting before coppice
regeneration was initiated. Based on the greenhouse propagation trials, the required number of rooted
cuttings for the each of the first- and second-year’s establishment was 2,424,035 per variety, after which,
regeneration was transitioned to coppicing every three years.

Table 3. Land and biomass productions costs for Advanced Hardwood Biofuels Northwest (AHB)
poplar demonstration farms throughout a 20-year rotation of seven harvest cycles.

Farm Region Lease Rate (USD ha−1 year−1) 1 Production Cost (USD Dry Mg−1 Rotation−1) 2

Washington $111 $77.70

Oregon $383 $92.38

Idaho $175 $99.46

California $865 $146.28
1 http://quickstats.nass.usda.gov/. 2 Biomass production costs are based on a yield of 16.5 Mg ha−1 year−1.

Internal rates of return were modeled across six levels of yield (9.0, 13.5, 18.0, 22.5, 27.0,
31.5 dry Mg ha−1 year−1 averaged over one 20-year rotation) and eight levels of market pricing ($66,
$77, $88, $99, $110, $121, $132, and $145 dry Mg−1 biomass) using land, management, and harvesting
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costs specific to each AHB region (Table 3). The modeled yields up to 22.5 Mg ha−1 year−1 are
consistent with AHB farm inventories and with growth rates projected for the AHB regions using
the 3PG growth model (Physiological Processes Predicting Growth) [20]. Inclusion of yields of 27.0
and 31.5 Mg ha−1 year−1 in the analyses represents future genetic improvements. Likewise, modeled
market prices ranging up to $110 Mg−1 are consistent with supply simulations in the 2016 Billion Ton
Study (BTS) and the Bioenergy KDF (Knowledge Discovery Framework) supplementary database [21].
This price range is in line with prices modeled for hardwoods managed as short rotation bioenergy
crops elsewhere in the US [22,23]. Inclusion of market prices between $121 and $145 Mg−1 in the
analysis reflects future premiums for varietals capable of highly effective hydrolysis. Modeled results of
investment into rapid multiplication were compared to a base case that assumed the standard method
of supplying operational varieties in commercial quantities from nurseries as unrooted hardwood
cuttings capable of yields of 16.5 Mg ha−1 year−1 based on prevailing yield estimates for the Pacific
Northwest [2,24]. Prices modeled for the base case were not limited to the BTS range ($88–$110 Mg−1),
although it was realized that commercial poplar varieties have been developed for fiber and veneer
markets, in which superior lignin chemistry that enables effective hydrolysis has not been an emphasis,
and premium market pricing was not likely. The price of rooted planting stock, including packaging
was gauged at approximately 4× the price of commercial hardwood cuttings in the base case. Likewise,
the cost of cold storage for rooted cuttings, transportation of the rooted cuttings to the field, and the cost
of planting the rooted cuttings was modeled at of 2×, 2×, and 6× of the respective cost for commercial
hardwood cuttings.

3. Results

3.1. Laboratory

Micro-cuttings were successfully produced for all four varieties during in vitro propagation.
The varieties were sub-cultured every two weeks during the shoot proliferation stage; between three
and five in vitro cycles were required before enough high-quality micro-cuttings of each variety were
available for the greenhouse rooting trials. Marked varietal differences were observed in the consistency
of in vitro growth rates (Table 4). Variety 790-99-28596 was rated as a consistent grower, while varieties
854-00-30517 and 893-01-31899 exhibited sporadic growth. The slowest growth pattern was typical
of variety 846-00-30120 that also showed the lowest multiplication rate. Multiplication rates were
otherwise not too discrepant for the remaining three varieties, varying by just 5.3%.

Table 4. Varietal performance during in vitro propagation on two-week sub-culturing schedules.

Variety Taxon Growth Pattern Multiplication Factor 1

790-99-28596 T × D Consistent 2.025

846-00-30120 D ×M Slow 1.680

854-00-30517 T ×M Sporadic 2.075

893-01-31899 D × T Sporadic 2.133
1 Number of quality micro-cuttings produced per transplant averaged over three-to-five sub-culture cycles following
high grading.

3.2. Greenhouse

In vitro micro-cuttings were rooted nearly completely in the greenhouse for all varieties but one.
Survival rates were recorded as 99.5% (790-99-28596), 87.3% (846-00-30120), and 100% (854-00-30517 and
893-01-31899). Considerable variation in greenhouse macro-cutting production was observed (Table 5).
The number of macro-cuttings harvested during hedge propagation (2.992 cuttings plant−1) exceeded
the amount harvested during serial propagation (1.669 cuttings plant−1) by 79% when averaged
over the four varieties (Table 6). Likewise, substantial varietal variation in macro-cutting yield was
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evidenced when averaged over the two propagation methods. Variety 854-00-30517 exhibited the
highest mean macro-cutting yield (3.034 cuttings plant−1), with varieties 790-99-28596 and 893-01-31899
showing the lowest yield, 1.959 and 1.754 cuttings plant−1, respectively. Variety 846-00-30120 was
intermediate in its production at 2.573 cuttings plant−1 (Table 6). Correspondingly, the main effects
of the variety and propagation method were both deemed highly significant sources of variation in
macro-cutting yield in the analysis of variance (Table 5). The orthogonal contrasts suggested further
that there were no significant yield differences for varieties within either the P. × generosa taxon or the
P. maximowiczii interspecific taxa, but a large and significant effect associated with the third orthogonal
contrast between the P. × generosa varieties (790-99-28596 and 893-01-31899) and the P. maximowiczii
interspecific varieties (846-00-30120 and 854-00-30517).

Table 5. Analysis of variance of the yield of macro-cutting yield.

Source of Variation
Degrees of
Freedom

Sum of Squares Mean Square F Ratio

Variety 3 10.2443 3.4148 18.52 *

Within P. × generosa 1 0.2110 0.2110 1.1444

Within P. maximowiczii hybrids 1 1.0635 1.0635 5.7673

Between P. × generosa and P. maximowiczii 1 8.9698 8.9698 48.6429 *

Propagation Method 1 17.5001 17.5001 94.89 *

Variety-by-Propagation Method 3 8.7568 2.9189 15.83 *

Within P. × generosa 1 0.0127 0.0127 0.0688

Within P. maximowiczii hybrids 1 0.0007 0.0007 0.0038

Between P. × generosa and P. maximowiczii 1 8.7434 8.7434 47.4156 *

Error 32 5.9018 0.1844

Total 39 42.4030

* Significant at the 0.0001 probability level.

Table 6. Macro-cutting survival and yield (cuttings plant−1) during greenhouse propagation 1.

Serial Propagation Hedge Propagation Mean

Variety Taxon
Survival

(%)
Yield

Survival
(%)

Yield
Survival

(%)
Yield

790-99-28596 T × D 98.1 1.791 95.9 2.128 97.1 1.959

846-00-30120 D ×M 97.5 1.438 97.4 3.708 95.9 2.573

854-00-30517 T ×M 94.1 1.911 96.2 4.157 97.9 3.034

893-01-31899 D × T 95.0 1.535 95.1 1.973 94.9 1.754
1 Standard errors of varietal, propagation, and interaction means for yield are 0.134, 0.096, and 0.192 cuttings plant−1,
respectively. Standard errors of survival means are 1.03, 0.73, and 1.46%, respectively.

Very little varietal variation was recorded in survival during the macro-cutting propagation trials,
averaging 96.6% for both serial and hedge propagation, with a standard deviation among varieties of
1.92% (serial propagation) and 1.23% (hedge propagation) (Table 6). Consequently, analysis of variance
did not show any significant main or interaction effects of survival (Supplementary Table S1).

The first order interaction of variety and propagation method was also highly significant (Table 5).
Orthogonal contrast revealed that the interaction again resulted mainly from the much stronger
response of the two P. maximowiczii hybrids to hedging in comparison to the P. × generosa varieties
(Figure 2).
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Figure 2. Varietal variation in the response of macro-cutting yield to propagation method.

3.3. Economic Analysis

Using the survival and yield data from the greenhouse rooting trials averaged over varieties
(Table 6), the production of the 2.4 million rooted cuttings was projected in terms of five cycles of hedge
and serial macro-cutting propagation beginning in the spring and concluding in the winter following
the delivery of the micro-cuttings. To produce this quantity of macro-cuttings, it was estimated that
29,000 in vitro micro-cuttings were needed based on the mean varietal yield of macro-cuttings during
greenhouse propagation.

Investment returns under the rapid multiplication scenario for each of the four demonstration
regions are detailed in Table 7 as a function of biomass yield and market pricing. The profile of internal
rates of return (IRRs) at the two non-irrigated farms in Oregon and Washington was superior to the
irrigated Idaho and California farms. The low least rate at the Idaho farm partially offset the cost of
irrigation, with better returns compared to California. The percentage of positive IRRs recorded for the
48 scenarios of yield and market prices at each demonstration farm was 75% for Washington (36 positive
returns), 58% for Oregon (28 positive returns), 50% for Idaho (24 positive returns), and 25% (12 positive
returns) for California. Averaged over yields and market prices, the mean for the positive IRRs for
Washington, Oregon, Idaho, and California was 15.91%, 13.89%, 13.35%, and 6.89%, respectively.
The maximum return in Washington 37.90% and 31.96% in Oregon. Maximum returns for the other
two regions were 29.42% (Idaho) and 16.73% (California). Returns estimated for Washington were
the most variable, with a standard deviation of 10.30%, followed by Oregon (8.60%) Idaho (7.71%),
and California (5.35%).

Both the mean and the number of positive IRRs (n) for the rapid multiplication scenario increased
steadily within the boundaries of the BTS market prices ($66–$110 Mg−1) when results were averaged
by yield and compiled for all farms. The progression was 3.29% (n = 2) at $66 Mg−1, 5.76% (n = 6) at
$77 Mg−1, 9.02% (n = 9) at $88 Mg−1, 10.14% (n = 13) at $99 Mg−1, and 12.63% (n = 15) at $110 Mg−1.
Positive values of IRR recorded above the BTS price range ($121–145 Mg−1) were 15.37% (n = 16) at
$121 Mg−1, 16.01% (n = 19) at $132 Mg−1, and 18.55% (n = 20) at $145 Mg−1. Likewise, the number of
positive IRRs and their mean value increased with yield when averaged across market prices being
2.09% (n = 2), 6.10% (n = 10), 9.87% (n = 16), 13.41% (n = 20), 15.23% (n = 25), and 18.23% (n = 27),
respectively, for the 9.0, 13.5, 18.0, 22.5, 27.0, and 31.5 Mg ha−1 year−1 yield levels. These IRRs compare
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to an upper bound of IRRs for hybrid poplar bioenergy programs in the northeastern US of 14.6% at
prevailing stumpage prices of $11 Mg−1 and not accounting for harvest and transportation costs [25].

Returns from investment into rapid multiplication frequently surpassed those of the base case
analysis within the range of the BTS prices across the four farm regions. Base case analyses (yield
set to 16.5 Mg ha−1 year−1) showed no positive IRRs at the $66 and $77 Mg−1 pricing levels at any
farm, and only one positive return was recorded at the $88 Mg−1 price level (8.81%, Washington)
(Table 7). Two positive IRRs were recorded for the base case at the $99 market price, averaging
9.87% at Washington and Oregon; these increased to a mean IRR of 12.31% at the $110 price level
averaged across Washington, Oregon, and Idaho. The base case IRRs at the $99 and $110 Mg−1 price
points exceeded those observed for rapid multiplication at Oregon and Idaho, when newly released
varieties produced no more than 18.0 Mg ha−1 year−1. The base case analysis for Washington and
Oregon was marginally better than the rapid multiplication analysis at yields of 22.5 Mg ha−1 year−1

across a price range of $110–$145 Mg−1 (Table 7). However, when the comparison was made for new
varieties characterized by yields at the two uppermost levels (27.0 and 31.5 Mg ha−1 year−1,) the rapid
multiplication scenario was uniformly superior to the base case analysis both within and above the
price BTS range at Washington, Oregon, and Idaho farms. No positive IRRs were returned for the base
case analysis at California.

Table 7. Internal rates of return (%) as a function of yield and market pricing 1.

Yield (Mg ha−1 year−1) Price (USD Mg−1) (+) IRRs

Washington $66 $77 $88 $99 $110 $121 $132 $145 Mean N
9.0 0.54 3.63 2.09 2
13.5 0.57 4.48 7.56 10.19 12.98 7.16 5
18.0 3.57 8.05 11.64 14.76 17.57 20.68 12.71 6
22.5 3.84 9.41 13.70 17.37 20.67 23.71 27.11 16.54 7
27.0 0.91 8.78 14.1 18.50 22.33 25.85 29.12 32.81 19.05 8
31.5 5.66 12.80 18.20 22.70 26.74 30.47 33.95 37.90 23.55 8

Base case (16.5) 8.81 14.9 19.96 24.42 28.51 33.09 21.62 6

Oregon $66 $77 $88 $99 $110 $121 $132 $145 Mean N
9.0 0.00 0

13.5 2.31 5.44 8.57 5.44 3
18.0 1.95 6.26 9.74 12.76 16.00 9.34 5
22.5 2.83 7.89 11.92 15.41 18.56 22.03 13.11 6
27.0 1.15 7.64 12.50 16.57 20.21 23.55 27.28 15.55 7
31.5 5.41 11.5 16.40 20.60 24.43 27.98 31.96 19.75 7

Base case (16.5) 4.80 10.69 15.45 19.63 24.17 14.95 5

Idaho $66 $77 $88 $99 $110 $121 $132 $145 Mean N
9.0 . 0.00 0
13.5 2.79 6.12 4.46 2
18.0 3.54 7.22 10.33 13.61 8.68 4
22.5 5.25 9.45 13.00 16.16 19.61 12.69 5
27.0 4.96 10.00 14.14 17.79 21.11 24.8 15.47 6
31.5 2.53 8.99 13.94 18.17 21.98 25.49 29.42 17.22 7

Base case (16.5) 6.27 11.21 15.40 19.88 13.19 4

California $66 $77 $88 $99 $110 $121 $132 $145 Mean N
9.0 0.00 0

13.5 0.00 0
18.0 0.28 0.28 1
22.5 3.28 7.11 5.20 2
27.0 0.76 5.08 8.64 12.33 6.70 4
31.5 0.44 5.47 9.51 13.00 16.73 9.03 5

Base case (16.5) 0.00 0
1 Empty cells signify negative internal rates of return.
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4. Discussion

The present study looked at returns that accrue over a 20-year rotation when rapid multiplication
is used to produce planting stock of new varieties directly for operations, compared with the coincident
use of less expensive hardwood cuttings to initiate planting with standard varieties that are available
in commercial quantities. Thus, this comparison focused on the last component of the entire tree
improvement cycle when newly-released varieties are propagated en masse as containerized rooted
cuttings to originate a bioenergy planting that later transitions to serial coppice regeneration. An implicit
assumption is that if the route of rapid propagation of new varieties is chosen, that process takes
place at the same time that land is acquired and prepared, meaning that the new varieties are
available at the corresponding time that standard varieties are purchased from a commercial nursery.
Returns were estimated under both options over the course of a 20-year rotation. Research costs
in developing new hybrids were not factored into the analysis, reasoning that a timber investment
management organization produces proprietary varieties as leverage in raising capital into its bioenergy
investment funds.

Investments into hybrid poplar bioenergy operations at all four AHB regions with current
commercial varieties were previously shown to generate insufficient returns to attract private-sector
capital and indicated the need for marked increases in biomass pricing and yields [19]. Other AHB
analyses have suggested that the adoption of poplar feedstock operations is also impacted by the
opportunity cost and the demand for competing crop commodities [26]. Despite the influence of
biomass yields, selling prices and alternative crop options, dedicated energy crops are nonetheless
expected to provide a significant component of biorefinery feedstock supply in the AHB region at a
benchmark biofuel price of $19.6 GJ−1 [27].

Rapid multiplication was clearly superior to the base case at the two highest rates of yield
irrespective of market pricing and region. For investments into rapid multiplication to make sense
at the Washington, Oregon, and Idaho locations within the BTS range, yields of 22.5 Mg ha−1 year−1

and above would be needed for the most part. Conversely, a decision to forego investment into rapid
multiplication in favor of the base case analysis of current commercial varieties would be generally
expected at yields of 18–22.5 Mg−1 year−1 at all but the California location; this is true especially at
market prices above the BTS range. However, it is doubtful whether current commercial hybrid poplar
varieties that have been bred and selected for markets other than bioenergy would have the preferred
biomass chemistry that would incentivize the market to offer a premium represented by prices above
the BTS range. The regional influence of the study was noteworthy: The most favorable investment
analysis, in terms of the overall mean and number of positive IRRs, was noted for the two non-irrigated
farms, Washington and Oregon; of the two, the former is pasture land with the lowest lease rate in the
study, while the Oregon farm was situated on cropland that commanded a higher lease rate. The two
dryland farms requiring irrigation-Idaho and California-had lower overall IRRs and counts of positive
returns. The California farm with the highest lease rate in the study exhibited the least favorable profile
of returns under both the rapid multiplication and the base case. Returns at California under the base
case were uniformly negative, and appreciable returns for the most part under the rapid multiplication
case were not seen until yields of 27 and 31.5 Mg−1 year−1 at market prices above the BTS range.

The argument for rapid multiplication is that the exploitation of gains in biomass yield and
chemistry requires a swift and seamless introduction of those gains into operations that regenerate by
frequent coppicing to justify the expense of propagation [7]. However, are the genetic gains in yield and
feedstock quality presented in this study realistic as requisites to poplar bioenergy farms investment?
They may be. Poplar growth and yield simulations support the yields modeled in this study up to 22.5
to 27.0 Mg ha−1 year−1 [25,28,29], and preliminary estimates from bioenergy plantation density trials
of 67 hybrid poplar varieties support theoretical yields of 35 Mg ha−1 year−1 for the most productive
varieties [30]. Achieving yields above this level through ongoing hybridization is conceivable based
on projections of 90% biomass gains for hybrid poplar when using reciprocal, intraspecific recurrent
breeding in advance of first generation interspecific hybridization and within-family clonal selection [31].
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Similarly, to accomplish improvements in biomass quality, gains in cell wall deconstruction, sugar release
and biomass hydrolyzability may be anticipated using genomic selection of naturally-occurring mutant
alleles in the lignin biosynthetic pathway [32–34], as well as lignin transformation [35,36], with the
expectation that low-lignin biomass may significantly reduce the operating cost of mechanical and
chemical pre-treatment. To illustrate, research at Oak Ridge National Laboratory’s Bioenergy Research
Center demonstrated a 15% increase in sugar yield associated with the biochemical conversion of
low-lignin poplar varieties [37]. AHB research confirms this with reports of increases of 19% in sugar
yield leading to 10% increases in biorefinery revenue that accompany individual hybrid selections [38].
However, it should be recognized that achieving these gains in large-scale plantations where soil
quality and water supply vary at the landscape scale will be challenging.

Although gains in both biomass quantity and quality are likely, genetic improvement in the former
is preferred from the perspective of an investor into biomass farms: Farm management is far better
positioned to exploit increases in yield rather than bargaining the price at which the biomass is sold in
to the energy markets. Increased yield directly provides incremental revenue, while an increase in
price could be difficult to negotiate to the investor’s favor, recognizing that biorefineries may not be
able to adjust their processes to specific biomass characteristic-the superiority of cell wall chemistry
notwithstanding-when managing a diversity of cellulosic feedstock sources.

Beyond the genetic gains that strengthen the attractiveness of rapid multiplication, its appeal may
be improved per se by exploiting differences in the varietal performance during both the in vitro and
greenhouse propagation phases [39–41]. For instance, the statistically-significant yield differences in
macro-cutting propagation noted can be exploited to optimize the system, as recognized elsewhere [42].
This is especially true of the P. maximowiczii interspecific varieties and their strong response to
hedge propagation that increased cutting yield by approximately twofold. The superior greenhouse
performance of the P. maximowiczii hybrids mirrored their exceptional height growth and extremely
low rates of sylleptic branching that maximizes nursery production of hardwood cuttings. Beyond
these manipulations, the process can be shortened considerably using test trees from final stage
yield trials to collect succulent macro-cuttings during spring shoot extension which are then used to
initiate greenhouse propagation circumventing the in vitro production of micro-cuttings with cost and
time savings.

Finally, there are other valuable features of the rapid multiplication system associated with the
use of containerized rooted planting stock that reduce the risk of plantation failures. First, vagaries of
the weather-frost injury and drought-are much more easily mitigated when planting stock is grown in
controlled greenhouse environments in comparison to field nurseries. Second, greenhouse production
of newly-deployed varieties allows for far greater flexibility than field nurseries when turning over and
initiating new varieties in to scale-up operations when, for example, such varieties must be removed
from production due to a loss of pest resistance or a change in market preference. Third, rooted cuttings
greatly reduce the risk of planting failures compared to the risk incurred using unrooted hardwood
cuttings when an unfavorable environment-protracted dry or cold periods-is encountered during the
time of establishment.

5. Conclusions

1. No variety failed to respond to in vitro micro-cutting propagation or greenhouse
macro-cutting propagation.

2. The Populus deltoides × P. maximowiczii and the Populus trichocarpa × P. maximowiczii varieties
greatly exceeded the multiplication rate of the P. × generosa varieties under greenhouse propagation.
This was largely due to their exceptional response to repeated hedging required to initiate multiple
tracks of serial propagation. It mirrored the stronger performance of the P. maximowiczii taxon under
traditional stoolbed culture.

3. Rapid multiplication was clearly superior to the base case at the two highest rates of yield
irrespective of market pricing and region. For investments into rapid multiplication to make sense at
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the Washington, Oregon, and Idaho locations within the BTS range, yields of 22.5 Mg ha−1 year−1 and
above would be needed for the most part.

4. Conversely, a decision to forego investment into rapid multiplication in favor of the base case
analysis of current commercial varieties would be generally expected at yields of 18.0–22.5 Mg−1 year−1

at all but the California location; this is true especially at market prices above the BTS range. However,
it is doubtful whether current commercial hybrid poplar varieties for which preferred biomass chemistry
has not been an improvement emphasis would justify market prices above the BTS range.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4907/10/5/446/s1,
Table S1: Analysis of variance in survival.
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Abstract: Populus species have a high productivity potential as short-rotation woody crops, provided
that site-suitable varieties are planted. The Coastal Plain, the Piedmont, and the Blue Ridge
Mountains make up a significant part of the eastern and southeastern USA, and an insight into
poplar productivity and adaptability will be valuable for the successful implementation of large-scale
poplar stands in these regions. The objectives of this study were to examine the green wood biomass
(hereafter biomass), biomass allocation, and wood properties of poplars in relation to growing
conditions, physiography, and topography. The biomass of 4-year-old poplars was estimated
using an equation derived through destructive sampling. Biomass-based clonal rankings were
compared across the various site conditions (fertility, irrigation, land marginality, soil preparation,
and topography) and the three physiographic provinces. Although not all clonal differences in
biomass were significant, growing conditions, physiography, and soil preparation affected the clonal
rankings and the significance of the clonal differences. Biomass changes due to physiography and
land conditions were more structured at the genomic-group level. A higher-altitude physiography
led to greater biomass increases in Populus trichocarpa × Populus deltoids (TD) clones than in P. deltoids
× P. deltoids (DD) clones and vice versa. Favorable soil quality or management generally led to greater
biomass of DD clones than of TD and P. deltoids × Populus maximowiczii (DM) clones. Weather-related
variables were not clearly correlated with biomass, while land aspect was a significant influence on
the biomass of genomic groups and clones. The site significantly affected wood density, moisture
content, and carbon and nitrogen concentrations, while the clonal effects on wood composition and
the clonal and site effects on biomass allocation were insignificant. Although clones showing greater
biomass responses to growing conditions generally belonged to the same genomic group, clone-level
selection could produce greater biomass gains than selection at the genomic-group level.

Keywords: biomass allocation; land marginality; Populus; physiographic provinces; soil preparation;
topography; wood biomass productivity; wood composition and properties

1. Introduction

According to the 2005 Billion-Ton Study, the 2011 update, and the 2016 report, in the United States,
woody feedstocks are expected to make a great contribution to the sustainable biomass supply for the
bioeconomy [1]. However, with only 2% of the 2017 total energy consumption in the United States
coming from wood and wood waste [2] and with the contribution of woody feedstocks to biofuels
currently being non-existent for practical purposes, achieving the bioeconomy target will require a
great enhancement in the productivity of woody crops [1]. In the southeastern United States, there is
significant potential for conventional forestry to contribute to the bio-based economy mainly in the
form of wood wastes and logging residues. However, a much greater potential lies in purpose-grown
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and fast-growing woody species in ‘whole-tree’ forms [1], also known as short-rotation woody crops
(SRWCs).

The production of SRWCs is mainly restricted to marginal lands, including underutilized,
reclaimed, and contaminated lands or lands that are poorly fertile for food production or convectional
forestry. The marginality of lands varies greatly, and in the eastern and southeastern United States,
the variations may be further emphasized by the variable and even contrasting physiographic features
and growing conditions. Economic feasibility is key to the adoption of SRWCs and requires high
productivity, suitable establishment, and high feedstock prices. It is important to assess and match
SRWC species and varieties to particular site and growing conditions so as to maximize productivity.
This has additional significance in the southeastern United States due to the standing of the region as
the leading wood pellet exporter to Europe.

Poplars (Populus spp.) have great productivity potential as SRWCs nationally, provided that
suitable clones are planted, and are one of the key non-coppice woody energy crop types identified in
the Billion-Ton report [1]. Wood from poplars can be used for a number of applications, including the
production of bioenergy, pulp, veneer, plywood, and timber [3,4]. Poplars can be grown in shorter
rotations for bioenergy or pulp, or for up to 20 years when targeting high-value products [4,5].

Populus clones have been subjected to extensive studies in the United States since the 1920s and
specifically in the southeast since the 1960s [6]. The adaptation of poplars to growing conditions
is greatly dictated by, among other things, clone varieties and the quality of sites [4,7]. Moreover,
previous studies involving multiple poplar clones and genotypes have shown great variations in clonal
productivity [4,6,8–11]. Some of these studies have shown that genotype–environment interactions
can affect poplar productivity [9,11]. The early results of a study comparing several Populus clones,
native hardwoods, and eucalyptus species in the southeastern United States showed that Populus
had superiority in growth and survival compared to other species [12]. Another early growth study
indicated that although poplars can be highly productive, clonal and genotypic suitability to site
conditions is a decisive consideration for its success as an SRWC [11].

An insight into poplar productivity and clonal and genotypic adaptability to growing conditions
(site quality, land marginality, topography, and soil management) and physiography is crucial for
identifying the best poplar varieties to grow under a particular set of conditions and for maximizing the
efficacy of poplars as SRWCs. In the southeastern United States, such a study is greatly significant due
to the physiographic variations in the region, which includes the Blue Ridge Mountains, the Piedmont,
and the Coastal Plains, and the various growing conditions that can be considered for growing SRWCs.
This information regarding clonal and genotypic adaptability to growing conditions and physiography
can be applicable to eastern and southeastern states such as Pennsylvania, Maryland, Virginia,
Tennessee, North Carolina, South Carolina, and Georgia, which have the mountain–Piedmont–coastal
physiographic variations.

The objectives of this study were to examine how physiography, topography, and growing
conditions in the southeastern USA can affect the adaptability and green wood biomass (hereafter
biomass) of poplars, and whether poplar wood properties and composition vary due to position on
tree stem, clone effect, and physiography. The following hypotheses were formulated:

1. The woody biomass proportions of stem and branches, the allometry between dimensions (height
and stem diameter), and the woody biomass of poplars are affected by sites and clones.

2. The biomass productivity rankings of poplar clones are affected by physiography.
3. The biomass productivity rankings and adaptability of poplars (within a physiographic region)

are affected by growing conditions including the marginality of lands, soil preparation,
topographic positions (upslope versus downslope), and aspects of the land.

4. The density, moisture content, and carbon and nitrogen concentrations of the wood of poplars
are affected by site, clones, and position on trees (basal, breast height, top).
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2. Materials and Methods

2.1. Description of the Study Sites

The study sites were located in North Carolina, and represented three physiographic provinces
present in the eastern and southeastern USA, namely the Coastal Plains, the Piedmont, and the Blue
Ridge Mountains (Table 1). The main physiographic feature of this study was altitude. Furthermore,
four weather-related site variables were studied: Growing degree days (GDD) using 10 ◦C as
a base temperature, total amount of precipitation and irrigation, Penman–Montheith reference
evapotranspiration (ETo), and photosynthetically active radiation (PAR). GDD and ETo increased as
the altitudes of the physiographic regions decreased. The totals of GDD, precipitation and irrigation,
ETo, and PAR at the sites for the 4-year study are presented in Figure 1.

Table 1. Details of the locations, physiography, and growing conditions of the sites where stands used
for the biomass sampling and growth monitoring of poplar trees were located.

Site; Altitude (m,
above Sea Level)

Latitude; Longitude Physiography
Precipitation;

Irrigation (mm
year−1)

Soil Texture Planted

Salisbury (SB); 215 35.6974; −80.6219 Piedmont 1118 Loam 2014

Mills River (MR); 630 35.4272; −82.5589 Lower southern Blue
Ridge Mountains 1261 Loam 2014

Laurel Springs (LS);
975 36.4023; −81.2971 Upper southern Blue

Ridge Mountains 1244 Sandy clay
loam 2014

Williamsdale (WD); 26 34.7641; −78.0983
Coastal Plain

1400 Loam 2013
Gibson (GB); 76 34.7672; −76.5962 1300; 1102 Loamy sand 2013

Tidewater (TW); 5 35.8555; −76.6508 1200; 550 Loam 2014
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Figure 1. Totals of (a) growing degree days (GDD) based on a base temperature of 10 ◦C,
(b) precipitation and irrigation, (c) Penman–Montheith reference evapotranspiration, and (d)
photosynthetically active radiation (PAR) at the sites during the 4-year study.
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The clones, genomic groups, and experimental designs used for the current study are presented
in Table 2. Site preparation entailed weed control using mowers and post-emergent (Gly Star®Pro,
Albaugh, INC., Ankeny, IO 50021, USA) and pre-emergent (Pendulum®3.3 EC Herbicide, BASF
Corporation, Research Triangle Park, NC 27709, USA) herbicides, and subsoiling using a V-Ripper.
Trees were planted in early spring as 30-cm-long cuttings. Prior to planting, the cuttings were immersed
in water for 48 hours. Post-establishment weed control at all study sites entailed banding as needed
with Gly Star®Pro along tree rows and mowing as needed between tree rows.

Table 2. Details of the experimental design, clones, and genomic grouping used for the study of the
effects of physiography and growing conditions on poplar woody productivity, biomass allocation,
and wood properties and composition. At Salisbury, three separate trials were used: SBC (randomized
block design or RBD) with a 2500-tree/ha density, and SBS2 × 1 (CRD) and SBS2 × 2 (CRD) with
5000-tree/ha and 2500-tree/ha densities, respectively. Two separate LS trials were used: LS2 × 2 with
a 2500-tree/ha density and LS1 × 1 with a 10,000-tree/ha density. WDD and WDSS denote disking
and subsoiling treatments of soil preparation used at Williamsdale, respectively. Gibson (GB) and
Williamsdale (WD) had the same clones and design details.

Study Effects and Stands (Trees per ha) Genomic Groups (Clones) Design

Physiography

MR (lower Blue Ridge Mountains, 2500);
SBC (Piedmont, 2500)

DD (140, 177, 210, 373, 379);
TD (185, 187, 188, 229, 302, 339, 342, 5077) RBD

TW (Coastal, 5000); SBS2 × 1 (Piedmont,
5000) DD (140, 312, 356); TD (187, 188, 302, 342)

CRD

LS2 × 2 (upper Blue Ridge Mountains,
2500), SBS2 × 2 (Piedmont, 2500); WD
(coastal, 1495)

DD (140, 176, 356); TD (185, 187, 188, 229)

Growing
Conditions

Land marginality (coastal, 1495): WD vs
GB

DD (140, 176, 356, 373); DM (230);
TD (185, 187, 188, 229, 339)

Soil preparation (coastal, 1495): WDD,
WDSS

DD (140, 176, 356, 373); DM (230);
TD (185, 187, 188, 229, 339)

Land topography and aspect (upper Blue
Ridge Mountains, 10,000): LS1 × 1 (upper
Blue Ridge Mountains)

DD (176, 210, 312, 356, 373, 379, 419, 426, 443);
TD (185, 187, 188, 229, 339, 342);
DM (230); DN (DN-34, OP-367)

RBD: Randomized block design; CRD: Cluster randomized design; D: Populus deltoids; T: Populus trichocarpa; M:
Populus maximowiczii; N: Populus nigra.

2.2. Data Collection

Tree height and stem diameter at breast height (DBH), which is 1.3 m above the soil surface, of
all trees at the study sites were measured at the end of fourth year of growth. Whole-tree destructive
sampling was carried out in March and April 2016 on 3-year-old trees representing small, medium, and
large trees of clones 140, 187, and 188 from stands at Salisbury (SB) in the Piedmont, Mills River (MR)
in the lower southern Blue Ridge Mountains, and Laurel Springs (LS) in the upper southern Blue Ridge
Mountains. These three clones were selected for destructive sampling because of their availability at
almost all stands located in the above three physiographic regions, and the total number of sampled
trees, 30, included 10 trees from each clone. The classification of the trees as small, medium, and large
were clone- and site-specific. That is, at each site and for each clone, three size classes were formed
based on the tree height measurements at the end of 2015, namely, the bottom third (small), the middle
third (medium), and the top third (large). From these clone- and site-specific classes, one random tree
per clone per class was harvested at LS and MR (a total of nine trees at each site); whereas four trees
were randomly sampled per clone at SB, including one small, two medium, and one large tree (a total
of 12 trees). Prior to cutting down the trees, stem diameters at breast height (DBHs) and total heights
were measured. The total fresh biomass of the trees (wood and foliage) was determined using a scale
mounted on a tall sling, ensuring that the samples being measured were fully suspended. After the
total tree biomasses were determined, all leaves were removed, and the leafless samples were weighed
to determine the total fresh wood biomasses. The tree stem biomass was determined by weighing
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tree stems after removing branches and twigs. Cross-sectional fresh wood samples (5 cm high) were
collected from the base, breast height, and two-thirds of tree height positions, and their weights were
recorded. The samples were placed in air-tight containers and kept in a cool and dry place for further
processing in the laboratory. The cross-sectional wood samples were oven-dried at 60 ◦C until constant
masses were obtained. The samples were then sent to the Forest Genetics and Biological Laboratory
of the US Forest Service—Southern Research Station located in the Research Triangle Park in North
Carolina for the determination of wood density, wood moisture, and carbon and nitrogen contents (%).

2.3. Data Analyses

A generalized linear model (GLM) analysis using Proc GLM of SAS [13] (α = 0.05) was applied for
analyzing woody biomass allocation to stems and branches and the elemental composition (carbon and
nitrogen), moisture content, and density of the wood (Hypotheses 1 and 4). The GLM was applied due
to its flexibility in handling error distribution models with both normal and non-normal distributions.
Where there were significant interaction effects, Proc Slice (SAS) was applied to further examine if all
clones had interaction effects, and to identify clones showing interactions and those that do not show
interaction effects. Clone-specific, site-specific, and generalized (all-data) allometric equations were
derived by plotting volume indices (height multiplied by DBH squared) of the sampled trees against
the ratio of the destructively sampled fresh woody biomass and mean wood density obtained from
the cross-sectional wood samples. An analysis of covariance (ANCOVA) was applied using Proc REG
(SAS) to examine if the allometric equations were significantly different (Hypothesis 1). ANCOVA
was used because it enables correlation analysis between independent and dependent variables while
meeting the assumptions of linearity between the variables, normality and independence of error
terms, and homogeneity of error variances. Based on the ANCOVA results, the generalized wood
volume equation was used to estimate the green wood biomass of standing trees using the average
wood density and the heights and DBHs of standing 4-year-old trees. The wood biomass estimates
were used to examine and compare the effects of physiography, land, and growing conditions on
poplar productivity and adaptability.

Biomass analyses entailed ranking the biomasses of clones at individual sites and examining
how the rankings would change with changes in physiography and growing conditions. With the
ranking-based assessment, it was possible to concentrate on the site and physiographic variables
in question while avoiding errors that could arise from potential differences in confounding factors
between sites. For each study, an additional comparison of percentage changes in the green wood
biomass of common clones at the paired sites was added to examine productivity differences between
the sites. For analyzing physiography effects on poplars, a non-parametric significance analysis known
as the Kruskal–Wallis test was applied using the SAS procedure Proc NPAR1WAYS to the clonal
comparisons or ranks of wood productivity as the normality conditions of some of the studies were not
met. For analyzing the effects of growing conditions on poplars, the Proc GLM (SAS procedure) was
applied and where interaction effects existed, while the Proc SLICE (SAS) was applied to check if the
interaction effects were present at all levels of the interacting factors/treatments. The effects of land
topographic positions and aspects on poplar wood biomass were examined using LS1 × 1 (Table 2),
which included three plots with mean slopes of 14%–14.7% and upslope and downslope topographic
positions on each plot. The aspects of the plots were southerly aspect or south-facing slope (N to S),
westerly aspect or west-facing slope (N47E to S47W), and southwesterly aspect or southwest-facing
slope (N65E to S65W). The Proc GLM (SAS) was applied for analyzing the effects and, where there
were interaction effects, the Proc SLICE (SAS) was applied to examine the presence of interactions at
various levels of the interacting treatments/factors.
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3. Results

3.1. Woody Biomass

Based on the biomass sampling, woody biomass allocation to branches and stems was not
significantly affected by clone, site (physiography), and clone–site interaction (Figure 2). Clonal
(p = 0.3148), site (p = 0.2998), and clone–site interaction (p = 0.4334) effects on the correlation between
volume and volume index (H × DBH2) were insignificant. Hence, the following generalized equations
were developed:

Volume (m3) = H × DBH2 × 0.99185 + 0.00188 (R2 = 0.94) (1)

Biomass (t) = volume × wood density × 0.001 (2)

Green wood biomass (kg) = 408.31 × H × DBH2 − 0.2883 (R2 = 0.98) (3)

Green wood biomass (kg) = 2656.7 × DBH2 − 0.2923 (R2 = 0.98) (4)

where volume and biomass denote the volume and the biomass of the green wood of poplars, the unit
of H and DBH is meter (m), and wood density (kg/m3) is the mean density of wood samples from all
tree positions of all trees sampled.

 

Figure 2. Biomass-based percentages of stem wood (from the total tree wood) for three sampled clones
(140,187, and 188) sampled from stands located in the upper Blue Ridge Mountains (LS), the lower Blue
Ridge Mountains (MR), and the Piedmont (SB) of North Carolina.

Green wood biomasses of all studied clones (Sections 2.3, 3.2 and 3.3) were estimated using
Equations (1) and (2); direct estimations of poplar woody biomass using Equation (3) or Equation (4)
were identical to biomass estimates obtained from Equations (1) and (2).

3.2. The Effects of Physiography on Adaptability and Biomass Productivity

Many of the studied sites showed an absence of significant clonal differences (at p > 0.05). However,
differences in physiography led to some changes in the clonal rankings and significance of clonal
differences. There were significant clonal differences in biomass at MR (p = 0.018) but not at SBC
(p = 0.1981), and there were differences in clonal standings between the sites (Figure 3a). The biomass
of all studied clones was much higher at SBC than it was at MR. DD clones were affected by site
changes to a much greater extent (approximately 1570% to 5000% increases) than TD clones (Figure 3b).
Noting that only the GDD during the growth period was considerably higher at SBC than it was at
MR, it can be inferred that the biomass increases of the clones could mainly be attributed to better soil
fertility at SBC.

199



Forests 2019, 10, 118

 

Figure 3. Four-year-old green wood biomass (tonne/ha) of non-irrigated poplars located in (a) the
lower Blue Ridge Mountains (MR) and (b) the Piedmont (SBC), and (c) increases (%) of clonal biomass
at SBC relative to those at MR.

A comparison of poplars in the Piedmont (SBS2 × 1) vs the Coastal Plain (Tidewater, (TW)) with
the same planting density (5000 trees/ha) showed that clonal biomass differences were significant at
TW (p < 0.0001) but not at SBS2 × 1 (p = 0.0534). Regardless of the physiographic differences between
the Piedmont (SBS2 × 1) and the Coastal Plains (TW), and although the TW stand was irrigated,
both SBS2 × 1 and TW stands had common high-performing (140 and 356) and low-ranked clones
(302 and 188) (Figure 4a). The TD clones showed biomass improvements at SBS2 × 1 compared to
those at TW, while DD clones showed increases or decreases to a lesser extent at SBS2 × 1 compared to
those at TW (Figure 4b). It should be noted that TW had considerably higher GDD and precipitation
than SBS2 × 1. It is also worth noting that the biomass increases of clone 140 were outstanding at
lower-precipitation (irrigated) sites.

 

Figure 4. (a) Four-year-old green wood biomass (t/ha) of poplar stands located in the Piedmont
(SBS2 × 1, non-irrigated) and in the Coastal Plains (TW, irrigated) and (b) changes (%) in clonal wood
biomasses at SBS2 × 1 relative to those at TW.

The clonal biomass differences were insignificant at LS2 × 2 (p = 0.1243), SBS2 × 2 (p = 0.2451),
and Williamsdale (WD) (p = 0.1193). The LS2 × 2 and SBS2 × 2 sites had common high-biomass
clones (229,185) and a low-producing clone (187). Although TD clones were the highest producers
at both sites, the clonal rankings changed between the sites (Figure 5a), with DD clones showing
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greater biomass increases at the Piedmont site (SBS2 × 2) than at the upper Mountain site (LS2 × 2),
and TD clones showing variations within 20% (Figure 5b). Most clones had similar productivities in
LS2 × 2 and SBS2 × 2, and it can be inferred that the overall fertility of these sites may be similar.
Irrespective of the possible fertility similarities of the sites, DD clones in general and clone 140 in
particular showed greater increases in wood biomass at the sites where the GDD was higher even when
the precipitation was lower. Some variations in clonal rankings also occurred between WD and SBS2
× 2 (Figure 5a). Overall, tree growth was similar at the sites, while the per-hectare productivity was
higher at SBS2 × 2 due to the higher planting density. However, the selected weather-related variables
(GDD, precipitation, and PAR) were higher at WD than those at SBS2 × 2. The greatest growth increase
(75%–118%) at SBS2 × 2 compared to that at WD was achieved by TD clones, while DD clones had a
much lower proportional increase (9%–45%). The clonal rankings were more definite at LS2 × 2 than
at WD, and there were changes in the rankings between the sites (Figure 5a). The higher precipitation
at LS2 × 2 may have contributed to the higher overall productivity at the site compared to that at WD.
All clones that had higher productivity at LS2 × 2 were TD, and all DD clones had greater biomass at
WD (Figure 5b), which had a higher 4-year total GDD and lower precipitation.

 

-100% 

0% 

100% 

200%

300% 

400% 

500% 

600% 

18
5 

(T
D

) 

22
9 

(T
D

) 

18
7 

(T
D

)

18
8 

(T
D

) 

17
6 

(D
D

) 

35
6 

(D
D

) 

14
0 

(D
D

) 

22
9 

(T
D

) 

18
8 

(T
D

) 

18
5 

(T
D

) 

18
7 

(T
D

)

17
6 

(D
D

) 

14
0 

(D
D

) 

35
6 

(D
D

) 

35
6 

(D
D

) 

14
0 

(D
D

) 

17
6 

(D
D

) 

18
7 

(T
D

)

18
5 

(T
D

) 

22
9 

(T
D

) 

18
8 

(T
D

) 

Salisbury(SBS 2x2)/Williamdale(WD) Laurel Springs(LS 2x2)/Williamdale(WD) Salisbury(SBS 2x2)/Laurel Springs(LS 2x2)

B
io

m
as

s 
ch

an
ge

s 
be

tw
ee

n 
si

te
s

(b)

0

50

100

150

200

250

185 229 176 356 140 188 187 140 356 176 185 229 188 187 229 185 188 176 187 140 356

Salisbury (SBS 2x2) Williamdale (WD) Laurel Springs (LS 2x2)

G
re

en
 W

oo
d 

B
io

m
as

s (
t/h

a)

(a)

Figure 5. (a) Four-year-old green wood biomass (t/ha) of non-irrigated poplars located in the Piedmont
(Salisbury, SBS2 × 2) and the upper Blue Ridge Mountains (Laurel Springs, LS2 × 2) and the Coastal
(WD) Plain; (b) clonal biomass changes (%) at SBS2 × 2 and LS2 × 2 relative to those at WD, and at
SBS2 × 2 relative to those at LS2 × 2.

3.3. The Effects of Growing Conditions on Adaptability and Biomass Productivity

Differences in the growing conditions led to some changes in the clonal rankings and significance
of clonal differences of wood biomass productivity (at p > 0.05). In the Coastal Plain, clonal differences
in biomass were significant at Gibson (GB) (p = 0.03) but not at WD (p = 0.0534). The biomass of all
studied clones was much higher at the non-irrigated agricultural land at WD than at the irrigated
marginal land at GB, with the exception of clones 187 and 339. The clonal ranking of biomass differed
between the sites (Figure 6a), which could be due to fertility differences between the sites rather than
any of the weather variables considered since none of these variables were higher at WD than they
were at GB. The greatest growth responses (500%–655% increases) associated with changes in sites
were experienced by all clones belonging to the DD genomic group with the TD clones showing 156%
or less biomass increases at WD than at GB (Figure 6b).
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Figure 6. (a) Four-year-old green wood biomass (t/ha) of poplars located in the Coastal Plains under
irrigated (GB) and non-irrigated (WD) conditions; (b) clonal biomass increases (%) at WD relative to
those at GB.

There were significant clonal differences in biomass in subsoiled plots (WDSS, p = 0.0091) but
not in disked plots (WDD, p = 0.3245), as shown in Figure 7a. Overall, the average biomass was
higher in WDSS (52 tonne/ha) than in WDD (43 t/ha). Most clones produced significantly greater
biomass (>20%) in WDSS than in WDD, while the reverse was true for clone 187 (Figure 7b). With the
exception of clone 339, biomass increases in WDSS compared to WDD were greater for DD clones than
for TD clones.

 

Figure 7. (a) Four-year-old green wood biomass (t/ha) of non-irrigated poplar stands in the coastal
region (WD) using two soil preparation methods; (b) increases (%) in clonal wood biomass at subsoiled
plots (WDSS) relative to those at disked plots (WDD).

The results of the analysis of the effects of land topography and aspect on mean wood productivity
of poplars (Figure 8) at clonal and genomic-group levels are presented in Table 3. The significance
of the clone–aspect–position interaction effects was present for both upslope and downslope land
positions and all land aspects, but not all clones showed the interaction effect. Clones 176, 419, 426,
and 443, all of which belong to the DD genomic group, and clone DN-34 (DN) did not show interaction
effects with the positions and aspects of the land. The genomic group–aspect interaction effect
occurred in the southerly (south-facing) and the westerly (west-facing) plots but not in the southwest
(SW)-facing plot, and was seen in TD and DM clones but not in DD and DN clones. The aspect–position
interaction effect occurred in the SW-facing plot only while the interaction effect was present for both
topographic positions.
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Figure 8. Mean green wood biomass (t/ha) of high-density (10,000 trees/ha) and non-irrigated poplars
after 4 years of growth at a study site in the upper Blue Ridge Mountains.

Table 3. Results of statistical analyses of the effects of topographic position (upslope vs. downslope)
and aspect of the land as well as possible interactions with clones and genomic groups on the wood
productivity of poplars.

Clone Genomic Group

Effect F Value p Effect F Value p

Clone
Topographic position
Aspect
Clone–position interaction
Clone–aspect interaction
Aspect–position interaction
Clone–aspect–position interaction

52.2
1.4
70.7
2.7

15.2
1.3
3.2

<0.0001
0.2325

<0.0001
0.0002

<0.0001
0.2754

<0.0001

Genomic group
Topographic position
Aspect
Genomic group–position interaction
Genomic group–aspect interaction
Position–aspect interaction
Genomic group–aspect–position interaction

146.2
2.8
65.1
0.8

26.3
4.8
1.7

<0.0001
0.0906

<0.0001
0.5137

<0.0001
0.0086
0.1083

3.4. Wood Properties and Composition

3.4.1. Wood Density

Figure 9 presents the wood density of poplar clones based on samples obtained from various
positions on the tree and from three sampling sites. The wood density was significantly affected
by clone (p < 0.0001), site (p < 0.0001), position on trees (p = 0.0016), and clone–site interactions
(p = 0.0356). The results of Proc Slice (SAS) show that the clone–site interaction effects were present for
the three clones (140, 187, and 188; p ≤ 0.0001), and at SB (p < 0.0001) and LS (p = 0.001) and but not at
MR (p = 0.2573).

 

Figure 9. Wood densities (kg m−3) at various tree positions of three poplar clones (140, 187, and 188)
from stands located in the Piedmont (SB), the upper Blue Ridge Mountains (LS), and the lower Blue
Ridge Mountains (MR).

3.4.2. Wood Composition

The nitrogen content of the wood (%) was significantly affected by site (p = 0.0105) and
position on trees (p < 0.0001), but clonal differences were not significant (p = 0.2963) as shown in
Figure 10a. The wood carbon content (%), on the other hand, was significantly affected by site only
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(p = 0.0063). The wood moisture content was significantly affected by site (p < 0.0001), position on
trees (p < 0.0001), and interaction effects including clone–site (p = 0.0002), site–position (p = 0.0098),
clone–position (p = 0.0009), and clone–site–position (p = 0.0002) interactions. However, the clonal effect
was insignificant in characterizing the variability in moisture content (p = 0.2819).

 

Figure 10. (a) Nitrogen content (N, %) and (b) moisture content by mass (%) of poplar wood at various
tree positions for three clones (140, 187, and 188) sampled from stands located in the Piedmont (SB),
the upper southern Blue Ridge Mountains (LS), and the lower southern Blue Ridge Mountains (MR).

Based on the results of Proc Slice (SAS), the clone–position interaction effects were present for the
three clones sampled (140, 187, and 188; p ≤ 0.0100), especially at DBH (p = 0.0003) but not at the basal
position (p = 0.3846). The site–position interaction effects were significantly present at the three sites (LS,
MR, and SB; p ≤ 0.0026) and at the basal tree position (p ≤ 0.0100), but were marginally significant for
DBH position (p = 0.0582) and insignificant at the tree-top position (p = 0.5426). Clone–site interaction
effects were significant for all sites (p ≤ 0.0114) and for clones 140 and 187 (p < 0.0001) but not for
clone 188 (p = 0.1847). In other words, the wood moisture content of clone 188 did not significantly
vary among the sampled sites, and hence had no contribution to the clone–site interaction effects
was reported. The clone–site–position interaction effects were present for all sites, positions (on tree),
and clones.

4. Discussion

Several global studies have corroborated that the biomass productivity of poplars is greatly
affected by clones and parentage [9,14–18]. Nevertheless, clonal rankings of wood volume after 1 year
of growth in the upper southern Blue Ridge Mountains (LS) and the Piedmont (SB) were considerably
different [11] from the 4-year woody productivity rankings of the current study. In another study,
the height-based clonal ranks of 1-year-old poplar trees were not adequate indicators of rankings at
medium and later stages of rotations [19]. For poplars, clonal survival after 1 year generally indicates
a successful root development; yet, some clones suffer subsequent high mortality resulting from a
lack of adaptability to growing conditions [6]. This leads to an overall decline in productivity on a
per-area basis. The findings of the current study were in agreement with the results of Fortier et al. [4],
indicating that poplar clonal differences in stem biomass were significant and that site had a greater
effect on productivity.

A remarkable observation of the current study was regarding the response of genomic groups
to changes in growing conditions. Improved growing conditions within the same physiography and
physiographic differences between the Blue Ridge Mountains and the Piedmont prompted greater
productivity increases from DD clones than from other genomic groups. Conversely, physiographic
differences between the Coastal Plains and the Blue Ridge Mountains or the Piedmont and between
the Piedmont and the Blue Ridge Mountains led to greater wood productivity increases from TD
clones than from DD clones. Variations in productivity performances across different growing
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conditions for clones belonging to particular genomic groups were less definite, which generally
agreed with the findings of Verlinden et al. [18], who stated that closely related genotypes are expected
to have similar biomass productivities. Many studies have shown the strong effects of site on poplar
growth and biomass productivity [9,14,16,17,20–23]. One study demonstrated strong effects of soil
conditions and fertility on poplar biomass productivity [17], while another study emphasized that
elevation and fertility of sites have stronger effects on poplar biomass productivity than clones [23].
Our result of biomass productivity performance of pure versus mixed hybrid poplars was contrary to
the results of Reference [24], in which pure poplar species produced greater biomass than mixed poplar
species when growing conditions were non-conducive. Benetka et al. [25,26] found that mixed poplar
species produced greater biomass than pure poplar species under sub-optimal site conditions, while
differences in biomass between pure and mixed poplar species under conducive conditions were not
significant. Moreover, other studies reported contradicting results, with one study reporting no clear
biomass-based advantage of pure or mixed hybrid poplars [16], while others showed the superiority
of interspecific hybrid poplars compared to pure hybrids on the basis of biomass productivity [27–29].
Although differences in water use have been observed among clones [30], poplars vary in water use
efficiency (WUE) at the genotype level [30,31], and the more distinctive productivity differences at the
genomic-group level in the current study could possibly be WUE-related.

The current findings of woody biomass allocation (where clone, site, and interaction effects
were insignificant) were in contrast with the results of a multi-clonal study of 6-year-old poplars [4].
Percentage allocations of wood biomass to stem and branches are likely to vary with different phases
of tree growth. Wood biomass allocation can be used to identify less-branching clones preferable
for high-end wood products, possibly due to the presence of fewer irregularities and lesser pruning
required [4], and to identify suitable silvicultural practices in line with the purpose of the stands.

Although allometric equations were developed using destructively obtained data, the use of the
equations enabled accurate, straightforward, and non-destructive estimations of the growth, biomass,
and carbon storage of trees and forests using easily measurable variables [32]. The use of generalized
equations to estimate green wood biomass in all current sites, including sites not used as data sources
for developing the equations, is supportable by studies that reported most allometric relationships
developed for the same species but different sites to be similar [33] and supported the use of equations
developed for a species in a different place if site-specific or generalized equations for the species are
not present [34]. In the current study, the addition of height as a predictor variable for estimating
biomass did not improve the accuracy of the estimations. Hence, green woody biomass can be reliably
estimated using only the DBH (Equation (4)), which is an important result since DBH is easy to
measure. However, the DBH-only equation used in the work of Zalesny et al. [9] and references
therein (wood biomass = 6.16 − 2.23 DBH + 0.353 DBH2) provided biomass predictions that deviated
significantly (p = 0.0035, t0.05 = 3.20) from both the actual biomass sampled (from SB, MR, and LS) and
the estimates of the allometric equations developed in the current study.

With the ranking-based analysis approach employed in this study, poplar productivity and
adaptability to growing conditions was assessed as an outcome inclusive of variables that change with
sites and physiography. This approach captured real-world planting conditions, including existing
land marginality types and the variability and interactions of growth factors across growing and
physiographic conditions. It was possible to concentrate on the site and physiographic variables in
question with the paired-site approach. Nonetheless, some paired sites likely had different confounding
factors, which makes isolating the effects of a particular growing condition on clones challenging.
The poplars clones ranked as the highest biomass producers after 3 years are the clones that can
be expected to have the highest biomass-based ranking after 10 growth years [6]. Biomass-based
genotype rankings of poplars are also expected to be maintained beyond the first rotation [18]. Hence,
our findings can be used to identify the best-adapting and highest-producing poplar clones and
genomic groups for the duration of rotations under the studied and similar conditions. However,
the woody biomass estimates presented should be interpreted bearing in mind that there is an inherent
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bias of overestimation associated with using trial-scale productivity to estimate productivity at a
production scale [9].

Wood characteristics affect the processing and use of poplar wood. Wood density significantly
differed among sampled sites of the current study, while Headlee et al. [10] reported significant wood
density differences among sites at year 20 but not at year 10. Headlee et al. [10] also reported a
poplar wood density of 267–495 kg/m3 from their study and of 270–500 kg/m3 from other studies
(3- to 22-year-old trees). A mean wood density range of 300–390 g/cm3 was also reported for North
American natural forests including hybrid poplars [3]. In the current study, wood density, based on 80
samples from 30 trees representing three clones and three physiographic regions, had a wider range of
345–578 kg/m3 (mean: 492 ± 58 kg/m3). Poplar wood is relatively weak in many strength criteria
(tensile, compressive, shearing, etc.) but has high transverse strength and elasticity. Still, regional
differences in these strength attributes can be significant [3]. Since a positive correlation exists between
the wood density and the wood strength [35], poplar wood density differences between the current
and the above studies are likely to have implications on wood strength. The processing and the use
of poplar wood are also affected by properties related to wood water content. Due to its high water
content, poplar wood is convenient for specialized cutting and shrinks by as much as 12% (by volume)
when drying, although its shrinking pattern makes the wood prone to deformations [3].

There were three pest attacks by cottonwood leaf beetles (Chrysomela scripta F.) during the current
study, early in the first and the second years of growth at the Piedmont site (SB) and early in the
third year at one of the coastal sites (WD). Early detection of the insects and leaf damages and
prompt treatment of the affected stands with SEVIN®Insect Killer Concentrate (GardenTech®, Bayer
CropScience LP, Research Triangle Park, NC 27709, USA) allowed leafing of the trees in time for
summer. Leaf rust (caused by Melampsora medusae) often occurred toward the end of the growing
seasons at all sites. Although a detailed study on poplar clonal vulnerability to the rust infections was
not conducted, there seemed to be somewhat visible differences in the extent of the rust among some
trees. However, there have not been any definite indications that poplar susceptibility or resistance to
pests and diseases is affected by growing condition or physiography.

Based on the current and cited [6,36] studies, poplars have a great potential for the production of
sustainable woody feedstocks, and their productivity and feasibility can be greatly enhanced provided
that site-suitable genotypes and clones are selected. Optimum stand management is crucial for the
feasibility of the species as an SRWC [6], and should include robust monitoring to prevent and minimize
disease and pest damages. Finally, the economic feasibility of the clones studied cannot be realized
under the current market conditions of smaller-diameter woody feedstocks and feedstock prices.
However, optimally established and managed stands of site-suitable clones growing on productive
sites could have positive economic returns at longer rotations (>7 years) and lower feedstock prices
($30/ton) or at higher feedstock prices (>$36/ton) and shorter rotations (5 years).

5. Conclusions

The green wood productivity, wood properties and composition, and wood biomass allocation
of poplars were examined in relation to site conditions (fertility, irrigation, and soil preparation),
physiography, and land topography (position and aspect). Although not all clonal differences in the
wood biomass were significant, the clonal rankings and the significance of clonal differences were
largely affected by growing conditions and physiography. Changes in poplar wood productivity
due to physiography and growing conditions were more structured at the genomic-group level
than at the clonal level. A higher-altitude physiography led to greater wood biomass increases in
TD clones than in DD clones (compared to a lower-altitude physiography) and vice versa. Within a
physiographic province, favorable growing conditions largely led to greater wood biomass productivity
of DD clones than of TD and DM clones. No clear correlations were observed between poplar
productivity and regional adaptability and weather-related variables (GDD, precipitation amount,
reference evapotranspiration, and PAR). The aspect of the land affected the wood productivity of
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poplar genomic groups and clones significantly. The site significantly affected the wood properties and
composition studied, while clonal effects on wood composition and clonal and site effects on wood
biomass allocation and biomass–dimension allometric relationships were not significant. Although
clones that showed greater biomass responses to growing conditions generally belonged to the same
genomic group, clone-level selection could produce greater wood biomass gains than selections made
at the genomic-group level.
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Abstract: The production and feasibility of Short Rotation Coppice depend on cutting early
performance. The shoot and root biomass production of Salix cuttings in hydroponic conditions
was studied. The amount of sprouted biomass after four weeks of growth depended on cutting
the diameter, but the original position of the cutting along the rod or number of visible buds was
not in correlation with biomass produced. Application of mineral fertilizer or soil originating from
the willow plantation did not increase the total production. On the contrary, the addition of soil
tended to decrease biomass production and we assumed this was a result of a shortage of light.
Under the influence of fertilization, plants allocated greater biomass to roots. Comparison of different
clones revealed that those with S. dasyclados genes tended to allocate less biomass to roots and the
poorest-performing clone in our experiment, also had the lowest wood production in the plantation.
The number of visible buds on the cutting was also clone-specific.

Keywords: clone selection; cutting size; cutting sprouting; production; short rotation coppice; willow

1. Introduction

High quality and good physiological condition of cutting material are key aspects of successful
and economically feasible short rotation coppice (SRC) plantations [1]. In addition to an insufficient
availability of nutrients, unequal plant growth and dieback of cuttings are found to be the main factors
resulting in a decline of production during consecutive SRC harvests [2]. These kinds of problems are
most severe in Salix L. SRC where very high planting densities are usually suggested [3]. In addition
to economic considerations, SRC plantations with variable plant densities and large numbers of gaps
in the SRC vegetation cover can cause ecological problems if the SRC is used as a phytoremediation
site or in terms of vegetation filter [4].

It is especially important to ensure fast, equal sprouting of cuttings with consecutive rapid shoot
growth occur during the first growing season of SRC, since this is the period where the largest seed
bank of weed species in the plantation soil exists and competition between sprouting cuttings and
weeds can be expected [5–7]. Therefore, a lot of attention has been paid to the study of critical factors
that may impact the growth potential of cuttings [8]. Besides the selection of planting material (highly
productive genotypes and vigorous hybrid cultivars), the quality of cutting material survival has been
found to be influenced by pre-planting storage conditions [1], the quality of soil preparation [9,10]
and planting techniques [11]. There are also a number of publications that demonstrate the benefits of
horizontal planting instead of the more typical vertical planting method and include discussion of the
reasonable length of the cutting [12–14]. Moreover, the impact of cutting diameter has been found to
be an important predictor of plant growth and hence when mechanically planting using long rods,
the effectiveness of placing the thinnest top of one rod adjacent to the thickest bottom of another rod is
considered to be arguable [8]. The potential for decreasing the typical cutting length from between
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18 and 25 cm to between 1 and 5 cm (micro-cuttings) in order to minimize plantation costs has also
been studied [15].

Another approach to enhancing the economic feasibility and sustainability of modern agriculture
including SRC management is to promote the distribution of soil microorganisms (fungi or bacteria)
that support nutrient uptake from growing substrate and thus enable a reduction in the use of
mineral fertilizers [16]. The rhizosphere microbiome is considered to be dependent on root exudates
and to be species-specific. Some studies have revealed that Salix can take advantage of specific
fungal assemblages [17,18]. It has been demonstrated that planting of Salix in former permanent
grassland areas resulted with differences in the soil microbial community [19]. Moreover, there is
strong evidence that Salix also has some endophytes in terms of symbionts for nitrogen uptake [20],
hence, the inoculation of planting material with specific microorganisms is suggested [3].

There is information available about the physiological responses of different willow genotypes to
variable water and nutrient conditions in pot experiments (e.g., [21]). During the first growing season
in some genotypes, even a short one-week period of water stress can lead to a significant decrease in
plant biomass and height [22]. Supplementation of nutrients in terms of mineral fertilizer or various
organic residues from human activities (e.g., sewage sludge, wastewater, biogas digestate, etc.) may
increase the biomass increment of young plants significantly [23,24]. Differences in biomass production
can be observed only in cases where large differences exist between the “control” growing substrate
and artificially created altered growing conditions [4]. The maximal fertilization, however, must be
carefully considered, since young cuttings cannot withstand such large doses of additional nutrients or
utilize residues in the same way that mature SRC plants do [23]. The duration of such greenhouse or
pot-experiments however, is usually limited by the size of a growing area or difficulties in maintaining
homogenous artificial growing conditions.

There are greenhouse data available on the leaf phenology of several Salix genotypes that can be
correlated with the wood yield of particular clones in SRC [25,26], little less is known about cutting
biomass production in the absence of additional nutrients or growth substrates. Willow is a species
that is easy to propagate vegetatively by chopping dormant stems into cuttings. New roots on the
cutting sprout from latent root primordia that have been formed during stem development and are
ready to grow as soon as the cutting is placed in a humid environment [27]. However, studies have
shown that Salix species exhibit great variability in bud structure and therefore coppicing ability [28].
Hence the rapid visual evaluation of bud number can be a useful indicator for predicting the early
stage biomass production of cuttings.

While hydroponic experiments have been undertaken to study plant tolerance to a range of
chemicals or to gather information about the synthesis of root exudates [29,30], information from
hydroponic experiments for selecting energy crops, or even SRC planting material is very limited.
However, this can add valuable information about particular clone preferences and shortages.
Therefore, we decided to undertake a repeated experiment with the main aim of gaining an
understanding of whether a quick, cheap, and simple to use method can be reasonably employed to
obtain additional knowledge on those Salix genotypes commonly grown in SRC.

The experiment was designed to test the following hypotheses:

- cutting genotype and diameter is a predictor of early stage biomass
- application of fertilizer and/or microorganisms originating from mature SRC promote the early

stage biomass production of cuttings
- there are significant differences in the sprouting speed and early stage biomass production

between different willow clones
- allocation of photosynthesis products between shoots and roots varies by clones and/or by

applied substances
- early stage biomass production of a cutting can be predicted by counting the number of visible

buds on the cutting.

211



Forests 2018, 9, 378

2. Materials and Methods

The shoots of the willow clones studied, were harvested from the Kambja vegetation filter,
South-Estonia (58◦14′57′ ′ N, 26◦42′39′ ′ E) on 15 April 2009 and 15 April 2010. The harvesting time was
selected to avoid snow cover in SRC and start the experiment before the beginning of the growing
period or any leaf bud burst in Estonian climatic conditions. In the first year, shoots of clones “Tora”
and 78,183 (according to the Swedish clone numbering system) were studied. In the second year,
material from clones 81,090 and “Gudrun” was added to the above clones in the study. Hence the clone
selection represented both clones of Salix viminalis L. (78,183), S. dasyclados Wimm. (81,090) and the
relatively new commercial hybrids of S. dasyclados “Helga” burjatica × S. viminalis (clone “Gudrun”)
and S. schwerinii E. Wolf × S. viminalis (clone “Tora”). In the field the tallest (1.6–2.5 m) one-year-old,
straight shoots from inside the plantation were selected to harvest the rods and cut at 5–10 cm height
above the ground. Within a few hours the collected material was transported to the laboratory for
further experiment preparation the following day.

The experiment (between 16 April and 14 May both in 2009 and 2010) was carried out in a
laboratory of the Estonian University of Life Sciences at a room temperature of between 18–23 ◦C.
The experiment room had large windows facing in a southerly direction and the natural light on
windowsills was considered to be equal for all studied materials. At the start of the experiment the
rods were divided into cuttings of 20 ± 0.1 cm in length as long as their diameter was more than 7 mm
and their location along the rod in terms of position from the ground (1–8), number of visible buds on
the bark and diameters of the apical cutting part were recorded and the cutting was marked using a
waterproof pencil. In total, 120 cuttings per clone in 2009 and 60 cuttings in 2010 were made. After this
procedure, 15 cuttings originating from the same clone were placed in a similar orientation vertically
into a specially designed aquarium-like glass box of 8 × 40 × 25 cm and placed on the windowsill to
get the maximum natural light available. The open glass boxes with different clones were located on
the windowsills alternately and filled to a 15 cm height with water which originated from an open
well near to the Kambja SRC that met all the criteria for drinking water. Since the evaporation from the
boxes was small and no significant algae intervention occurred, we did not add any water or disturb
the glass boxes in any other way during the experiment. The cuttings were placed along the longer
edge (40 cm) of the box and hence the distance between cuttings was more than 2 cm to avoid any
competition for space between young plants during the experiment (Figure S1).

In 2009, every second glass box received 150 g of soil collected from the upper 10 cm of the
Kambja vegetation filter control plots (sandy loam soil with pH 5.5) or/and 10 g of typical solid NPK
(nitrogen, phosphorus and potassium) fertilizer (17.0:3.1:11.6) was added to the ca 4.8 L of water in
the boxes, thus creating four different treatment options (control, fertilizer, soil, and fertilizer + soil)
(Table 1, Figure S2). The application of soil decreased water transparency significantly. In 2010, only the
addition of mineral fertilizer was repeated. Since the space with homogeneous natural light conditions
was limited, this change allowed us to keep the number of cuttings in one treatment constant (n = 30
replicated into two boxes) but to increase the number of clones studied in 2010.

Table 1. Experiment design included four treatments and two clones in 2009 and two treatments and
four clones in 2010. The sample size in each treatment combination was 15. The numbers and text in
bold are further used in the paper as abbreviations to indicate various factors.

Year Treatments Harvesting Clones

2009

Control
Fertilizer 2 weeks from start 78,183

Soil 4 weeks from start Tora
Soil + Fertilizer

2010

78,183
Control 2 weeks from start 81,090

Fertilizer 4 weeks from start Gudrun
Tora
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Two weeks after the start of the experiment (30.04 in both years), each second cutting from each
box/treatment/replication box was harvested. The cutting was taken out of the box and all sprouted
shoots and roots were carefully removed from the cutting with the help of scissors or a razor blade.
All harvested biomass was separately collected into paper envelopes and dried for at least 48 h at
85 ◦C to constant weight. After four weeks of the experiment, the same procedure was carried out
with the remainder of the cuttings.

For statistical analyses the software package SAS System v. 9.4 (SAS Institute Inc., Cary, NC,
USA) was used. In all cases, General Linear Models were exploited, and the significance of all factors
was tested with SAS GLM (generalized linear model). The regressions between cutting diameter and
biomass production were found with Linear Regression Model, the differences between average values
of various datasets were detected with ANOVA or MANOVA procedures Ryan-Einot-Gabriel-Welsh
Multiple Range Test (REGW) and the covariation of different factor combinations analyzed with the
Least Square Means test (LSM). In all cases the confidence level of tests was set to 0.05.

From previous studies we assumed that there is a strong linear correlation between the cutting
diameter and its biomass [8]. In our experiment the studied shoots were younger and the range of
diameters in each data series was variable. Therefore, we found it useful to normalize the biomass
data over the diameter values and used the equation of the GLM linear regression fit for all collected
data (Equation (1)):

Biomass production = a × diameter (year, harvest, treatment, clone, replication) − Intercept (1)

where biomass production is the measured dry biomass (g) of a particular cutting and diameter is the
measured upper diameter of the same cutting in the start date of the experiment.

The slope coefficient from this equation (a), further labelled as ”relative biomass production“,
was calculated separately for each cutting data and used as the dependent variable instead of the
actual biomass production data to enable a more detailed statistical analysis on a range of experiment
factors. In practice this slope indicates the influence of cutting diameter (mm) on the production of
new biomass (g) from the cutting.

3. Results

The general model, that included all experiment data, revealed that the total new biomass
production of cuttings was significantly dependent on study year, on treatment, on clone and on
cutting diameter, but the replication did not add any significant information to the model (Table 2).
Hence, further normalization was necessary as the range of cutting diameters under investigation
varied by clones (e.g., Figure 1). The intercept value of the general linear regression model (R2 = 0.83
p < 0.001) Equation (1) was −0.270173.

Table 2. The results of the multiple ANOVA analysis (R2 = 0.71; p < 0.0001) of the pooled data with
biomass (g) as independent variable. The factors in bold are found to be statistically significant.

Factor Degrees of Freedom F Value p > F

diameter 1 51.29 <0.0001
year 1 47.57 <0.0001
clone 3 3.39 0.0181

harvest 1 776.13 <0.0001
treatment 3 8.70 <0.0001
position 7 0.96 0.4796

replication 1 2.97 0.0855
clonextreatment 5 2.15 0.0584
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Figure 1. Relationship between cutting diameter and biomass production in fertilizer treatment after
two or four weeks in 2009.

The 2009 data show that the relative biomass production was significantly (p < 0.05) affected
by harvesting date, treatment and clone. The other factors studied (the replication and the cutting
position) were found to be insignificant and removed from further analyses. The detailed analysis was
carried out separately for both harvesting dates (Table 3). In both cases the treatment and clone were
significant factors having an impact on relative biomass production. The interaction between these
two factors was found to be insignificant in most cases and hence we assumed that cuttings from both
clones reacted to the treatment in a similar way.

Table 3. The impact of clone and treatment on relative biomass (g mm−1) in 2009.

Factor
2 Weeks 4 Weeks

DF F Value p > F DF F Value p > F

Clone 1 74.91 <0.0001 1 14.74 0.0002
Treatment 3 22.90 <0.0001 3 17.42 <0.0001

clonextreatment 3 2.37 0.0743 3 4.52 0.0049

The statistical analyses of pooled data from both clones revealed that the application of different
materials to the water boxes did not have any positive effect on the biomass production of the cuttings
after four weeks of treatment when compared to the control dataset in 2009 (Figure 2). In contrast,
soil (S) supply decreased the production alone and in combination with fertilizer (S+F) both when
the biomass production was measured after two weeks or after four weeks from the start of the
experiment. At the end of the experiment a negative impact of the fertilizer application was also
detected on clone 83, but this pattern was not found to be statistically significant, when the clone factor
was excluded from the analysis.

In order to better understand the impact of the treatments on cutting biomass production we
also studied the ratio between shoot and root biomass production. At the end of the experiment the
cuttings which were treated with fertilizer alone or in combination with soil tended to have a smaller
shoot to root ratio than cuttings from other treatments (Figure 3).
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Figure 2. The average relative biomass production, at four-week harvest, by cuttings originating from
different clones and treatments (C—control; F—fertilizer, S—soil; S+F—soil and fertilizer) in 2009.
The bars represent SE (n = 14–15). The particular clone values with distinct letters (capitals for clone 83
and lowercase for clone Tora) differ from each other significantly (REGW test).
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Figure 3. The average ratio between cuttings’ shoot and root biomass productions of various clones
and treatments at the end of the experiment in 2009 (C—control; F—fertilizer, S—soil; S+F—soil and
fertilizer). The bars represent SE (n = 14–15). The particular clone values with distinct letters (capitals
for clone 83 and lowercase for clone Tora) differ from each other significantly (REGW test).
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The variability of relative biomass production by clones was studied in detail on the basis of
the data from 2010. In this year the covariation of clone and treatment factors were insignificant
both in two-week harvest and four-week harvest data (Table 4). These results enabled pooling of the
data excluding the fertilization factor during this year and to increase the sample number for further
analysis. We found strong evidence that the relative biomass production was clone-dependent. Biomass
production for all the clones studied was approximately the same during the first two weeks and the
final two weeks of the experiment. Clone 90 had significantly lower relative biomass production per
cutting diameter than the rest of the clones studied for both the two-week and four-week harvest
dates (Figure 4).

Table 4. The impact of clone and treatment on relative biomass (g mm−1) in 2010.

Factor
2 Weeks 4 Weeks

DF F Value p > F DF F Value p > F

clone 3 20.97 <0.0001 3 5.87 0.0009
treatment 1 15.59 0.0001 1 71.15 <0.0001

clonextreatment 3 0.89 0.4487 3 0.14 0.9349
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Figure 4. The average relative biomass production by cuttings originating from different clones during
two or four weeks in 2010. The bars represent SE (n = 30). The values of particular harvest time with
distinct letters differ from each other significantly (REGW test).

The lower relative biomass growth of clone 90 was accompanied by the smaller biomass of sprouted
roots: The shoot/root biomass ratio of this clone was significantly larger than that of other clones (Figure 5).
Clone Gudrun also had a larger shoot/root production compared with clones 83 and Tora.

Analysis of the 2010 data also shows that the number of visible buds on cuttings was an unreliable
parameter for predicting absolute biomass production when harvested after the first four weeks.
No significant relationship was found between the number of visible buds and cutting biomass
production by clones (R2 < 0.15 in all cases) either (Figure 6). However, the General Linear Model
revealed that both the cutting diameter and clone were significant factors for predicting the number of
buds on the cutting (p < 0.0001 and p < 0.05, respectively), but the model reliability was rather low
(R2 = 0.29). Inclusion of data about the origin of the cutting from the donor rod did not improve the
model neither was this factor significant. The detailed analysis demonstrated that the pattern between
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cutting diameter and number of visible buds varied by clones (Figure 7). For clone 83 there was a
tendency to positive correlation (R2 = 0.10) between cutting diameter and the number of buds. At the
same time clone Tora tended to have a similar number of buds regardless of the cutting diameter.
In many cases no visible buds were detected on cuttings and it was especially difficult to detect buds
in clone 90, where 28 cuttings out of 60 were marked with 0 visible buds. The number of cuttings from
clone Tora with no visible buds was tenfold smaller than that of clone 90 in our experiment. Hence,
the average numbers per cutting were 7.7; 6.0; 5.0 and 1.8 for Tora, 83, Gudrun and 90, respectively.
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Figure 5. The average ratio between shoot and root biomass for cuttings of various clones at four-week
harvest in 2010. The bars represent SE (n = 30). The values with distinct letters differ from each other
significantly (REGW test).
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4. Discussion

Our lab-scale experiment with Salix cuttings revealed that there are some patterns in the biomass
production and allocation between roots and shoots that can be linked with studied factors. In general,
hydroponic conditions differ from the natural growing environment by both unlimited water supply
and more anaerobic conditions of rhizosphere. However, to our knowledge the studied Salix species
in nature prefer wet growing conditions. Therefore we assume that both their roots and potential
symbiotic microorganisms behaved as usual in our laboratory conditions. In this case our study results
do not contain only purely new scientific information but can be extrapolated to the practical SRC
establishment as well.

The strong linear regression between cutting diameter and the biomass of newly formed roots and
shoots detected in these experiments has also been reported by other scientists [8,31]. This phenomenon
is most probably caused by the larger volume of products from photosynthesis stored in cuttings of a
greater diameter, thus larger volumes of energy were available for new biomass growth. The intercept
reciprocal value of the regression model (−0.270173 in our case) indicates the minimal hypothetical
value of the cutting diameter that is still able to produce new biomass. The crucial numeric value of this
parameter for each clone that marks the lower diameter limit for vigorous cuttings which are capable
of sprouting can be calculated by dividing this constant with the relative biomass production value
for particular data series. These critical diameters are much lower than the cutting diameters that are
currently used for practical SRC establishment in order to avoid cutting debarking or breaking. However,
this information can contain useful additional information for planning manual planting, operating with
micro-cuttings or assuming the reasonable rod length for horizontal planting of Salix shoots [14].

Differences in the available cutting diameter range for various clones was the reason for using the
normalized biomass production number in our analysis instead of absolute values. This correction
evened out the differences in the cutting biomass production of clones 93 and Tora in 2009. Moreover,
this analysis gave a negative result to our hypothesis, that the original position of cuttings on the rod
may have an impact on the biomass production of cuttings of the same diameter. Cuttings with a given
diameter from apical parts of rods are reported to have a larger biomass production than cuttings
originating from basal parts, but this result was not confirmed by our study with other Salix clones.
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The lack of statistical relevance for replication/box number in our general model revealed that
both boxes with particular clone/treatment cuttings were located in equal environmental conditions in
the laboratory. Differences in both absolute and relative biomass production by study years are most
probably caused by differences in the available direct sunlight by years that could also have a slight
impact on the water temperature. After four weeks of experiment in 2010 both Tora and 83 control
series produced significantly less biomass per cutting diameter than in 2009. According to the Estonian
Weather Service database (I.Saaremäe, personal communication) in the closest weather station to our
experiment location there was 15% less direct sunshine in April 2010 than in the previous year. Hence,
we conclude that light conditions during sprouting are important and the results obtained in different
weather conditions cannot be compared in detail.

We did not detect any leaf discoloration or any other symptom of nutrient deficit during the
experiment even in the control treatment without any nutrient supply. Application of soil originating
from the local SRC had no positive effect on the relative biomass production of cuttings both alone and
in combination with fertilizer. There can be two explanations for such a result. First, we cannot be
sure if we got sufficient useful microorganisms from the SRC soil to promote Salix growth or if they
were able to survive in anaerobic hydroponic conditions. Second, it is possible that in the sprouting
stage no support from microorganisms is available or required. Even more interesting however, is that
the harvested biomass of soil-treated cuttings was significantly lower both at two and four weeks
from the experiment start and with the ratio of shoots and roots biomass remaining similar with
the control series. Since all growing conditions, with the exclusion of water transparency, remained
the same, we have to assume that cutting bark is sensitive to light capture. As this phenomenon
appeared throughout the experiment, light availability does not only trigger cuttings’ sprouting but
most probably also has a positive impact on biomass production without changing the resource
allocation between roots and shoots. The phenomenon of carbohydrate refixation by plant’s green
parts, other than leaves, is reported to occur in Populus tremula L. [32]. This hypothesis is also supported
by the report by S. Edelfeldt et al that shoots emerge from the ground more quickly from shallower
horizontally planted cuttings than those from deeper planted [12], as in this case some differences in
the light availability can also be expected.

For practical SRC establishment it is usually recommended that cuttings are planted in the ground
with no more than 1–2 cm of soil on top to avoid drought impacting cuttings before root formation [33].
However, if light availability is important to promoting the speed of cutting biomass production in
both above and below ground parts, it is perhaps useful to cover the upper part with a material which
could avoid evaporation yet allow light penetration to promote fast sprouting of cuttings followed by
rapid growth and thus avoid competition with the weeds.

Application of the fertilizer in 2009 did not have any significant impact on cuttings’ relative
biomass production and changes were noticeable with only one clone. Repeating the experiment
with the same fertilizer a year later did not confirm any significant differences either and therefore
we conclude that additional nutrient availability is not important for cutting biomass production at
this stage of growth or the fertilizer concentration in our experiments was too low to have any impact
on the cutting productivity. However, in 2009 we found that newly formed biomass in treatments
with fertilizer tended to be allocated towards the roots. This indicates that the cuttings were sensitive
to nutrients in the hydroponic conditions and allocated their resources to get access to them. Such a
plant strategy may be disadvantageous for practical SRC establishment into fertile soil. In this case the
young Salix plants that allocate more of their resources to root production and less to shoot production
suffer more from competition for light with weeds that have an opposite strategy.

It has been claimed that some of the new commercialized Salix clones have an earlier bud burst
than others [8,25]. Our experiment in 2010 which included four Salix clones did not reveal any
differences in cutting sprouting speed that could be detected by the biomass production during
the first two weeks of the growing period. Biomass production during the final two weeks of the
experiment was almost the same as that of the first two weeks, indicating similar growing speeds
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for all studied clones in the early growing stage. Clone 90 (S. dasyclados), had the lowest relative
biomass production at the two-week stage and its cuttings also performed the poorest at the end of the
experiment. This result concurs with our data from the cuttings original SRC where clone 90 also had
the lowest biomass production per plant during the first rotation cycle [34]. This confirms the statement
from our Swedish colleagues that pot-experiment results enable the prediction of performance of the
plants in the field [35]. Clone 90 also had a significantly higher shoot/root production ratio than the
other clones. Higher shoot production compared to root production than in the rest of the clones
studied, was also detected in clone Gudrun. This hybrid clone also has some S dasyclados genes from
its ancestors and therefore species-specific strategy can be speculated. The probability of gaining an
advantage in practice from this strategy as well as from any other pattern described in the current
experiment depends on the abiotic conditions in SRC. The most crucial factor here is a sufficient
water supply that allows the cuttings to use their full potential and suppress the other stress factors.
Moreover, the biomass production of cuttings is not a linear function in time and the first produced
grams of biomass cannot be multiplied over the SRC lifetime to predict the wood yield.

Visible number of buds on a cutting was in correlation with the cutting diameter and clone but
the statistical model only explained a relatively small proportion of the variability. There was strong
evidence that the number of buds is larger on thicker cuttings. However, on clone Tora the number
of visible buds was similar despite the cutting diameter. Although quite a number of cuttings were
marked with no buds, they performed well in our biomass production experiment. The number of
such cuttings was especially large among clone 90 cuttings. Hence, we must conclude that it is difficult
to accurately measure the bud number on shoots in the dormant stage and that perhaps bud counting
should take place after the cuttings have been in hydroponic conditions for some time and the vigorous
buds are better detectable. However, such a technique would not be suitable as an express method
in the field. Moreover, we are not sure that the counting of buds enables us to predict total biomass
production since the relationship between the counted visible number of buds and absolute biomass
production without any normalization with cutting diameter does not demonstrate any promising
tendencies. Additionally, horizontal planting density must be based on other cutting characters than
the number of visible buds on the rod. Most probably, during vegetative propagation the availability
of other plant tissues including latent root primordia is more important for sprout formation than that
of buds which are primarily grown to form new leaves in the future.

5. Conclusions

The Salix cutting diameter is a useful parameter for prediction of plant growth in a hydroponic
experiment, while origin of the cutting from the donor rod and number of visible buds on the cutting
are not. Neither application of SRC soil or fertilizer into boxes with liquid promote biomass production.
Lower production from treatments with added soil indicates the importance of light for biomass
production even at this early stage. The clone with the lowest early stage biomass production (90) in
these experiments also produced the lowest wood yield in the SRC from where the cuttings originated.
According to the results of this study the clones with S. dasyclados genes tend to invest less in roots
and fertilizer-treated cuttings allocate more to root growth. The visible number of buds on cuttings is
clone-specific and in general cutting diameter does not predict the number of buds on the cutting.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4907/9/7/378/s1,
Figure S1: Photo about experiment in three weeks after establishment in 2009, Figure S2: Illustrative materials
about experiment design.
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Abstract: A plant’s genotype, their environment, and the interaction between them influence its
growth and development. In this study, we investigated the effect of these factors on the growth
and biomass yield of willows in short-rotation coppice (SRC) under different harvesting cycles
(i.e., two- vs. three-year rotations) in Quebec (Canada). Five of the commercial willow cultivars most
common in Quebec, (i.e., Salix × dasyclados Wimm. ‘SV1’, Salix viminalis L. ‘5027’, Salix miyabeana
Seeman ‘SX61’, ‘SX64’ and ‘SX67’) were grown in five sites with different pedoclimatic conditions.
Yield not only varied significantly according to site and cultivar, but a significant interaction between
rotation and site was also detected. Cultivar ‘5027’ showed significantly lower annual biomass yield
in both two-year (average 10.8 t ha−1 year−1) and three-year rotation (average 11.2 t ha−1 year−1)
compared to other cultivars (15.2 t ha−1 year−1 and 14.6 t ha−1 year−1 in two- and three-year rotation,
respectively). Biomass yield also varied significantly with rotation cycle, but the extent of the response
depended upon the site. While in some sites the average productivity of all cultivars remained fairly
constant under different rotations (i.e., 17.4 vs. 16 t ha−1 year−1 in two- and three-year rotation,
respectively), in other cases, biomass yield was higher in the two- than in the three-year rotation or
vice versa. Evidence suggests that soil physico-chemical properties are better predictors of willow
SRC plantation performance than climate variables.

Keywords: Salix; SRC; biomass; willow cultivars; environmental conditions

1. Introduction

Woody biomass is a renewable resource with multiple applications, and can be used as feedstock
for pulp and paper production as well as by the energy or biofuel industry [1]. Short-rotation coppice
(SRC) is a well-established plant production technique used to manage a broad variety of woody
species, mostly for bioenergy purposes. This cropping system was defined in the late 1980s as a
silvicultural approach based on short clear-felling cycles, which uses intensive cultural techniques with
genetically superior planting material and often relies on coppice regeneration [2]. Since then, it has
been applied to a number of species, including poplars [3], willows [4], eucalyptus [5], black locust [6],
alders [7] and Leucaena spp. [8]. In the early years, SRC plantations were designed to be managed
much like any other agricultural crop, by methods including tilling, fertilization, weed and pest
control, and irrigation [9]. However, concerns were raised about the need to reduce its footprint on
the environment while maintaining economic profitability [10]. This has led to management models
that rely on less external input, often by recycling different types of waste, including ash [11], sewage

Forests 2018, 9, 349; doi:10.3390/f9060349 www.mdpi.com/journal/forests223



Forests 2018, 9, 349

sludge [12,13], pig slurry [14] and wastewaters [15–17]. The productivity of SRC plantations relies
heavily on the cultivar’s genotypic characteristics, habitat-related factors and cultivation techniques.
Along with poplar, willow SRC represents a very popular woody crop in temperate regions of North
America and Eurasia. In fact, willow SRCs have been shown to be one of the best-suited biomass
crops for many Canadian regions, because under optimal conditions they can achieve very high
biomass yields (on average 21 t ha−1 year−1 of dry biomass for the most productive cultivar) [18],
although yields are highly dependent on genotypic characteristics, soil fertility, climate, and crop
management [19]. A recent study conducted to determine which set of soil, climatic conditions, and
cultivars are responsible for greater willow SRC yields in eastern Canada showed that both geographic
location and cultivar play a significant role in determining annual yields. In particular, biomass yield
was positively correlated to some climatic (i.e., average annual temperature, total annual precipitation,
average growing season temperature, average growing season precipitation, and degree days) and soil
(pH, extractible P) factors and negatively affected by others (e.g., soil clay concentration) [20]. However,
this study was conducted over a single rotation. Furthermore, other studies report higher average
annual biomass yield in four-year rotation willow plantations compared to those in a three-year
cycle [18]. In this context, it appears necessary to assess the response of different willow cultivars
grown over several rotations and under different rotation lengths. Because it is an early successional
species, willow shows fast juvenile growth and rapid adjustments in leaf area and shoot morphology
in response to environmental conditions and management practices [21–23]. This means that in dense
plantations, the maximum mean annual increment (MAI) in biomass yield is reached at an early stage.
However, available information about this aspect is still inconclusive. Some studies have reported the
highest MAI in willow grown in Sweden at a density of 20.000 plants ha−1 and managed with 4-year
rotation harvesting [24]. Therefore, in order to identify optimal rotation length in willow SRC, both
cultivar characteristics and environmental parameters must be considered along with the principles
determining the dynamics of a population under inter-plant competition.

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

2. Materials and Methods

2.1. Experimental Sites

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

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

Site pH
OM P K Ca Mg Sand Silt Clay

Texture Soil Type
% (kg ha−1) %

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

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

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

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

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

2.2. Willow Varieties and Experimental Setup

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

2.3. Measurement and Sampling

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

2.4. Meteorological Conditions

The climatic conditions at different experimental sites are shown in Figure 1. According to the
nearest weather station for each site, from 2015 to 2017, La Morandière was the site recording the
lowest average annual temperature (i.e., 1.3 ◦C) and the lowest rainfall (579 mm), whereas Beloeil
showed the highest average annual temperature (i.e., 7.3 ◦C) and St-Siméon the highest annual rainfall
(1143 mm). During the growing season (i.e., May to September), average temperatures varied between
13.5 ◦C (St-Siméon) and 18.8 ◦C (Boisbriand), whereas total precipitation varied between 340 mm
(La Pocatière) and 490 mm (St-Siméon).
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Figure 1. The mean temperature and rainfall on an annual basis and during the growing season
(May–September 2015–2017) at different experimental sites. Bars represent annual precipitation and
lines temperature.

2.5. Data Analysis

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

3. Results

3.1. Plant Growth and Biomass Yield

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

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

With respect to biomass yield, we observed significant differences according to site (p < 0.0001)
and cultivar (p < 0.0001), as well as a significant interaction between rotation and site (p < 0.0001).
In particular, in all locations, cultivar ‘5027’ showed a significantly lower annual biomass yield in both
two-year (average 10.8 t ha−1 year−1) and three-year rotations (average 11.2 t ha−1 year−1), compared
with the other cultivars, which on average showed a biomass yield ranging from 15.2 t ha−1 year−1 to
14.6 t ha−1 year−1 in two- and three-year rotations respectively. (Figure 4). The most productive site
was La Pocatière, with 30.9 t ha−1 year−1 and 21 t ha−1 year−1 in the two- and three-year rotations
respectively, whereas the least productive site was La Morandière, where average biomass yield ranged
between 4.6 t ha−1 year−1 and 5.5 t ha−1 year−1 in the two- and three-year rotations respectively.
Intriguingly, biomass yield also varied significantly with rotation cycle, but the extent of the response
was site-dependent (Table 2). Thus, although at Beloeil the average biomass yield of all cultivars
remained fairly constant under different rotations (i.e., 17.4 vs. 16 t ha−1 year−1 in two- and three-year
rotations respectively), in other cases, biomass yield was higher in two-year than in three-year rotation
(La Pocatière and St-Siméon) or the opposite, higher in three-year than in two-year rotation (Boisbriand
and La Morandière).
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Figure 2. Stem diameter growth rates of willow stems under different rotation cycles. Values are means
(n = 9; standard deviation on the top of each bar) for each site (Be = Beloeil; Bo = Boisbriand; Mo = La
Morandière; Po = La Pocatière, Si = St-Siméon) and cultivar. A 5% significance level was adopted for
identifying significant treatment effects according to Tukey’s HDS test. Lowercase letters were used to
highlight significant difference in two-year rotation. Capital letters identify significant differences in
the three-year rotation.
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Figure 3. Stem height growth rates of willow stems under different rotation cycles. Values are
means (n = 9; SD on the top of each bar) for each site (Be = Beloeil; Bo = Boisbriand; Mo = La
Morandière; Po = La Pocatière, Si = St-Siméon) and cultivar. A 5% significance level was adopted for
identifying significant treatment effects according to Tukey’s HDS test. Lowercase letters were used to
highlight significant difference in two-year rotation Capital letters identify significant differences in the
three-year rotation.
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Figure 4. Annual biomass yield of willow plants under different rotation cycles. Values are means (n = 9;
SD on the top of each bar) for each site (Be = Beloeil; Bo = Boisbriand; Mo = La Morandière; Po = La
Pocatière, Si = St-Siméon) and cultivar. A 5% significance level was adopted for identifying significant
treatment effects according to Tukey’s HDS test. Lowercase letters were used to highlight significant
difference in two-year rotation. Capital letters identify significant differences in the three-year rotation.
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Table 2. Results of ANOVA tests describing the statistical significance of site, cultivar, and rotation on
willow biomass yield.

Source Nparm DF DFDen F Ratio Prob. > F

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

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

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

Site × Cultivar × Rotation 16 16 50 0.6305 0.8437

Least Square Mean

Site
Rotation

Two-year Three-year

Beloeil 16.729656 A 15.294729 A
Boisbriand 9.270192 B 14.119425 A

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

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

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

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

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

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

5. Conclusions

Taken together, our findings show that most commercial willow cultivars can be grown in
short rotation coppice and achieve high biomass yields under most of Quebec’s pedoclimatic
conditions. However, care should be taken to both avoid choosing poor performing genetic material
(e.g., S. viminalis ‘5027’) and match the right cultivar with the right environmental conditions.
In particular, since there is evidence that soil variables (i.e., pH, soil extractible P and Ca) have a stronger
impact than climate variables on willow growth and productivity, the site on which the crop will be
grown should be selected with care, and site soil should be modified to decrease physico-chemical
imbalances (e.g., liming) that prevent good crop development.
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Abstract: In this study, planting density and site effects on hybrid poplar productivity and stem
dimensions were evaluated on the mid-term and longer term (8 and 14 years) in southern Québec
(Canada). We also evaluated the effects of planting density and site on biomass accumulation and
carbon stocks in different plantation compartments, on biomass partitioning at the stand-level, on soil
carbon stocks and on soil nutrient supply rate after 14 years. The experimental design consisted
of three replicate poplar stands located along a site fertility gradient. Each stand contained six
planting densities (ranging from 494 to 1975 trees/ha) and a single genotype (Populus canadensis
× P. maximowiczii hybrid). Planting density had a large effect on stem dimensions, but a minor
effect on stand volume, aboveground woody biomass production, and aboveground biomass carbon
stocks. Site selection and tree survival were more important factors affecting these variables. At all
sites, and independent of planting density, mean annual volume increments were also higher after
14 vs. 8 years. On fertile sites, strong correlations between area per tree at planting and biomass
partitioning, carbon allocation belowground, soil nutrient supply rate and soil carbon stocks were
observed. Aboveground, higher competition for light with increasing planting density resulted
in an increase in the stem to branch ratio. Belowground, higher competition for soil resources
with increasing planting density reduced soil macronutrient availability (except for potassium),
which likely stimulated carbon allocation belowground and carbon accumulation in the soil. Over the
longer-term, higher density plantations of poplars could provide greater benefits in terms of carbon
storage belowground (soil and roots).

Keywords: spacing trial; stocking level; carbon sequestration; allocation; ecosystem services;
abandoned farmland; Populus canadensis × Populus maximowiczii; southern Québec (Eastern Canada);
short-rotation woody crops; intraspecific competition

1. Introduction

In temperate ecosystems, fast-growing poplars and their hybrids (Populus × spp.) are among
the most widely used species for afforestation and agroforestry [1–3]. Poplars are planted for the
production of bioenergy, pulp and solid wood products, but also for the provision of other ecosystem
services (atmospheric carbon dioxide sequestration, refuge for forest biodiversity, nurse crop for
valuable hardwoods, fodder for livestock, soil stabilization, wind protection, soil phytoremediation,
flood control) [1,2,4–6]. Thus, poplar afforestation has the potential to address both local and global
environmental problems, while providing an opportunity to intensify biomass or wood production.
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To reduce competition with food crops, abandoned farmland are increasingly used for poplar
afforestation [7,8]. However, marginal agricultural land are often characterized by sub-optimal growth
conditions [9], and appropriate management decisions and silvicultural practices are needed to
maximize stand productivity. These include intensive site preparation, vegetation management,
irrigation, fertilization and the selection of genotypes (clones) adapted to local environmental
conditions [10]. Manipulation of tree spacing or planting density (i.e., the number of trees planted
per hectare) can increase fast-growing plantation productivity by ensuring rapid and complete site
occupancy [11,12]. Maximum site productivity, which generally occurs when mean annual biomass
increment peaks in the rotation, is a function of the stocking level [12]. Hence, the selection of planting
density has important economic consequences because it influences not only the rotation length, but
also plantation establishment costs, weed control strategies, and the dimensions of stems at harvest [12].
Also, ecosystem services such as carbon (C) sequestration in tree biomass is directly linked to stand
biomass productivity and may thus be affected by planting density.

Studies involving fast-growing species (Populus, Eucalyptus, Pinus) have shown strong positive
effects of wider tree spacing on individual stem diameter, volume and quality [13–17]. For example,
DeBell et al. [16] observed that diameter at breast height (DBH) of two hybrid poplar clones ranged
3.2–4.5 cm in the 0.5 × 0.5 m spacing, 6.0–7.7 cm in the 1 × 1 m spacing and 10.8–13.5 m in the
2 × 2 m spacing after 7 years. However, conflicting evidence of linkage between planting density and
biomass productivity have been reported in both short-rotation coppices and more widely spaced
poplar plantations. In India, 9 year-old P. deltoides plantations showed major increase in total biomass
production (from 72 to 250 t/ha), with increasing planting density (from 278 to 2500 trees/ha) [18].
Similar observations were reported in the Eastern Canadian boreal zone after 6 growing seasons
(3.2 t/ha at 400 trees/ha, 4.9 t/ha at 1111 trees/ha and 29.6 t/ha at 10,000 trees/ha) [19]. In China,
C stocks in the total biomass of 10 year-old hybrid poplars increased significantly (from 58 to
72 t C/ha) with increasing planting density (from 500 to 1111 trees/ha) [20]. In England, biomass yields
were generally higher in the 10,000 stems/ha plantations compared to 2500 stems/ha plantations,
but the significance of the planting density effect varied between sites, clones and cutting cycles [21].
Spacing effect on poplar biomass yield was also found to vary with plantation design (inter-planted
design vs. short-rotation coppice alone) [22].

On the other hand, several studies suggest that planting density has only minor and/or
temporary effects on the yield of planted poplars. Although biomass production was found to
increase exponentially with planting density after the first growing season, planting density (ranging
6666–33,333 cuttings/ha) was no longer a significant factor affecting productivity after 3 years across
12 sites in Spain [23]. In the Pacific Northwest region of the United States, little effect of planting density
(2500, 10,000 and 40,000 cuttings/ha) was reported on the biomass productivity after 7 years, despite
a trend towards higher productivity in narrower spacings earlier in the rotation [16]. Longer-term
studies from southern British Columbia (Canada) and northern Wisconsin (United States) concluded
that spacing has only a negligible effect on the productivity of planted poplars [15,24]. In the
aforementioned studies, factors such as clone selection, site quality, irrigation, diseases, and weed
control had greater effect on yield than stocking level.

Spacing trials also offer an opportunity to evaluate how varying levels of intraspecific competition
affect biomass partitioning, C allocation to plantation compartments, soil nutrient status and soil
C stocks. In the aboveground compartment, high competition for light in pioneer species tends
to enhance the self-pruning process, and trees with proportionally smaller crowns are generally
observed in highly stocked stands [25]. Poplars also tend to develop large and deep crowns under
high light availability, while small and shallow crowns are typical of crowded stands [19,24,26].
Thus, the ratio of biomass allocated to stems vs. branches is expected to decrease with increasing
spacing in planted poplars [19,24,26]. Over the years, root competition (i.e., the reduction in the
availability of a soil resource to roots that is caused by other roots [27]) between neighboring trees
may also be affected by planting density. More intense root competition in narrow spacings may
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accelerate soil nutrient depletion, especially in afforested plantations of fast-growing-trees with high
nutrient requirements [28,29]. In response to increase competition for soil resources, poplars may
enhance C allocation belowground to stimulate root production, root exudation and symbiosis with
mycorrhizae [30–33]. Such a change in C allocation may enrich the soil C pool as C inputs derived from
roots have been shown to be the major driver of soil carbon sequestration on marginal land afforested
with poplars [34]. Over the long-term, increasing planting density in poplar plantations is expected
to cause macronutrient depletion in the soil, a decrease in the shoot to root ratio at the stand-level,
and an increase in soil C stocks [28–31,33,34]. However, past afforestation studies with fast-growing
Pinus and Eucalyptus species have found little evidence of a planting density effect on soil C [14,35],
despite the fact that higher planting density tends to increase total belowground C allocation on the
short-term [31].

Additionally, by affecting the time to canopy closure, planting density also has an impact on
plantation microclimate. In planted poplars, rapid canopy closure in narrow spacings can lead to a
faster decrease of soil and air temperatures during the growing season, which can reduce nitrification
and nitrogen mineralization rates [36]. Similarly, narrow spacings may provide favorable conditions
for organic C accumulation, in both litter and mineral soil, as the decomposition of unprotected soil
organic matter and plant litter is positively affected by temperature [37,38].

This study took place along a site fertility gradient in southern Québec (Eastern Canada).
Three replicate stands of hybrid poplars containing six different planting density treatments (ranging
494–1975 trees/ha) and a single genotype (a P. canadensis × P. maximowiczii hybrid) were sampled.
We evaluated to which extent planting density and site affected hybrid poplar productivity and stem
dimensions on the mid-term and the longer term (8 vs. 14 years). We also evaluated, after 14 years,
the effects of planting density and site on biomass accumulation and C stocks in different plantation
compartments, on biomass partitioning at the stand-level, on soil C stocks and on soil nutrient
supply rate.

First, we hypothesized that individual stem dimensions (diameter, volume) would be strongly
and positively linked to spacing on the mid-term and the longer term. Second, we hypothesized
that highest stand productivity would be observed in higher tree density plots in the mid-term only,
as planting density effects on productivity tend to decrease as rotation length increases [12]. We also
hypothesized that higher stem to branch ratio, but lower shoot to root ratio, would be observed at
higher planting densities because intraspecific competition for light and soil resources is more intense.
Finally, on the longer term, we expected greater soil C stocks at higher planting densities, but little
effect of planting density on total biomass C stocks.

2. Materials and Methods

2.1. Study Sites and Experimental Design

This study was conducted in the Estrie region of southern Québec (Eastern Canada). The three
plantation sites (Brompton, Mégantic, and Ogden) were located within a radius of 80 km along a
regional elevation and soil fertility gradient. Site elevation above sea level, mean annual temperature
(MAT), and mean annual precipitation (MAP) data, obtained from 30 year climatic averages
(1981–2010) [39], are provided in Table 1. A continental subhumid moderate climate characterizes
the Brompton and Ogden sites, whereas a continental subpolar-subhumid climate characterizes the
Mégantic site [40]. Thick glacial till deposits of at least 2 m of depth and gentle slopes (<5%) also
characterized the plantation sites [40].
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At each site, the hybrid poplar plantation was established on an abandoned field dominated
by herbaceous vegetation. Site preparation included ploughing in the fall of 1999 and disking the
following spring. In the spring of 2000, bare-root planting stock (±2 m-long) were planted manually at
30–40 cm depth. Planting stock (1–0) was provided by the Berthierville nursery of the Ministère des
Forêts, de la Faune et des Parcs (MFFP) of Québec. For vegetation management, a glyphosate-based
herbicide was applied over the entire plantation area in June 2000, and between plantation rows only
in June 2001.

The experimental design contained six planting density treatments (494, 741, 988, 1111, 1481 and
1975 trees/ha) per site and three sites for a total of 18 plots. Twenty trees were planted in each plot,
for a total of 360 trees. Details of spacing between trees, area per tree and plot size are provided in
Table 2 for each planting density. All plots were separated by two buffer rows, with each buffer row
having the same planting density as its adjacent plot. The DN×M-915508 clone was used in this study,
which is a female hybrid between Populus canadensis (DN) and P. maximowiczii (M). It was developed
in Québec and is recommended for commercial production in the study area [41] because of its high
productivity across a wide range of environmental conditions [9,42].

Table 2. Initial planting density, spacing between trees, area occupied per tree and plot area.

Planting Density (trees/ha) Spacing (m) Area per Tree (m2) Plot Area (m2/20 trees)

494 4.5 × 4.5 20.25 405
741 4.5 × 3 13.5 270
988 4.5 × 2.25 10.125 203

1111 3 × 3 9 180
1481 3 × 2.25 6.75 135
1975 2.25 × 2.25 5.0625 101

2.2. Soil Nutrient Supply

Soil macronutrient supply rates were determined using Plant Root Simulator (PRSTM-Probes)
technology from Western Ag Innovations Inc., Saskatoon, SK, Canada. The PRS-probes consist of an
ion exchange membrane encapsulated in a thin plastic probe, which is inserted into the ground with
little disturbance of soil structure. Nutrient supplies observed with this method are strongly correlated
with nutrients concentrations or stocks obtained with conventional soil extraction methods over a
wide range of soil types [43], and in poplar plantations of the study area [42].

On 6 August 2013 (14th growing season), four pairs of probes (an anion and a cation probe in
each pair) were buried in the A horizon of each plot for a 42-day period. Probes were always buried in
a plot area where there was full stocking. Each pair of probes was placed at the center point between
four trees in the plot, in the competition zone between neighboring trees (Figure A1). After probes
were removed from the soil, they were washed with distilled water, and returned to Western Ag Labs
for analysis (NO3, NH4, P, K, Ca, Mg, S). PRS-probe samples where eluted in a 0.5 M HCl solution
and determination of NO3 and NH4 concentrations in the eluate was made colorimetrically using an
automated flow injection analysis system [44]. The concentration of other nutrients where determined
using inductively-coupled plasma spectrometry [44]. Composite samples were made in each plot by
combining the four pairs of probes.

2.3. Mineral Soil Characteristics and Carbon Stocks

In July 2013 (14th growing season), soil samples (0–20 depth) were obtained from a composite
sample consisting of four soil cores (diameter of the corer = 5.2 cm) per plot. Prior to coring the
mineral soil (A horizon), the O horizon (litter layer) was carefully removed. The soil cores were always
extracted from a plot area where there was full stocking (see Figure A1 for the sampling design).
Composite soil samples were air dried and sieved (mesh size 2 mm) to remove coarse fragments
(stones, roots) and macroinvertebrates. Following sieving, air-dry mass of each soil sample was
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recorded and a subsample was taken to determine an oven-dry mass (105 ◦C) to air-dry mass ratio,
and also to calculate dry mass of soil samples. Soil bulk density was calculated by dividing the dry
mass of the fine earth fraction by the volume of soil cores [45].

Soil C concentration of each sample was determined by high-temperature combustion (960 ◦C) of
the samples, followed by thermo-conductometric detection, on a Vario Macro analyzer (Elementar
Analysensysteme, Hanau, Germany). These analyses were done by the Centre d’étude de la forêt (CEF)
lab at the University of Sherbrooke (Québec, Canada). Soil C stocks were calculated by multiplying
C concentration by the bulk density of soil. In each plot, a subsample from the soil cores was also
used to determine soil texture and pH. The analyses were done by the Agridirect Inc. soil analysis
lab in Longueuil (Québec, Canada). For particle size analyses, the Bouyoucos [46] method was used.
The determination of soil pH was made using a 2:1 ratio of water to soil. Soil pH and texture are
provided in Table 1 for each site. At each site, soil textural class was the same across the six spacing
treatments (silty loam for the Brompton site, and loam for Mégantic and Ogden sites).

2.4. Fine Root, Herbaceous Vegetation, Leaf Litter and Fine Woody Debris Biomass

Fine root biomass samples (root diameter <2 mm) were collected following sieving of the soil cores
(see previous subsection). At Brompton and Mégantic sites, where understory vegetation was almost
absent, fine root samples consisted of poplar roots only. At the Ogden site, there was a well-developed
herbaceous cover in the understory; poplar and herbaceous fine root biomass were not separated in
samples. At all sites, fine root biomass samples included both live and dead roots. Fine root samples
were washed and dried at 65 ◦C to determine dry weight and C concentrations.

Herbaceous vegetation biomass was determined by collecting five samples (50 × 50 cm/sample)
in each plot during August 2013 (14th growing season). In each plot, the samples were collected at
random locations, where there was full stocking. The five samples from each plot were combined and
dried at 65 ◦C to determine dry weight. An herbaceous vegetation subsample from each plot was used
for C concentration determination. Woody vegetation in plantation understory was not sampled as it
was only a minor biomass component at each site.

Fine woody debris biomass (large end diameter ranging 1–10 cm) [47] was determined (October
2013, 14th growing season) by collecting a single sample in each plot on an area equivalent to the area
occupied by a single tree (see Table 2). In each plot the sample was collected in a randomly selected
rectangular or square area delineated by four neighboring trees. Each sample was dried at 65 ◦C to
determine dry weight and a subsample from each plot was used for C concentration determination.

Leaf litter and very fine woody debris (large end diameter <1 cm) biomass was determined by
collecting three samples (50 × 50 cm/sample) in each plot in late October 2013 (14th growing season),
just after leaf fall. In each plot, the samples were collected directly on the ground at random locations,
where there was full stocking. The three samples from each plot were combined and dried at 65 ◦C to
determine dry weight. A litter subsample from each plot was used for C concentration determination.

2.5. Hybrid Poplar Biomass and Stem Volume

In each plot, stem volume per tree and stand volume were estimated after 8 and 14 years,
while aboveground woody biomass and coarse root biomass were estimated after 14 years only.
Those estimates were obtained using allometric relationships between diameter at breast height (DBH)
as the predictor variable of stem volume (outside bark) or compartment biomass (stem with bark,
branches and coarse roots) at the tree-level. DBH data (mean of two diameter measurements taken
perpendicularly at 1.3 m above ground-level) were collected in late October 2007 and 2013. The DBH
of all trees in the experimental design was measured.

For stem volume estimations after 8 years, we used a clone-specific allometric relationship that
had been previously developed for clone DN×M-915508 in 8 year-old hybrid poplar plantations
of the study region [7]. For estimations of stem volume, stem biomass, branch biomass and coarse
root biomass after 14 years, we used site-specific allometric relationships that were developed in the
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studied experimental design with 14 year-old trees [48]. Site-specific relationships were chosen over
generic models because allometry of clone DN×M-915508 was found to be plastic across the studied
plantation environments, especially for coarse root biomass, branch biomass and stem volume [48].
During destructive harvest procedures, subsamples from stem, branch and coarse root biomass were
collected for C concentration determination in 14-year-old poplars. Given that destructive harvest
procedures were only done in the 494, 1111 and 1975 trees/ha density treatments at each site, only three
samples of stem, branch and coarse root biomass were collected at each site. For each compartment,
each of these subsamples consisted in a composite sample collected from two average-sized trees
within the plot (see Fortier et al. [48] for a complete description of stem subsamples collection). At each
site, and for a given compartment (stem, branch or coarse root biomass), we used C concentration data
obtained in the 494, 1111 and 1975 trees/ha treatment as an estimate of C concentration of 741, 988 and
1481 trees/ha treatments respectively.

2.6. Carbon Concentrations and Stocks in Biomass and in the O Horizon

Biomass and litter subsamples were ground in a mill (Pulverisette 15, Fritsch) to a particle size of
<0.5 mm to insure adequate sample homogeneity. For biomass and litter C concentration determination,
ground, dried aliquots of samples (approximately 100 mg) were encapsulated in tin prior to analysis.
Total C was determined by high-temperature combustion (960 ◦C), followed by thermo-conductometric
detection, on a Vario Macro analyzer (Elementar Analysensysteme, Hanau, Germany). These analyses
were done by the CEF lab at the University of Sherbrooke. In each plot, C stocks in the different
compartments were obtained by multiplying C concentrations determined in subsamples by the total
mass of the compartment. Carbon stocks from litter and fine woody debris were summed to obtain
a single C stock value for the O horizon soil layer. All C stocks and biomass data were scaled-up to
one-hectare area for comparison purposes with other studies.

2.7. Statistical Analysis

Because each planting density treatment is not replicated within sites, site was used as a blocking
factor [49], as in other spacing trials [50]. Site and Planting density effects on studied variables were
analyzed using ANOVA in a fixed factorial design [49]. Degrees of freedom were the following: Total,
17; Site, 2; Planting density, 5; Error, 10. All of the ANOVAs were run with the complete set of data
(3 Sites × 6 Planting densities = 18 experimental plots).

Following ANOVAs, normality of residual was verified using the Shapiro-Wilk W-test.
Variables showing non-normal residual distribution were transformed and ANOVA was repeated
on transformed variables. Being proportions, survival data were logit transformed [51], while a log
transformation and a reciprocal transformation were respectively used for soil NO3 and K supply rates.
Site and Planting density effects were declared statistically significant for three levels of significance
(p < 0.05, p < 0.01 and p < 0.001). A priori contrasts were further used to test specific hypotheses between
particular sets of means [49,52,53]. Two contrasts were tested on key variables: (1) 494 trees/ha vs.
1975 trees/ha and (2) 741 trees/ha vs. 1481 trees/ha, which corresponds to a four-fold and a two-fold
variation in planting density, respectively.

Because the Site (i.e., Block) effect was strong and significant for most of the studied variables,
we also tested site-specific correlations between planting density and key variables related to stem
dimensions, stand and soil characteristics. The area per tree (m2/tree) at planting was preferred to
planting density in pairwise correlation analysis as it yields stronger correlations, based on the Pearson
correlation coefficient (r). Based on results of the pairwise correlations, we then developed regression
models (linear and non-linear) between area per tree, as predictor variable, and selected response
variables. All statistical analyses were done using JMP 11 from SAS Institute (Cary, NC, USA).
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3. Results

3.1. Site and Planting Density Effects on Individual Stem Dimensions

The ANOVA revealed strong and significant Site and Planting density effects (p < 0.01 or p < 0.001)
on all variables related to individual stem DBH and volume (Table 3). Larger trees were produced at
the fertile sites of Brompton and Mégantic, while lower planting density treatments produced trees
with greater DBH and stem volume. After 8 years, mean tree DBH and stem volume respectively
ranged 10.01–15.54 cm and 41.7–132.7 dm3 across the planting density treatments, while after 14 years
DBH and stem volume respectively ranged 14.53–25.18 cm and 128.4–434.9 dm3 across planting density
treatments. Planting density treatments also significantly affected the gain in DBH or in stem volume
between the end of the 8th and 14th growing seasons, with greater gains being observed at lower
planting density (Table 3). Contrasts analysis further suggests that quadrupling or doubling planting
density (from 494 to 1975 or from 741 to 1481 trees/ha) resulted in a significant increase of stem
dimensions after 8 and 14 years (Table 4).

Table 3. Site and Planting density effects on survival rate, DBH, stem volume, stand volume and
volume yield after 8 and 14 years in hybrid poplar plantations.

DBH
(cm)

Stem Volume
(dm3/tree)

Stand Volume
(m3/ha)

Volume Yield
(m3/ha/year)

Site/Plant.
Density

Surv. 1

(%)
8

years
14

years
Δ 8–14
years

8
years

14
years

Δ 8–14
years

8
years

14
years

Δ 8–14
years

8
years

14
years

Brompton 100.0 15.43 21.03 +5.60 119.7 307.3 +187.5 115.9 292.7 +176.8 14.48 20.91
Mégantic 86.7 13.24 20.48 +7.24 86.5 285.9 +199.4 69.2 230.3 +161.1 8.65 16.45

Ogden 89.2 9.06 15.01 +5.95 30.8 124.4 +93.6 28.6 108.8 +80.3 3.57 7.77
SE 4.0 0.59 0.69 0.30 10.7 27.3 17.7 6.5 14.2 9.2 0.82 1.02

p-value <0.05 <0.001 <0.001 <0.01 <0.001 <0.01 <0.01 <0.001 <0.001 <0.001 <0.001 <0.001

494 trees/ha 86.7 15.54 25.18 +9.64 132.7 434.9 +302.2 58.5 189.4 +130.9 7.32 13.53
741 trees/ha 95.0 14.97 22.12 +7.16 113.2 313.1 +199.9 80.9 222.2 +141.4 10.11 15.87
988 trees/ha 93.3 13.07 19.26 +6.20 81.4 238.2 +156.8 78.6 227.5 +148.8 9.83 16.25

1111 trees/ha 83.3 10.01 15.68 +5.67 50.7 160.9 +110.2 51.0 150.4 +99.4 6.37 10.74
1481 trees/ha 93.3 11.58 16.26 +4.68 54.6 159.7 +105.1 76.0 220.6 +144.7 9.50 15.76
1975 trees/ha 100.0 10.29 14.53 +4.24 41.7 128.4 +86.7 82.3 253.6 +171.3 10.29 18.11

SE 5.7 0.83 0.98 0.43 15.2 38.6 25.0 9.2 20.1 13.1 1.15 1.44
p-value 0.34 <0.01 <0.001 <0.001 <0.01 <0.01 <0.01 0.16 0.06 0.05 0.16 0.06

1 Survival rate (Surv.) was the same after 8 and 14 years.

Table 4. Contrast probabilities (p-values) between pairs of planting density treatments for different
plantation characteristics in hybrid poplar plantations.

Plantation Characteristics Response Variable 494 vs. 1975 trees/ha 741 vs. 1481 trees/ha

Stem dimensions DBH 8 years (cm) <0.01 <0.05
DBH 14 years (cm) <0.001 <0.001

Stem volume 8 years (dm3) <0.01 <0.05
Stem volume 14 years (dm3) <0.001 <0.05

Stand volume Stand volume 8 years (m3/ha) 0.10 0.72
Stand volume 14 years (m3/ha) <0.05 0.92

Stand biomass (14 years) Aboveground woody (t/ha) 0.13 0.75
Belowground (t/ha) <0.01 0.50

Biomass partitioning (14 years) Stem to branch ratio <0.01 <0.05
Shoot to root ratio <0.001 <0.05

Biomass C stocks (14 years) Aboveground (t C/ha) 0.15 0.68
Belowground (t C/ha) <0.01 0.53

Total (t C/ha) 0.09 0.81
Mineral soil C (14 years) C Concentration (mg C/g soil) <0.05 <0.05

C Stocks (t C/ha) <0.05 <0.05

3.2. Site and Planting Density Effects on Stand Volume, Biomass and Biomass Carbon Stocks

Stand-level variables (stand volume, compartment biomass and biomass C stocks) indicated
significant site effects (p < 0.01 or p < 0.001) on most variables, with the exception of coarse root
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biomass, total root biomass, and belowground biomass C stocks (Figure 1a, Tables 3 and 5). Overall,
C stocks in the belowground and aboveground biomass respectively represented 14% and 86% of
the total biomass C stocks at Brompton and Mégantic, while at Ogden those C stocks respectively
represented 26% and 74% of the total biomass C stocks (Figure 1a). After 14 years, a near two-fold
difference was observed in total (aboveground + belowground) biomass C stocks between sites
(60.5 t C/ha at Brompton vs. 32.9 t C/ha at Ogden).

Results also show that at each site, more volume was cumulated between the end of the 8th and
of the 14th growing seasons (a 6 year period), than during the first 8 years of the rotation (Table 3).
Thus, higher mean annual volume increment was observed after 14 years than after 8 years for a
given site (Table 3). After 14 growing seasons the volume yield observed at the higher fertility sites
(Brompton and Mégantic) was more than twice the yield at Ogden (20.91 and 16.45 m3/ha/year vs.
7.77 m3/ha/year).

For the Planting density effect, the ANOVA showed significant (p < 0.05) or non-significant
effects on stand-level volume, biomass and biomass C stocks in the different plantation compartments
(Figure 1b, Tables 4 and 5). The Planting density effect was also nearly significant (p = 0.06) for the total
C stocks stored in plantation biomass after 14 years (Figure 1b). The lowest stand volume, aboveground
woody biomass and belowground biomass were observed in the 1111 trees/ha treatment, followed by
the 494 trees/ha treatment. Biomass C stocks followed the same pattern (Figure 1b). However, in both
of these treatments, survival was relatively low (83.3% at 1111 trees/ha and 86.7% at 494 trees/ha)
compared to the other treatments, where survival ranged 93.3–100% (Table 3). The survival rate
between the 741 and 1481 trees/ha treatments was comparable (93.3% vs. 95%, respectively), and the
contrast analysis between this pair of treatments was far from statistical significance for stand volume,
aboveground woody biomass, belowground biomass and for biomass C stocks (Table 4). Table A2 also
shows the p-value of the Planting density effect when the ANOVA is run without the 1111 trees/ha
treatment, where the survival rate was the lowest. In Table A2, all stand-level variables were far from
significance, with the exception of belowground biomass and C stocks (p = 0.05). Moreover, for the
C stocks in total and aboveground biomass, the contrast analysis revealed no significant differences
between the 494 and 1975 trees/ha treatments, while a significant difference (p < 0.01) was observed
for belowground C stocks (Table 4).

Table 5. Site and Planting density effects on main biomass components at the stand level, on the shoot
to root biomass ratio and on the stem to branch biomass ratio in 14 year-old hybrid poplar plantations.

Aboveground Biomass Belowground Biomass

Site/Density
Stem
(t/ha)

Branch
(t/ha)

Woody
1 (t/ha)

Herb.1

(t/ha)
Total
(t/ha)

Coarse
Roots
(t/ha)

Fine
Roots
(t/ha)

Total
(t/ha)

Total
Biomass

(t/ha)

Shoot:
Root 2

Stem:
Branch

Brompton 94.2 21.3 115.4 0.02 115.5 16.1 2.03 18.1 133.6 7.24 4.73
Mégantic 74.2 23.4 97.7 0.01 97.7 14.3 1.31 15.6 113.2 6.84 3.28

Ogden 41.6 11.1 52.7 0.76 53.5 14.7 3.99 18.7 72.2 3.59 3.78
SE 4.6 2.0 6.3 0.07 6.3 1.1 0.30 1.2 7.4 0.11 0.25

p-value <0.001 <0.01 <0.001 <0.001 <0.001 0.51 <0.001 0.21 <0.001 <0.001 <0.01

494 trees/ha 60.6 22.6 83.2 0.36 83.5 12.1 2.21 14.3 97.8 6.58 2.85
741 trees/ha 73.2 22.7 96.0 0.25 96.2 15.7 2.07 17.8 114.0 6.20 3.29
988 trees/ha 74.8 20.5 95.3 0.16 95.5 15.4 2.45 17.8 113.3 5.96 3.65
1111 trees/ha 50.1 11.1 61.2 0.37 61.6 10.5 2.24 12.7 74.3 5.61 4.35
1481 trees/ha 74.9 16.8 91.8 0.28 92.0 17.0 2.54 19.5 111.6 5.58 4.50
1975 trees/ha 86.4 17.9 104.3 0.16 104.4 19.4 3.16 22.5 127.0 5.43 4.94

SE 6.5 2.9 8.9 0.09 8.9 1.6 0.43 1.7 10.4 0.16 0.35
p-value <0.05 0.12 0.08 0.46 0.08 <0.05 0.56 <0.05 0.06 <0.01 <0.05
1 Woody = stem + branch biomass. Herb. = Herbaceous plant biomass. 2 The shoot to root ratio excludes fine
root biomass.

On the other hand, stand-level biomass partitioning between shoot and roots, but also between
stem and branches was significantly affected by both plantation site and planting density (Table 5).
Much higher shoot to root ratio was observed on the more fertile sites (Brompton and Mégantic), while
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a slight decrease in the shoot to root ratio was observed with increasing planting density (Table 5).
Conversely, the stem to branch ratio was found to increase with increasing planting density, from 2.85
at 494 trees/ha, up to 4.94 at 1975 trees/ha. Both contrasts tested were also significant for the shoot to
root ratio and the stem to branch ratio (Table 4).

 

Figure 1. Site effect (a) and Planting density effect (b) on total biomass C stocks and its distribution
between the belowground and aboveground compartments in 14 year-old hybrid poplar plantations.
Vertical bars represent standard error of the mean for total C stocks in biomass. p-value for the Site effect
are the followings: total biomass C (p < 0.001), belowground biomass C (p = 0.21) and aboveground
biomass C (p < 0.001). p-value for the Planting density effect are the followings: total biomass C
(p = 0.06), belowground biomass C (p < 0.05) and aboveground biomass C (p = 0.08).

3.3. Site and Planting Density Effects on Soil Characteristics

The ANOVA showed significant Site effects (p < 0.01) for soil NO3, P, K and Ca supply rates and a
marginally significant Planting density effect for soil Mg (p = 0.05) supply rate measured during the
14th growing season (Tables 1 and A1). The Ogden site showed the lowest NO3, P and Ca supply rates,
while Mg supply rate was especially high for the 494 and 741 trees/ha treatments (Tables 1 and A1).

For soil C concentration in the fine earth fraction (0–20 cm layer), the Site and Planting density
effects were both significant (p < 0.05) (Table 6). While the Site effect was highly significant (p < 0.001)
for soil C stocks (fine earth fraction, O horizon and total soil C), the Planting density effect was nearly
significant for C stocks in the fine earth fraction (p = 0.10) and for total soil C stocks (mineral soil + O
horizon) (p = 0.07). There was a trend towards higher soil C concentration, mineral soil C stocks and total
soil C stocks with increasing planting density (Table 6). Contrasts analysis showed that C concentrations
and stocks in the fine earth fraction (0–20 cm layer) where lower (p < 0.05) in the 494 trees/ha vs. the
1975 trees/ha treatment, and in the 741 trees/ha vs. the 1481 trees/ha treatments (Table 4).

3.4. Area per Tree at Planting as a Predictor of Tree-Level, Stand-Level and Soil Characteristics

Because the Site effect was strong on most response variables in this study, we also examined
site-specific relationships between area per tree at planting and variables related to individual stem
dimensions, stand characteristics and soil characteristics. Several site-specific correlations were strong
and significant, mostly for stem dimensions, biomass partitioning and soil characteristics (Table 7).
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Table 6. Site and Planting density effects on soil stoniness, bulk density, carbon stocks and concentration
in 14 year-old hybrid poplar plantations (0–20 cm layer).

Fine Earth Fraction (Mineral Soil)

Site/Planting
Density

Stoniness
(% mass basis)

Bulk Density
(g/cm3)

C Concentration
(mg C/g soil)

C Stocks
(t C/ha)

O Horizon C Stocks
(t C/ha)

Total Soil
C Stocks
(t C/ha)

Brompton 0.6 1.02 35.1 71.1 2.16 73.2
Mégantic 11.4 0.97 34.2 65.3 2.89 68.1

Ogden 18.8 0.82 27.3 44.7 1.56 46.2
SE 1.6 0.04 1.7 2.4 0.17 2.2

p-value <0.001 <0.05 <0.05 <0.001 <0.001 <0.001

494 trees/ha 12.9 1.02 25.7 52.0 1.80 53.8
741 trees/ha 7.0 1.01 27.5 56.1 2.28 58.4
988 trees/ha 11.2 0.91 34.0 61.8 2.47 64.3

1111 trees/ha 10.0 0.92 33.8 62.1 2.01 64.2
1481 trees/ha 8.6 0.92 36.3 66.7 2.22 68.9
1975 trees/ha 12.0 0.86 36.0 63.2 2.44 65.6

SE 2.3 0.06 2.4 3.3 0.24 3.2
p-value 0.48 0.34 <0.05 0.10 0.39 0.07

Table 7. Site-specific pairwise correlations (r) between area per tree at planting (m2/tree) and selected
variables related to individual stem dimensions, stand-level characteristics and soil characteristics.
Correlations with p < 0.10 are indicated in bold.

Brompton Mégantic Ogden

Characteristics Variables r p-value r p-value r p-value

Stem dimensions DBH 8 years (cm) 0.94 <0.01 0.88 <0.05 0.51 0.30
Volume 8 years (dm3/tree) 0.96 <0.01 0.94 <0.01 0.58 0.22

DBH 14 years (cm) 0.96 <0.01 0.97 <0.01 0.81 0.05

Volume 14 years (dm3/tree) 0.98 <0.001 0.98 <0.001 0.82 <0.05

Δ DBH 8–14 years (cm) 0.94 <0.01 0.97 <0.01 0.96 <0.01

Δ Volume 8–14 years (dm3/tree) 0.96 <0.01 0.98 <0.001 0.88 <0.05

Stand volume Volume 8 years (m3/ha) −0.81 0.05 0.13 0.81 −0.54 0.27
Volume 14 years (m3/ha) −0.53 0.28 −0.04 0.93 −0.50 0.32

Δ Volume 8–14years (m3/ha) −0.28 0.60 −0.15 0.78 −0.47 0.35
Stand biomass (14 years) Abovegr. woody biomass (t/ha) −0.23 0.66 0.05 0.92 −0.46 0.36

Coarse root biomass (t/ha) −0.80 0.06 −0.16 0.75 −0.61 0.20
Fine root biomass (t/ha) −0.94 <0.01 0.13 0.81 −0.27 0.61

Herbaceous biomass (t/ha) −0.46 0.36 −0.12 0.82 0.53 0.28
Stand-level partitioning Stem to branch biomass ratio −0.92 <0.05 −0.98 <0.001 −0.75 0.09

(14 years) Shoot to root biomass ratio 0.97 <0.01 0.99 <0.001 0.78 0.07
Stand biomass C stocks Aboveground (t C/ha) −0.20 0.70 0.08 0.87 −0.44 0.38

(14 years) Belowground (t C/ha) −0.87 <0.05 −0.13 0.81 −0.57 0.24
Total biomass (t C/ha) −0.35 0.50 0.06 0.91 −0.48 0.34

Soil characteristics Bulk density (g/cm3) 0.94 <0.01 0.82 <0.05 −0.10 0.85
(14 years) C conc. mineral soil (mg C/g) −0.89 <0.05 −0.86 <0.05 −0.45 0.37

Mineral soil C stocks (t C/ha) −0.84 <0.05 −0.79 0.06 −0.44 0.39
O horizon C stocks (t C/ha) −0.05 0.92 −0.55 0.25 −0.69 0.13
Total soil C stocks (t C/ha) −0.86 <0.05 −0.83 <0.05 −0.46 0.35

NO3 supply (μg/10 cm2/42 days) 0.87 <0.05 0.77 0.07 −0.77 0.07

NH4 supply (μg/10 cm2/42 days) −0.32 0.54 −0.56 0.25 0.16 0.76
P supply (μg/10 cm2/42 days) 0.80 0.06 0.54 0.26 0.00 1.00
K supply (μg/10 cm2/42 days) −0.91 <0.05 −0.47 0.35 −0.40 0.43
Ca supply (μg/10 cm2/42 days) 0.87 <0.05 0.41 0.42 0.93 <0.01

Mg supply (μg/10 cm2/42 days) 0.89 <0.05 0.42 0.40 0.41 0.42
S supply (μg/10 cm2/42 days) 0.87 <0.05 0.12 0.82 0.82 <0.05

For individual stem dimensions, strong and significant positive correlations (p ≤ 0.05) were
observed at Brompton and Mégantic between area per tree and DBH or stem volume (8 years,
14 years and Δ 8–14 years) (Table 7). At the Ogden site, these correlations were only significant
(p ≤ 0.05) for stem DBH and volume after 14 years. Area per tree and stand productivity were only
strongly correlated after 8 years at the Brompton site (r = −0.81 and p = 0.05 for stand volume).
Significant site-specific relationships (p ≤ 0.05) between area per tree and tree DBH after 14 years,
stem volume per tree after 14 years, and stand volume after 8 years are presented in Figure 2.

For biomass partitioning at the stand-level, negative correlations were observed between area per
tree and the stem to branch ratio at Brompton (r = −0.92, p < 0.05), Mégantic (r = −0.98, p < 0.001) and
Ogden (r = −0.75, p = 0.09), while positive correlations were observed between area per tree and the
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shoot to root ratio at Brompton (r = 0.97, p < 0.01), Mégantic (r = 0.99, p < 0.001) and Ogden (r = 0.78,
p = 0.07) (Table 7). At the Brompton site, significant or near significant negative correlations between
area per tree at planting and fine root biomass (r = −0.94, p < 0.01), coarse root biomass (r = −0.80,
p = 0.06), and belowground C stocks (r = −0.87, p < 0.05) were also observed (Table 7). Site-specific
relationships between area per tree and the branch to stem ratio, the shoot to root ratio, fine root
biomass or coarse root biomass at the stand-level are presented in Figure 3.

For soil nutrients, positive correlations between area per tree and nutrient supply rate were found
at Brompton (NO3, P, Ca, Mg and S, significant at p = 0.06 or less), Mégantic (NO3, p = 0.07), and Ogden
(Ca and S, significant at p < 0.05) (Table 7). However, area per tree and soil K were negatively correlated
at Brompton (p < 0.05), while area per tree and soil NO3 were negatively correlated at Ogden (p = 0.07).
Site-specific relationships between area per tree and soil nutrient supply rates measured during the
14th growing season are presented in Figure 4. For soil C, negative correlations were observed between
area per tree and mineral soil C concentration, mineral soil C stocks (0–20 cm layer) and total soil
C stocks (mineral soil + O horizon) at Brompton (p < 0.05) and Mégantic (p = 0.06 or less). At those
two sites, mineral soil bulk density (0–20 cm layer) was positively correlated (p < 0.05) with area per
tree (Table 7). Site-specific relationships between area per tree at planting and soil C or bulk density
measured during the 14th growing season are presented in Figure 5.

Figure 2. Site-specific linear relationships between area per tree at planting and (a) mean tree DBH after
14 years, (b) mean stem volume per tree after 14 years and (c) stand volume after 8 years in hybrid
poplar plantations. Only relationships with p ≤ 0.05 are presented. Fit and significance level of the
relationships are the following for panel (a): Brompton site (R2 = 0.93, p < 0.01), Mégantic site (R2 = 0.95,
p < 0.01), Ogden site (R2 = 0.65, p = 0.05); for panel (b): Brompton site (R2 = 0.95, p < 0.001), Mégantic site
(R2 = 0.96, p < 0.001), Ogden site (R2 = 0.67, p < 0.05); for panel (c): Brompton site (R2 = 0.66, p = 0.05).

Figure 3. Site-specific relationships between the area per tree at planting and (a) the stem to branch
biomass ratio at the stand-level, (b) the shoot to root biomass ratio at the stand-level, (c) fine root
biomass and (d) coarse root biomass in 14 year-old hybrid plantations. Only relationships with p < 0.1
are presented. Model type, fit and significance level of the relationships are the following for panel
(a): Brompton site (power model, R2 = 0.95, p < 0.001), Mégantic site (logarithmic model, R2 = 0.97,
p < 0.001), Ogden site (power model, R2 = 0.56, p = 0.09); for panel (b): Brompton site (linear model,
R2 = 0.94, p < 0.01), Mégantic site (linear model, R2 = 0.98, p < 0.001), Ogden site (linear model, R2 = 0.61,
p = 0.07); for panel (c): Brompton site (polynomial model, R2 = 0.97, p < 0.01). The shoot to root ratio
exclude fine root biomass; for panel (d): Brompton site (power model, R2 = 0.68, p < 0.05).
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Figure 4. Site-specific relationships between the area per tree at planting and the supply rate of soil
(a) nitrate, (b) phosphorus, (c) potassium, (d) calcium, (e) magnesium and (f) sulfur during the 14th
growing season in hybrid poplar plantations. Only relationships with p < 0.1 are presented. Model type,
fit and significance level of the relationships are the following for panel (a): Brompton site (exponential
model, R2 = 0.74, p < 0.05), Mégantic site (linear model, R2 = 0.60, p = 0.07), Ogden site (linear model,
R2 = 0.88, p < 0.01); for panel (b): Brompton site (linear model: R2 = 0.64, p = 0.06); for panel (c):
Brompton site (power model, R2 = 0.97, p < 0.001); for panel (d): Brompton site (linear model, R2 = 0.76,
p < 0.05), Ogden site (linear model, R2 = 0.87, p < 0.01); for panel (e): Brompton site (linear model,
R2 = 0.79, p < 0.05); for panel (f): Brompton site (linear model, R2 = 0.76, p < 0.05), Ogden site (linear
model, R2 = 0.71, p < 0.05). Nutrient supply rates were measured in hybrid poplar plantations during
42 days (6 August–17 September 2013).

 

Figure 5. Site-specific linear relationships between the area per tree at planting and (a) mineral soil C
concentration (0–20 cm layer), (b) mineral soil C stocks (0–20 cm layer), (c) total soil C stocks (mineral
soil + O horizon) and (d) mineral soil bulk density (0–20 cm layer). Only relationships with p < 0.1
are presented. Fit and significance level of the relationships are the following for panel (a): Brompton
site (R2 = 0.80, p < 0.05), Mégantic site (R2 = 0.74, p < 0.05); for panel (b): Brompton site (R2 = 0.71,
p < 0.05), Mégantic site (R2 = 0.62, p = 0.06); for panel (c): Brompton site (R2 = 0.74, p < 0.05), Mégantic
site (R2 = 0.69, p < 0.05): for panel (d): Brompton site (R2 = 0.88, p < 0.01), Mégantic site (R2 = 0.67,
p < 0.05).
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4. Discussion

4.1. Planting Density Effects on Stem Dimensions, Stand Productivity and Total Biomass Carbon Stocks

In fast-growing plantations, the selection of the planting density is an important management
decision as it can maximize biomass or wood production, and optimize wood log size at harvest,
which is important for specific production objectives [12]. As expected, there was a strong effect
of planting density on individual stem DBH or volume after 8 and 14 years (Table 3, Figure 2a,b).
However, we found little evidence of an important effect of planting density on stand volume after
8 and 14 years, or on woody biomass production after 14 years. Site selection was clearly a more
important factor affecting stem volume and woody biomass production at the stand-level (Table 3).
Across sites, low stand volume or woody biomass production was mainly observed in planting
density treatments were the survival rate was the lowest (Table 3). Yet, when the 1111 trees/ha
treatment (lowest survival rate) was excluded from the ANOVA, there was no significant Planting
density effect on stand volume or woody biomass production (Table A2). At the Mégantic and Ogden
sites, where mortality occurred (Table 3), stand volume and aboveground woody biomass were more
strongly correlated with survival than with spacing (Tables 7 and A3). This indicates that if tree
mortality occurs early in the rotation, substantial productivity loss will be observed on the long-term.

The strongest evidence of a linkage between planting density and productivity was a significant
negative relationship between area per tree and stand volume after 8 years, only observed at Brompton
(R2 = 0.66, p = 0.05) (Figure 2c). Thus, our second hypothesis suggesting greater mid-term (8 years)
stand volume at higher planting density only holds for the most productive site, mainly because
of the low productivity of the wider spacing treatment (4.5 × 4.5 m or 484 trees/ha) (Figure 2c).
Our results corroborate previous studies showing that productivity differences between planting
density treatments in Populus plantations are generally minor and tend to decrease as rotation length
increases [12,15,16,23,24]. In addition, given that the largest biomass C stock is located in aboveground
biomass, planting density only had a marginal effect on the total biomass C storage capacity of
14 year-old poplar plantations (Figure 1b, Tables 7 and A2).

The absence of an aboveground productivity/spacing relationship may be related to the clone
selected for this study. Clone DN×M-915508 is known for its high plasticity in biomass allocation
to the crown and its high allocation to branch biomass compared to other hybrid types [9,42,48].
Such a biomass allocation strategy allows this clone to rapidly occupy available canopy space, thereby
optimizing its light harvesting capacity under both narrow and wide spacings. Clone DN×M-915508
is also known to have a relatively high productivity across a wide range of environmental conditions,
even on sites presenting nutrient limitations [7]. This generalist genotype was found to be highly
proficient at resorbing growth limiting nutrients (N and P) from senesced leaves, especially when site
fertility declined [54]. Such a nutrient cycling strategy may allow clone DN×M-915508 to cumulate
aboveground biomass at similar rate in both narrower and wider spacings, despite that the supply of
growth limiting nutrients (N and P) in soil tends to decline with increasingly narrow spacing on the
more fertile sites (Brompton and Mégantic) (Figure 4a,b).

The small plot size (20 trees/plot at planting) and the presence of only two buffer rows between
the planting density treatments were limitations in this study. Such an experimental design was not
optimal in completely eliminating the effect of neighboring plots in terms of competition for light.
Also, the yield results may not be fully representative of large-scale commercial plantations where
mortality rates are rarely 0%, as observed at the Brompton site.

4.2. Planting Density Effects on Biomass Partitioning, Belowground Carbon Allocation, Soil Nutrient Supply
and Soil Carbon

This study shows that planting density has important effects on biomass partitioning,
on belowground C allocation, on soil nutrient supply rate and on soil C sequestration over the
long-term in poplar plantations. As hypothesized, we observed a decrease in the stem to branch
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biomass ratio with increasing tree spacing (Table 5, Figure 3a), which suggest that poplars responded
to high competition for light in narrow spacings by proportionally reducing allocation to branch vs.
stem biomass. The negative relationship between spacing and the stem to branch ratio was particularly
steep at the productive site of Brompton (Figure 3a), where canopy closure and self-pruning occurred
the earliest in the rotation (B. Truax, field observations).

Also, there was evidence of higher root competition for nutrients with decreasing spacing as
shown by the positive relationships between spacing and soil NO3 (Brompton and Mégantic sites),
P, Mg (Brompton site), Ca and Mg (Brompton and Ogden sites) (Figure 4). Resource depletion in
the narrower spacings likely stimulated biomass allocation belowground (Table 5). As expected,
a decrease in the shoot to root ratio was observed at all sites with decreasing spacing (Figure 3b).
Significant relationships between spacing and fine or coarse root biomass were also observed at the
productive site of Brompton (Figure 3c,d), where signs of nutrient depletion were mainly observed
(Figure 4). Thus, at Brompton, higher amounts of soil nutrients may have been taken up by poplars
in narrow spacings to enhance biomass production belowground and increase foraging capacity.
Furthermore, smaller diameter trees, which were produced in narrower spacings at all sites (Table 3),
tend to have greater macronutrient concentrations per unit of woody biomass [55]. This could also have
contributed to soil nutrient depletion in narrower spacings, despite the lack of spacing/aboveground
productivity relationships after 14 years. Recent studies have suggested that faster canopy closure in
narrower spacings can lower nitrification and nitrogen mineralization rates after 5 years in widely
spaced (400 trees/ha or less) poplar plantations [36]. However, such a hypothesis is not supported by
our results related to soil NO3 supply at Brompton and Mégantic, as closed canopy characterized all
spacing treatments at these sites after 14 years (B. Truax and J. Fortier, field observations).

On the other hand, there was a strong negative relationship between tree spacing and soil K
at Brompton (Figure 4c), which suggests little depletion of this soil nutrient with increasing root
competition. Weaker negative correlations between spacing and soil K were also observed at Mégantic
and Ogden (Table 7). In mature poplar plantations, approximately 90% of total net stand deposition of
K originates from canopy leaching, and compared to other base cations, little K is lost by percolation in
the soil [56]. Since canopy closure was reached earlier in narrow spacings (B. Truax, field observations),
this may have enhanced canopy-derived K input to the soil over the years. A low magnitude negative
relationship between soil NO3 supply and spacing was also observed at the low fertility site of Ogden
(Figure 4a), where herbaceous biomass was by far the highest across sites (Table 5). Such a relationship
potentially reflects a higher NO3 uptake by herbaceous vegetation underneath poplars in more widely
spaced treatments, since spacing and herbaceous biomass were weakly correlated at Ogden (r = 0.53,
p = 0.28). Ruderal herbaceous plants that are typically found in the understory of poplar plantations
growing on old fields can be strong competitors for soil NO3 [57,58].

As expected, decreasing spacing between poplars not only led to greater allocation to belowground
biomass (Figure 3b–d), it also led to higher soil C concentration and C stocks after 14 years (Tables 4
and 7). Yet, significant relationships between spacing and soil C were only found on the more
productive sites (Brompton and Mégantic) (Figure 5a–c). Like many other tree species, poplars growing
in less favorable or more competitive soil environments tend to increase root production, and root
exudation to support mycorrhizal networks and microorganisms in the rhizosphere, in order to
improve the access to soil resources [33,59]. Such a positive feedback of high intraspecific competition
on soil C was likely observed in this study. Also, faster canopy closure in narrower spacings may have
led to a faster decrease of soil and air temperatures, potentially providing more favorable conditions
for soil C accumulation [37].

While mineral soil C concentration decreased with spacing at Brompton and Mégantic (Figure 5a),
soil bulk density tended to increase with spacing at those sites (Figure 5d). As a result, soil C
concentration and bulk density were negatively correlated at Brompton (r = −0.93, p < 0.01) and
Mégantic (r = −0.91, p < 0.05). Such a trend is consistent with the notion that soil organic matter,
which was strongly correlated to soil C concentration across sites (r = 0.92, p < 0.001, n = 18), has an
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attractive effect on soil invertebrates that can create pores in the soil [60]. At Brompton, greater fine
root biomass in narrower spacings (Figure 3c) could have also contributed to decrease soil bulk density.

4.3. Management Implications

When a particular log size is required for solid wood product applications or for pulpwood,
planting density should be carefully selected (Table 3, Figure 2a,b). Particular care should also be
given to obtaining a very high survival rate, as higher yields were always achieved in planting
density treatments with the highest survival rates (Tables 3 and A3). However, compared to planting
density, site selection was of overriding importance for achieving high volume or biomass yields at
the stand level. Thus, poplar afforestation on low fertility abandoned farmland sites cannot provide
interesting yields (above 10 m3/ha/year) [9], even if a generalist genotype is planted at a high density
(1975 trees/ha) over a relatively long rotation (14 years). On low fertility sites, such as Ogden,
hybrid poplars tend to allocate a larger proportion of assimilate C belowground, at the expense of
aboveground biomass production [30]. As a result, similar coarse root biomass was observed between
sites, while aboveground woody biomass varied by more than two-fold (Table 5).

For the production of bioenergy with single-stem trees, hybrid poplar plantations with planting
densities ranging 1000–2000 stems/ha and 5–8 year rotations are recommended in Europe and in North
America [2,61]. Yet, this study shows that for planting densities ranging 484–1975 trees/ha, using longer
rotations would allow much greater productivity. At all sites and independently of the planting density,
more stand volume was cumulated between the end of 8th and 14th growing season (a 6 year period)
than during the first 8 years (Table 3). Rotations longer than 10 years were also recommended in
Germany for high density (4000–8000 trees/ha) hybrid aspen (P. tremula × P. tremuloides) plantations
on agricultural land [62]. Besides, if nitrogen fertilizers are used, the management of poplar
plantations on longer rotations may reduce environmental impacts in terms of NO3 leaching and soil
nitrous oxide emissions [63]. However, longer rotations are not always optimal from an economic
perspective [12]. For the specific case of short-rotation coppice bioenergy plantations with high
planting densities (≥2500 cuttings/ha), high biomass yields (above 10 t/ha/year) were obtained with
hybrid poplars managed on 4-year cutting cycles in southern Québec (Canada) and other temperate
regions [21,64]. Coppicing is also known to increase poplar yield in the subsequent rotations [65]. Thus,
optimal rotation length may vary greatly between hybrid poplar plantation types (e.g., single-stem vs.
coppiced systems) [66].

The use of long rotations also increases the risks of tree exposure to diseases and climatic
disturbances [13], such has wind and ice storms, which are common across northeastern America.
Substantial stem breakages were observed in the 1975 and 494 trees/ha plots at Brompton during the
15th growing season (B. Truax and J. Fortier, field observations). This suggests that for the studied
poplar clone (DN×M-915508), both the smaller diameter trees with narrow crowns and the larger
diameter trees with wide crowns may have reached their physical limit to accumulate biomass under
the climatic conditions of southern Québec.

The results from this study have important implications for ecosystem services provision in
poplar plantations. While planting density had a minor effect on aboveground biomass C stocks,
significant increases in belowground biomass C stocks and in mineral soil C stocks were observed with
decreasing tree spacing (Table 7, Figures 3 and 5). Soil porosity also tended to increase with decreasing
spacing (Figure 5d). Thus, on the longer term, more densely planted poplars may be more effective to
sequester atmospheric CO2 belowground and improve general soil health on marginal agricultural
land. Such environmental benefits could be the trade-off compensating for the higher establishing
costs of higher density plantations, especially if large planting stocks are used.

More generally, our results have potential implications for the design of multi-functional poplar
buffers, which are increasingly used in agricultural watersheds for bioenergy production, streambank
stabilization, phytoremediation and on-farm C storage [1,67,68]. Higher soil porosity, reduced soil
NO3 and P, enhanced soil organic C and higher belowground biomass in more densely planted poplars
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could provide more effective buffering capacity against main agricultural pollutants (sediments, N,
P and organic pesticides) reaching streams [69]. Further studies are therefore needed to evaluate the
effects of planting density on the provision of various ecosystem services in different types of Populus
plantation systems.

5. Conclusions

Overall, this long-term study showed that planting density had major effects on stem dimensions,
biomass partitioning and soil C, but minor effects on productivity and aboveground biomass C stocks.
Site selection was a much more determinant factor in obtaining high yields for the studied hybrid
poplar clone. On the higher fertility sites, surface area per tree was a significant negative predictor of
fine root biomass, coarse root biomass and soil C, but a significant positive predictor for the supply of
several macronutrients. Therefore, in higher density plantations of poplars, the high root competition
for soil resources may lead to soil nutrient depletion, which may stimulate C allocation belowground
and enhance soil C sequestration potential over the long-term.
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Appendix

Figure A1. Schematic representation of the sampling design used for the soil core extractions and
for the evaluation of soil nutrient supply rate with the PRS-probes. The experimental plot shown
represents the 1111 trees/ha (3 × 3 m spacing) treatment.
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Table A1. Planting density effect on soil nutrient supply rate, pH, clay, silt and sand content in
14 year-old hybrid poplar plantations.

Soil Nutrient Supply Rate (μg/10 cm2/42 days)

Planting Density NO3 NH4 P K Ca Mg S pH Clay Silt Sand

494 stems/ha 219.0 3.31 6.02 46 1880 309 70.4 5.20 15.9 45.8 38.3
741 stems/ha 36.5 2.29 4.85 48 1642 387 40.4 5.27 15.9 49.8 34.3
988 stems/ha 29.2 3.38 4.90 55 1324 200 34.5 5.20 14.3 50.1 35.6
1111 stems/ha 41.3 4.91 5.22 63 1123 194 33.3 4.97 13.5 44.4 42.0
1481 stems/ha 36.0 3.25 4.20 149 1136 188 27.6 5.20 13.9 46.7 39.4
1975 stems/ha 15.2 3.42 4.06 56 1194 186 31.7 5.03 14.2 49.4 36.4

SE 58.9 0.73 0.91 29 221 47 11.7 0.06 2.3 1.9 1.7
p-value 0.91 0.33 0.69 0.08 0.17 0.05 0.21 <0.05 0.95 0.24 0.14

Table A2. Probability value (p-value) of the Planting density effect on stand-level characteristics
following the removal of the 1111 trees/ha treatment in the ANOVA.

Stand-Level Characteristics
p-value

Planting Density Effect

Volume 8 years (m3/ha) 0.15
Volume 14 years (m3/ha) 0.21

Δ Volume 8–14 years (m3/ha) 0.33
Aboveground woody biomass 14 year (t/ha) 0.49

Belowground biomass 14 years (t/ha) 0.05
Total biomass 14 years (t/ha) 0.37

Aboveground C stocks 14 years (t C/ha) 0.53
Belowground C stocks 14 years (t C/ha) 0.05
Total biomass C stocks 14 years (t C/ha) 0.40

Table A3. Site-specific pairwise correlations (r) between survival and selected stand-level characteristics
in hybrid poplar plantations.

Mégantic Ogden

Stand-Level Characteristics r p-value r p-value

Volume 8 years (m3/ha) 0.92 <0.01 0.74 0.09
Volume 14 years (m3/ha) 0.93 <0.01 0.69 0.13

Δ volume 8–14 years (m3/ha) 0.86 <0.05 0.65 0.16
Aboveground woody biomass 14 years (t/ha) 0.91 <0.05 0.66 0.15

Aboveground biomass C stocks 14 years (t C/ha) 0.91 <0.05 0.66 0.15
Belowground biomass C stocks 14 years (t C/ha) 0.91 <0.05 0.74 0.09

Total biomass C stocks 14 years (t C/ha) 0.91 <0.05 0.69 0.13
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Abstract: Inoculation with mycorrhizal fungi, proven mediators of soil fertility, has great potential
in agricultural and silvicultural systems. This is particularly true in short-rotation coppices (SRCs),
where questions of food displacement and fertilization are causes of concern for researchers
and policy makers. We set out to thoroughly test if current inoculation methods, coupled
with reduced fertilization, can demonstrate a growth benefit in SRC willows on marginal lands.
Roughly 21,600 Salix miyabeana Seeman (‘SX61’ and ‘SX64’) were planted in a hierarchical design with
inoculation treatments randomized first, cultivars randomized second, and fertilization treatments
randomized third. This process was repeated across three fields of different marginal soil type
(which, in our experiment, were given the descriptive names Sandy, Rocky, and Dry). The inoculum
species, Rhizoglomus irregulare Błaszk., Wubet, Renker & Buscot Sieverd., G.A. Silva & Oehl and
Hebeloma longicaudum (Pers.) P. Kumm., were chosen as they are most likely to be commercially
available, and because they represent both arbuscular and ectomycorrhizal inoculum types. Growth
was measured over 2.5 years, or three growing seasons. Fertilization treatment (75 kg/ha Nitrogen),
however, was only applied during the second growing season. Our results conclusively showed no
benefit from mycorrhizal inoculation across fields that exhibited significantly different growth rates,
as well as significant differentiation from fertilization.

Keywords: mycorrhizal fungi; willow; inoculation; agricultural field experiment; rhizospheric soil

1. Introduction

Growing short-rotation coppiced (SRC) willows for energy purposes is particularly promising
on agriculturally marginal land. Such land would neither come as a sacrifice to pristine, old-growth
wilderness, nor would it have a significant impact upon food production, as much of this marginal
land has become, or is becoming, unviable within the current competitive agricultural marketplace [1].
However, the main driver of efforts to develop biomass plantations, global warming, can also fuel
concerns about fertilizer use [2]. In general, SRC willows can be grown on many types of agricultural
land (though wetter land is much better than dry) [3,4]. Due to high biomass yields though, they
remove nutrients at a high rate [5]. This means that poor sites are not suitable for SRC cultivation
unless fertilizers are supplied. A relevant study showed that fertilizer represents up to 10–20% of
the cost of production over several rotations of a willow SRC crop [6]. Estimates based on nutrient
off-take measurements vary between 50–130 kg N, 60–83 kg K, and 8–16 kg P per hectare per year for
willow SRC, although farmers generally only need to add nitrogen (N) over the first several years,
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as potassium (K) and phosphorus (P) usually build up excessively in farm soil [7]. This paper addresses
whether the central challenge of fertility that arises with SRC farming in a carbon-negative way on
marginal land could be addressed or mitigated by inoculation with mycorrhizal fungi.

Arbuscular mycorrhiza (AM), which penetrate the root cells of their host plant,
and ectomycorrhiza (EM), which interact just as intimately with their host plant but through a form
of root interface that does not penetrate cells, are the two main types of mycorrhizal fungi (e.g., [8]).
In exchange for the sugars that the plant produces, both AM and EM provide nutrients harvested
from surrounding soil (particularly those trapped in mineral form or difficult-to-degrade organic
molecules) with their extensive fungal networks and specialized degradation enzymes [9,10]. There is
also extensive evidence of AM and EM providing their hosts with protection from disease and aiding
with water stress during droughts [11–13].

Biomass shrub willows—though small and with multiple stems instead of a single
trunk—are nevertheless a tree species in the genus Salix L., and are typically found with EM symbionts
in samples of their roots and rhizosphere (the narrow soil zone under the influence of roots) [14–16].
Salix species, however, have been found to be associated with both EM and AM (separately or at the
same time) [17–20]. Minor association with AM cannot be ignored, as some evidence suggests that
mycorrhiza can provide significant benefits for their host, even at low levels of root colonization [21,22].

Because agricultural land (or marginal, formerly agricultural land) does not typically have
a diverse collection of trees growing on it, researchers have conducted experiments inoculating trees
with mycorrhiza, reasoning that the specific EM species that would colonize biomass willows could
be missing [23]. Similarly, as agricultural land is often exhausted of organic carbon and repeatedly
left barren of plant hosts (when crops are harvested in late summer or fall), even AM, that could use
crop plants as hosts, might be low in number and/or diversity [24,25]. Some experiments showed
a benefit from inoculation, but many others were inconclusive [26–30]. The same is true for experiments
specifically using Salix (or closely related Populus L.) and AM or EM inoculum [31–33].

In most of these studies, the controlled conditions used are significantly different from what
willow growers will actually encounter in their fields. Even when young trees were planted into natural
settings in some of these experiments, the seedlings were first raised in containers. This means that the
control conditions, with completely sterile potting soil, could stunt the trees’ early growth, and therefore
do not reflect a natural control with a random mix of native mycorrhiza. Experiments with sterile
control soils, and sterile soils plus one or more inoculum species throughout the measurement time
period, while valuable for basic research, are inherently limited. Agricultural activities almost never
deal with sterile soils, so for practical purposes, farmers and agricultural researchers need to know
what their treatments do in relation to unsterile controls.

This study addresses the sterile control problem by planting directly into intact farm soil. This is
possible in practical terms because willow cuttings do not need to be started in pots, and in theoretical
terms because of the sheer number of willow cuttings planted. The myriad of combinations of native
mycorrhiza, as well as of plant pathogens, etc., that would threaten a smaller experiment with too many
confounding variables, are better dealt with through replication across large fields. If a few willows are
negatively affected by small areas of soil with disease pathogens, or conversely if a few willows have
increased growth due to a small area of particularly beneficial mycorrhiza, their growth measurements
will not significantly shift the mean results from the many more growth measurements we were able
to take through a field-scale investigation. Furthermore, the high variability in the growth of plants
in fields that are naturally patchy in soil structure and nutrient concentration can be accounted for
statistically with enough data points from several different blocks. This “random” variation was part of
our ANOVA models, and our field sizes allowed us to do this. Biomass farmers, and those who advise
farmers, should take note of this study’s results, as they relate closely to real-world conditions. Even the
equipment used to set up and implement the experiment was consistent with modern farming realities.

If the use of such energy intensive products as fertilizers can be limited through mycorrhizal
inoculation, and likewise marginal agricultural land can be better taken advantage of, then biofuel
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grown with carbon taken from the atmosphere would inarguably represent a net climate benefit.
Knowing whether inoculation is effective or not is a key step for this industry, and more generally,
for those working in agriculture and silviculture. Our experiment aimed to take this step: it tested
whether or not a mycorrhizal inoculant can have a positive effect on the growth of SRC willows.
Furthermore, our experiment was designed extremely robustly, testing the inoculants effect across
two different cultivars of willow in three different marginal field-types, and both with and without
nitrogen fertilization.

2. Materials and Methods

2.1. Experimental Design

Three similarly designed experimental fields of 108 m × 43.2 m, or ~4670 m2 each, were established
in early June of 2010 at three sites on the Allard family farm (Agro Énergie Inc., Saint-Roch-de-l’Achigan,
QC, Canada (45◦51′00” N, 73◦36′00” W). The farm is ~60 m above sea level, flat and open, but sparsely
wooded at the edges. It lies within the St. Lawrence River watershed, ~25 km north-northeast of
Montreal, QC, Canada. A different soil type defines each experimental field (details are summarized
in Table 1). One location, referred to in this paper as the Sandy field, is almost pure sand, with a low
pH of 6. Another, named Dry field, is sandy-loam with a close to neutral pH of 7. The last consists of
silty-loam, with a high pH of 8, but with ~30% of the surface covered with small and medium sized
rocks (~1–5 cm) (therefore named Rocky field). Fields had been cultivated in the past with the standard
North American rotation of corn and soybeans (corn most recently), but the Sandy field had also been
periodically planted with carrots before that.

Table 1. Characterization of the three field sites, including a soil analysis at two depths.

Depth pH Nitrate Phosphorus Organic Matter Clay Silt Sand Soil Type

Dry Field (45◦49′31” N, 73◦37′29” W) 1

(0−20 cm) 7.1 5.77 ppm 130 kg/ha 4.0% 21.0% 40.9% 38.1% Medium loam
(20–40 cm) 7.3 7.35 ppm 81 kg/ha 3.9% 19.9% 32.7% 47.4% Edging towards sandy

Rocky Field (45◦49′38” N, 73◦37′36” W) 2

(0–20 cm) 7.9 6.87 ppm 63 kg/ha 3.5% 29.5% 39.2% 31.3% Medium loam
(20–40 cm) 7.9 5.77 ppm 39 kg/ha 2.8% 24.1% 43.5% 32.4% Edging towards clay

Sandy Field (45◦49′32” N, 73◦37′04” W) 3

(0–20 cm) 6.0 5.35 ppm 256 kg/ha 2.1% 2.5% 10.4% 87.1% Loamy sand

(20–40 cm) 6.1 5.91 ppm 192 kg/ha 2.0% 3.4% 6.8% 89.8% Very close to pure
sand

1 Defining qualitative features: heavily drained with a 0.5 m deep ditch along its west side and a 2 m deep channel
along its south side. 2 Defining qualitative features: ~30% of its surface covered with small and medium sized
rocks (~1–5 cm). 3 Defining qualitative features: far removed from any drainage, it often had standing water for
a week at a time after any rainfall, between the field and the forest bordering its south side and the southern half of
its east side.

The experimental design was a modified split-plot design and had twelve full blocks repeated
in each field. In this hierarchical design, inoculation treatments were randomized before cultivar,
and fertilization treatments were randomized last. Local soil conditions and weather determined our
partner farmer’s best practices for preparing a weed-free, flat, and loose soil bed (a mix of plowing
and disking). Small cuttings (~30 cm long, and ~1–2 cm thick) of two cultivars of willow, Salix miyabeana
Seeman ‘SX64’ and ‘SX61’ were planted. Planting was done using a modified 3-row cabbage planter.
Rows were 1.8 m apart, and willows were planted every 36 cm, for a density of 16,103 trees per hectare.
Flagged stakes marked every 18 m, showing the edges of each experiment block (6 × 12-row-wide
blocks running down each half of the field, for 12 in total in each field—see Supplementary Material,
Figure S1 for diagram). The modified aspect of the split-plot design came with the randomization of
the cultivar. Instead of being randomized with each block, the random selection from the first block
was continued for the entire length of the field, in order to facilitate timely and accurate planting
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at this large scale (again, see Supplementary Material, Figure S1 for diagram). The three farmers
sitting on the planter were informed about which of the two willow types to feed into the rotating
planter cylinders at the beginning of each new group of three rows. However, during planting, water
delivery of the inoculant was turned off and on by hand as the planter stopped and started each block
section, thus allowing a true randomization between each experimental block. Smaller flags on wire
stakes subdivided the twelve blocks at 9 m (or six-row) intervals, but these subdivisions directed
nitrogen fertilization, which was not applied until the second growing season (when it was applied by
hand, due to the relatively small size of each treatment plot—see next paragraph for application rates).
Therefore, during the first year each experimental block had four treatment subplots within them,
which then became eight treatment subplots within each block from the second year on Similar blocks,
albeit with a different randomly assigned treatment pattern, were set up in the three different fields.

Inoculation was done using a mixed inoculum of AM and EM fungi, provided by BioSyneterra
Solutions Inc. (L’Assomption, QC, Canada). It was delivered via a water-suspension to each cutting
at planting as ~350 propagules of the AM and ~250 of the EM in 50 mL of water. The AM strain
used was a Rhizoglomus irregulare (Błaszk., Wubet, Renker & Buscot) Sieverd., G.A. Silva & Oehl
DAOM197198 [34,35]) from Pont Rouge, QC, Canada. The EM was a proprietary Hebeloma longicaudum
(Pers.) P. Kumm. Viability of the inoculum was checked by taking a sample of the inoculum suspension
on the day of planting, and inoculating several potted willows in autoclaved farm soil. Viability was
qualitatively confirmed the following day with root staining and microscopic visualization of AM and
EM structures, as well as with macroscopic identification of EM fructifications. Some 7200 cuttings
were planted on each site, for a total of 21,600 plants. The experiment ran for two and a half years
(through three growing seasons). Only during the second growing season did half of the trees receive
nitrogen fertilization (75 kg/ha N, as pelleted chicken feather compost, scattered by hand in May).

2.2. Sampling and Measurements

Before planting had taken place, a baseline soil analysis was conducted. Soil was collected
using a 1000 cm3, screw-boring hand sampler, combining seven samples taken from a diagonal
line across each field. Two depths were sampled, 0–20 cm and 20–40 cm. All of the soil from
each sample type was mixed thoroughly. A subsample was then taken back to the laboratory and
air dried for chemical analysis using recommended methods [36]. Total nitrogen was measured
using Kjeldal’s method. Total phosphorus was extracted with nitric-perchloric acid or stannous
chloride (for the sludge), and measured using plasma emission spectroscopy. Potassium, calcium,
and magnesium were extracted with NH4Ac, and analyzed by atomic absorption. Metals were
extracted with nitric or hydrochloric acid, and their dosage was done using ICP (Inductively Coupled
Plasma) [37].

We measured the height of the longest stem, its diameter at a distance of 10 cm from the ground,
as well as the total number of stems, in order to assess shrub growth. Growth measurements were taken
on every other tree along the middle row of the three-row treatment groups in early November, 2010.
This meant that 16 trees were measured in each treatment group. With four treatment groups during
the first year and 12 blocks repeated in each field, that totaled 2304 trees measured (the actual total was
slightly lower as one block within the Sandy field was not measured in the first year, due to excessive
mortality in that block, presumably as roots had not developed enough to compensate for the higher
drainage in an almost 100% sand patch).

At the end of the second growing season (early December 2011), a total of 1152 trees were
measured for growth, with 576 also selected randomly to be cut and weighed. A representative
2–3 kg of stem pieces (without leaves) were further subsampled from each field to measure moisture
percentage. Although a block in the Sandy field had been dropped from the analysis in the first year
due to the aforementioned high mortality, it was kept during the second year. This was because
many of the trees that had died were actually concentrated in the middle of the block, and there were
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enough left to give an accurate representation of all the treatments with the addition of an increased
fertilization subdivision.

At the end of the third growing season (late November 2012), two trees per treatment subgroup
per block were measured and weighed (a total of 288 trees).

Thirty-six whole root samples were also dug up and collected in late October, 2010, after the first
growing season; these consisted of three replicates of the twelve treatment combinations then in place
(randomly chosen from the ten trees in the middle of each treatment group, within three randomly
chosen blocks in each field). Because nitrogen fertilization was not applied until the second season,
the twelve treatment combinations consisted of the two willow cultivar types in each of the three
fields, inoculated and not. After shaking off unattached or excess soil, each plant’s root system was
separately bagged and stored at −30 ◦C in the laboratory’s freezers the same day.

Root systems were later thawed and vigorously rinsed and agitated by hand in distilled water.
The dirty rinse water was then allowed to settle, and the sediment was set aside and refrozen as
36 rhizospheric soil samples. After cutting up the roots into 1 cm pieces, they were well mixed
and further homogenized (with a washed and sterilized commercial food-beverage blender in
milli-Q/0.1TE buffer solution (Black & Decker, Montréal, QC, Canada) and frozen as 36 root samples
for the next molecular analysis steps.

2.3. Molecular Fungal Community Analysis

DNA from the first-year’s 36 root and 36 rhizosphere samples was extracted using a MoBio
Laboratories PowerSoil Extraction kit (MoBio Laboratories Inc., Carlsbad, CA, USA) according to the
manufacturer’s instructions, except that instead of the standard homogenization and lysis step, an MP
Biomedicals FastPrep machine (MP Biomedicals Inc., Solon, OH, USA) at setting 4 was used for 25 s
and six repetitions.

For cloning-sequencing, all replicates of both willow cultivars were pooled together by field and,
inoculation treatment. The DNA extracted from rhizospheric soil was used to look for AM while DNA
from root samples to look for EM since preliminary efforts revealed a tendency of the AM specific
primers (AML1/AML2 [38]) to amplify willow DNA, attempts were made to detect both AM in the
DNA extracted from rhizospheric soil, and EM in the DNA of the root samples. Conversely, in order to
look for EM, universal fungal primers (ITS1F/ITS2 [39]) were used, since no EM fungi-specific primer
was available. A search for AM was undertaken in both root extracts from the Sandy field and the
rhizospheric soil extract, as soil extracts had not produced any AM sequences. All of this left six pooled
samples for AM PCR-cloning and six for EM PCR-cloning.

A nested PCR reaction was run with samples used for AM detection. The initial PCR
used the primer pair NS1/NS41 in a 25 μL reaction with reagents from the MoBio PCR CoreKit
(MoBio Laboratories Inc., Carlsbad, CA, USA). Initial denaturation was at 94 ◦C for 3 min, followed by
30 cycles of 94 ◦C for 45 s, 55 ◦C for 1 min, and 72 ◦C for 1 min (modified from [40]). The reaction ended
with 10 min at 72 ◦C One microliter of product from this first PCR was then amplified in a second 25 μL
reaction using the AML1/AML2 primer pair. Initial denaturation was at 94 ◦C for 3 min, followed
by 30 cycles of 94 ◦C for 30 s, 58 ◦C for 45 s, and 72 ◦C for 45 s, and ending with 10 min at 72 ◦C [40].
Eppendorf MasterCycler Pro thermocyclers (Eppendorf Canada Ltd., Mississauga, ON, Canada) were
used, and PCR products visualized on 1% agarose gels, according to the directions for Biotium’s
GelRed dye (Biotium, Inc., Fremont, CA, USA) and BioRad’s Molecular Imager Gel Doc XR (Bio-Rad
Laboratories, Hercules, CA, USA).

The samples used for EM detection were amplified in a single step using the same MoBio reagents
(MoBio Laboratories Inc., Carlsbad, CA, USA) and the primer pair ITS1F/ITS2. Initial denaturation was
at 94 ◦C for 3 min, followed by 30 cycles of 94 ◦C for 45 s, 60 ◦C for 1 min, and 72 ◦C for 1 min (modified
from [41]). The reaction ended with 10 min at 72 ◦C. The same thermocyclers and visualization method
were used as described above.
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PCR products were cloned using a TOPO TA Cloning Kit (Invitrogen, Carlsbad, CA, USA) for
sequencing, from Life Technology, according to the manufacturer’s directions. Forty-eight clones for
each sample were reamplified, and the products sequenced, at McGill University and Génome Québec
Innovation Centre in Montreal, QC, Canada, using the common Sanger-sequencing method.

Sequences were grouped by CD-HIT (http://weizhongli-lab.org/cd-hit/) into operational
taxonomic unit (OTUs) of 98% similarity. One representative sequence from each OTU group was then
randomly selected for analysis using the BLAST search tool in the National Center for Biotechnology
Information (NCBI) database. Only OTUs that were matched with AM organisms were tabulated (the
18S gene is a highly conserved region and the AML1/AML2 primer pair is known to amplify other
eukaryotic organisms as well).

2.4. Data Analysis

A full-factorial ANOVA was performed on the measured growth data. Growth is presented in
this paper as stem basal area per hectare (SBA m2/ha) (modified from [42]). We determined SBA by
calculating transectional stem areas from diameter measurements, multiplied by mean stem number,
and then divided by the average area of land occupied by one willow (in hectares). SBA was calculated
for each measured tree before running the ANOVA, thereby normalizing diameter measurements for
different mortality rates in each field. The actual average density of willows was quite different between
fields, after mortality suffered during dry conditions in the weeks following planting (almost ~25% in
Dry field, ~15% in Sandy, and ~5% in Rocky; but scattered enough in each field to be roughly equivalent
across treatment combinations and blocks). Finally, because of fertilizer spillover from a nearby field
during the third year, an entire row of the Sandy field had to be dropped from the analyses and the
blocks in that field redrawn to maintain the correct number of each treatment combination (reducing
the number of blocks in that field by four).

Growth was also measured in the second and third years by cutting down and weighing
above-ground biomass, and reported as oven dry tons per hectare (ODT/ha). This was calculated from
wet mass measurements taken in the field, using a conversion of 0.53 in 2011 and 0.61 in 2012, found
from drying samples in the lab. The same density values for each field were then used to calculate
per ha, as with SBA/ha.

In the model for our ANOVA, experimental blocks needed to be nested in the field, since block 1
of the Dry field was not the same as block 1 of the Sandy field, and so on. The model was modified
accordingly, keeping a full-factorial combination of all variables besides those instances where field
and (now nested) blocks were combined. Furthermore, all combinations of blocks had to be designated
as random components, since they did not represent a variable we were interested in testing, but were
necessary for the ANOVA to incorporate random heterogeneity within the fields. ANOVA residuals
did indicate heteroscedasticity, which was corrected by logarithmic transforming our measured data.

3. Results

The experiment found no productivity difference between uninoculated and inoculated
plantation willows. As Figure 1 shows, during the first 2 years, when the most trees were measured,
no difference was shown between the observed results and inoculation treatment predicted mean
SBA/ha values. Similarly, while the third year had fewer measured trees, and did seemingly see a small
difference between SBA/ha mean predicted values, this difference was not statistically significant.
This result held true whether tree height was measured, or whole trees were cut down and weighed
(see Supplementary Material, Tables S1–S10).
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Figure 1. Cumulative growth of Salix miyabeana (‘SX61’ and ‘SX64’) during establishment on marginal
land, treated with mycorrhizal inoculum. Error bars are standard error (SE). Within each year, similar
letters (a, b) above the bars indicate that the ANOVA did not find significant differences (p < 0.05)
between predicted means for inoculation treatment.

Table 2 shows the results of the ANOVA on 2011 SBA/ha data in more depth. This ANOVA
confirms that the field sites used were different enough to affect the willows’ productivity, and that
the nitrogen fertilization treatment was significant as well. Table 3 provides the effect size, showing
that fertilization gave a predicted mean increase of 27% SBA/ha in 2011. Even more strikingly,
the Sandy field showed a predicted mean increase of 55% SBA/ha over the Rocky field in 2011.
Similarly, significant biological and statistical effect sizes were seen in other years, and with the
height and weight data, though fertilization was only applied in 2011, and therefore, showed less
effect in 2012 (see Supplementary Material, Tables S1–S14). The overall patterns in Figure 1 and
Tables 2 and 3 are representative of those seen over the three years, with height and weight as seen in
the Supplementary Material (Tables S1–S10). As seen in Figure 2, the different fields did yield different
results relative to one another. While the Sandy field showed markedly higher cumulative growth the
first two years, cumulative growth in the Dry field caught up and equaled that of the Sandy field by
the third year (Figure 2).
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Table 2. ANOVA of the effects of soil type, mycorrhizal inoculation and nitrogen fertilization on stem
basal area/ha (LOG transformed) of willows after one season’s growth in marginal land.

Source Nparm DF DFDen F Ratio Prob > F

Field 2 2 33 21.0017 <0001 *
Inoc 1 1 33 0.0175 0.8955

Field × inoc 2 2 33 1.1145 0.3401
Fert 1 1 33 105.1391 <0001 *

Field × fert 2 2 33 1.8694 0.1702
Inoc × fert 1 1 33 0.0187 0.8920

Field × inoc × fert 2 2 33 0.2658 0.7682
Cultivar 1 1 33 0.0465 0.8305

Field × cultivar 2 2 33 0.4076 0.6686
Inoc × cultivar 1 1 33 0.8624 0.3598

Field × inoc × cultivar 2 2 33 0.2301 0.7957
Fert × cultivar 1 1 33 0.1629 0.6891

Field × fert × cultivar 2 2 33 0.4619 0.6341
Inoc × fert × cultivar 1 1 33 2.0731 0.1593

Field × inoc × fert × cultivar 2 2 33 0.602 0.5536

All combinations of the block treatment, by itself and with the other treatment variables, were part of the model.
However, the block was treated differently since it was nested in the field variable, and labeled as a random attribute.
Therefore, it does not appear in this table. An asterisk (*) next to the p-value denotes a 5% statistical significance.

Table 3. Stem basal area per hectare (m2/ha) of willows after one season’s growth in marginal land.
ANOVA predicted values and a posteriori test results according to soil type, mycorrhizal inoculation,
nitrogen fertilization or willow cultivar.

Experimental
Treatments

Least Squares Mean Standard Error Test

Panel A: Field Tukey’s test

Dry 11.029889 0.66402733 B1

Rocky 10.307269 0.66402733 B
Sandy 15.964387 0.66402733 A

Panel B: Inoculation 1 Student’s T-test

Not inoculated 12.478451 0.43045506 A
Inoculated 12.389246 0.43045506 A

Panel C: Nitrogen fertilization Student’s T-test

Fertilized 13.921206 0.4122257 A
Unfertilized 10.946491 0.4122257 B

Panel D: Cultivar Student’s T-test

‘SX64’ 12.486569 0.44855227 A
‘SX61’ 12.381127 0.44855227 A
1 Different letters (A and B) within each panel denote a significant (≥0.05) difference between means.
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Figure 2. Cumulative growth of Salix miyabeana (‘SX61’ and ‘SX64’) during establishment on marginal
land, in three different fields. Stem basal area predicted values (untransformed) and test results
(LOG transformed) by field for all three years. Note: 2012 represents only one cultivar type (‘SX61’),
because of treatment interaction; however, 2010 and 2011 are the full model. Error bars are standard
errors. Letters (a, b) above the bars indicate that the Tukey’s test found a significant difference (p < 0.05)
between predicted means for each field (a separate analysis each year). n = 768 each for Normal and
Rocky fields in 2010; n = 704 for Sandy field in 2010; n = 384 in 2011 for each field; n = 96 in 2012 for
each field.

Figure 3 shows the effect of nitrogen fertilization on growth, using SBA/ha from 2011 and 2012 to
illustrate the difference in effect in each year. Figure 4 shows the fertilization effect on mass, using
ODT/ha (Oven dry tons per hectare), as opposed to SBA/ha. Figure 4 also focuses on 2011, the year
of the main fertilization effect, and taking into account an interaction between field and fertilization
as indicated by the ANOVA, breaks down the effect by field. The effect of fertilization is even more
marked in this case, as fertilization gave a predicted mean increase of 51% ODT/ha in 2011 in the
Sandy field.
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Figure 3. Cumulative growth of Salix miyabeana (‘SX61’ and ‘SX64’) during establishment on marginal
land. Stem basal area predicted values (untransformed) and ANOVA results (LOG transformed) for
the year in which fertilization treatment was applied (2011), as well as for the following year (past
growth, plus any residual nitrogen in the soil). Note: Error bars are standard errors. Different letters
(a, b) above the bars indicate a significant difference (p < 0.05). n = 576 in 2011 for each fertilization
treatment; n = 144 in 2012 for each fertilization treatment.

Figure 4. Cumulative growth of Salix miyabeana (‘SX61’ and ‘SX64’). Oven dry tons per ha predicted
values (untransformed) by field for 2011. Note: Error bars are standard errors. Different letters (a, b)
above the bars indicate a significant difference (p < 0.05). The ANOVA (performed on LOG transformed
values), including all variables in the model, found a likely interaction between field and fertilization,
prompting the breakdown by field. n = 192 for each field and fertilization treatment.
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3.1. Sequence Library Results

Out of a total of 384 sequenced clones from 18S amplicons, 269 were identified as AM sequences
and were regrouped into eight OTUs at 98% similarity (Table 4). This represented 70% specificity for
primers AML1 and AML2, nested following amplification with primers NS1 and NS41. Forty-three
other OTUs were non-specific amplifications, 35 of them being from eukaryotic organisms. Wild AM
fungi (in our uninoculated group) included three Diversispora OTUs, one OTU of the closely
related Archeospora/Ambispora Ambispora, and three Glomeromycota. OTUs. The inoculum only
added a single unique OTU, identified as uncultured Archaeospora with one sequence (possibly
an artifact), but did appreciably increase the relative Glomus sequence numbers, nor did it eliminate the
Diversispora numbers entirely. Also, somewhat surprisingly, the inoculum increased relative Ambispora
sequence numbers.

Table 4. Arbuscular mycorrhizal sequences found in rhizosphere samples from biomass plantation
willows after one season’s growth in marginal land, by mycorrhizal inoculation treatment.

OTU Not Inoculated Inoculated Name and GI 1 of Closest Match in NCBI Database

OTU-10 1 - Diversispora celata: 224586636
OTU-11 32 - Diversispora sp. W4538: 342298391
OTU-12 2 - Uncultured Diversispora: 398649715
OTU-13 19 47 Glomus sp. MC27: 334683211
OTU-14 31 39 Uncultured Glomus: 401664149
OTU-15 10 78 Uncultured Ambispora: 308084344
OTU-16 - 1 Uncultured Archaeospora: 308084350
OTU-17 9 - Glomeromycota sp. MIB 8442: 328541374

1 GI: GenInfo Identifier.

The ITS sequences grouped into 40 OTUs at 98% similarity. Out of them, 16 OTUs represented two
or more sequences, and encompassed almost 90% of the 288 total sequenced clones (Table 5). Five OTUs
were mycorrhizal, according to NCBI database notes: Pulvinula (P.) constellation, Hymenogaster griseus,
uncultured Sebacinales, uncultured ectomycorrhizal fungus, and uncultured Salix L. associated fungus.
The inoculum did not have a clear effect, with P. constellatio increasing in number but the uncultured
ectomycorrhizal fungus decreasing appreciably. The most numerous sequence, the uncultured Salix
associated fungus, was unaffected. One OTU identified as Hebeloma (Fr.). cf. crustuliniforme was not
labeled as EM in the NCBI notes, but is known to be ectomycorrhizal [43]. It was only present in the
inoculated samples, and is so closely related to the inoculated EM species (Hebeloma longicaudum) that
the five sequences found could very well be the inoculum detected in low numbers.

Table 5. Ectomycorrhizal sequences (and sequences of other fungi) found in rinsed root samples
from biomass plantation willows after one season’s growth in marginal land, by mycorrhizal
inoculation treatment.

OTU Not Inoculated Inoculated
Name and GI 1 of Closest Match in

NCBI Database
Phylum (Division)

OTU-2 5 3 Cladosporium cladosporioides: 356484684 Ascomycota
OTU-3 2 2 Epicoccum nigrum: 404474360 Ascomycota
OTU-6 8 8 Magnusiomyces 357934165 Ascomycota
OTU-9 9 24 * Pulvinula constellatio: 10178659 Ascomycota

OTU-11 2 - Trichurus spiralis: 237872399 Ascomycota
OTU-17 - 2 Uncultured Geopora: 295291451 Ascomycota
OTU-18 2 2 Uncultured Hyaloscyphaceae: 193850652 Ascomycota
OTU-21 - 5 Hebeloma crustuliniforme 2 UE-2011: 359751813 Basidiomycota
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Table 5. Cont.

OTU Not Inoculated Inoculated
Name and GI 1 of Closest Match in

NCBI Database
Phylum (Division)

OTU-22 - 3 * Hymenogaster griseus: 387145960 Basidiomycota
OTU-28 2 - Uncultured 334683052 Basidiomycota
OTU-30 1 3 * Uncultured Sebacinales: 264716693 Basidiomycota
OTU-33 16 1 * Uncultured ectomycorrhizal fungus: 404247775 unknown
OTU-34 71 70 * Uncultured fungus (from Salix rhiz. 2): 402535072 unknown
OTU-35 4 3 Uncultured soil fungus: 195964332 unknown
OTU-36 1 5 Olpidium brassicae: 87159723 unknown
OTU-40 2 - Entrophospora sp. JJ38: 15809596 Glomeromycota

Names marked with an asterisk (*) are EM species according to NCBI entry notes. 1 GI: GenInfo Identifier;
2 rhizosphere.

4. Discussion

Willow growers with access to marginal land should be interested in our data, as it represents
farm-scale, real-world results across different field types, both with and without nitrogen fertilization.
The success of the less drained, wetter Sandy field is promising for those with similar land, though the
apparent early growth benefit in the Sandy field could simply have resulted from the more clay-rich
Dry and Rocky fields being harder for the willow roots to penetrate. At the very least, a farmer with
a rock-strewn, clay-heavy field like our Rocky field might decide not to try cultivating willows after
seeing our results, especially if it is deficient in phosphorous minerals (as ours was). Likewise, a farmer
might try to reduce fertilizer costs (or to minimize the climate impacting effect of such fertilizers),
given that our data indicates that a 51% increase in growth is possible in particular fields with a fairly
modest nitrogen addition (75 kg/ha). However, although such results are of interest, they must be seen
as ancillary to those concerning inoculation. The entire design of the experiment was geared towards
studying the effect of inoculation. Field selection and characterization, as well as fertilization treatment,
were chosen to test inoculation rather than drainage or fertilizer effect per se. Neither drainage nor
fertilization were monitored in a sufficiently systematic manner as to allow us to ascertain their effects
across different treatment values, or the upper and lower bounds.

The likeliest conclusion to draw from the experiment is that inoculation with the two mycorrhizal
species used, R. irregulare and H. longicaudum, does not appreciably benefit the growth of biomass
willows cultivated in marginal agricultural fields. Neither cultivar of willow tested showed a significant
difference across inoculation treatments. Neither did the full factorial ANOVA show any mixed effects
between inoculation and field site, or inoculation and fertilization treatment. So, inoculation was not
shown to be of benefit within even one of the tested ranges of soil/fertility conditions.

The AM species used, R. irregulare, has been shown to benefit willow growth [17] in sterile soil
greenhouse experiments. That it did not behave in this manner in this experiment strongly suggests
that wild mycorrhizal species mask the treatment. In fact, several wild AM species were found (Table 4),
as well as several wild probable EM species (Table 5). This is not that surprising, as corn and soybean
crops that would have been present in previous years could host AM species. Annual monocrop
systems are not ideal for diverse mycorrhizal communities [44], but many AM species are known
to survive [45,46]. Such wild strains could benefit uninoculated control willows just as much as
the inoculum might benefit treatment willows, or even outcompete the inoculum strain with the
same result. The wild EM species are more unexpected however, since willow specific EM fungi
are not likely to be associated with annual agricultural crops [47]. In this case though, wild willows
bordered the sandy site, and all three sites were fairly close (within a quarter km) of established
willow plantations. Such locally adapted, willow-specific EM strains could easily have outcompeted
with, or masked, the introduced strain.

The pooled sequence libraries for the inoculation treatments do indicate that the inoculum was
viable and competitive enough to be detected after the first year of growth in the field (the possibility
that it was not had to be considered as an alternative hypothesis to explain the data). Furthermore,
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viability of the inoculum was confirmed with a small greenhouse test, as mentioned in the methods.
The AM species (Table 4) were present at roughly twice the numbers of those of the relative Glomus
species in the inoculated plots. The EM species (Table 5) are more difficult to interpret, but there were
some Hebeloma sequences in the treated plots that were not present in the untreated plots.

The experimental results suggest that inoculation with AM fungi in general will not benefit
willows grown in agricultural settings, as such willows already have the potential to interact with
numerous, wild AM strains. A diversity of AM species appears to be ubiquitous to different degrees in
agricultural soil [46].

However, we cannot conclude that another strain of EM fungi would not benefit willows grown
in such a setting. The Hebeloma species selected has been shown to be associated with a very closely
related species of tree (Populus), but greenhouse or pot experiments to confirm positive interaction
with biomass willows had not been conducted prior to this experiment. Not many EM fungi are
commercially available in the quantities needed in an agricultural setting, and the EM inoculum was
the only one available at the time of our experiment’s setup. Because EM fungi are more host specific
than AM fungi [48,49], and are less likely to be present in agricultural fields [50,51], we encourage
researchers to test other species and strains as they become available for agricultural applications.

For willow growers, our results caution against investing in mycorrhizal inoculation, unless
a strain has proven to be beneficial in field tests with willows (or in pot tests using unsterilized farm
soil). We would still advise growers to apply mycorrhizal inoculation if planting on semi-sterile soil,
such as heavily fungicide-applied sands, mine tailings, etc. However, our results suggest that such
an inoculation could simply be a diluted soil slurry from a healthy agricultural field nearby.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4907/9/4/185/s1,
Table S1: 2010 Height ANOVA results (LOG transformed), Table S2: 2010 Height (cm) ANOVA predicted values
and test results, Table S3: 2011 Height ANOVA results (LOG transformed), Table S4: 2011 Height (cm) ANOVA
predicted values and test results, Table S5: 2012 Height ANOVA results (LOG transformed), Table S6: 2012
Height cm ANOVA predicted values and test results, Table S7: 2011 Oven dry tons /ha ANOVA results (LOG
transformed), Table S8: 2011 Oven dry tons /ha ANOVA predicted values and test results, Table S9: 2012 Oven
dry tons /ha ANOVA results (LOG transformed), Table S10: 2012 Oven dry tons /ha ANOVA predicted values
and test results, Table S11: 2010 Stem basal area ANOVA results (LOG transformed), Table S12: 2010 Stem basal
area per hectare (m2/ha) ANOVA predicted values and test results, Table S13: 2012 Stem basal area ANOVA
results (LOG transformed), Table S14: 2012 Stem basal area per hectare (m2/ha) ANOVA predicted values and
test results, Figure S1: Experimental design (each field randomized according to the schema, rocky field shown as
an example). Widths compressed substantially compared to heights to fit on page; actual measurements given on
side and top of plan. B refers to block; F to fertilization; M to inoculation. + sign means the subplot was fertilized
or inoculated; − sign that it was not. SM stands for cultivar Salix miyabeana ‘SX61’, SS for cultivar ‘SX64’.
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Abstract: We evaluated the long-term pattern of leaf area index (LAI) dynamics and radiation
use efficiency (RUE) in short rotation poplar in uncoppice (single stem) and coppice (multi-stem)
plantations, and compared them to annual field crops (AFCs) as an alternative for bioenergy
production while being more sensitive to weather fluctuation and climate change. The aim of this
study was to evaluate the potential of LAI and RUE as indicators for bioenergy production and
indicators of response to changing environmental conditions. For this study, we selected poplar clone
J-105 (Populus nigra L. × P. maximowiczii A. Henry) and AFCs such as barley (Hordeum vulgare L.),
wheat (Triticum aestivum L.), maize (Zea mays L.), and oilseed rape (Brassica napus L.), and compared
their aboveground dry mass (AGDM) production in relation to their LAI development and RUE.
The results of the study showed the long-term maximum LAI (LAImax) to be 9.5 in coppice poplar
when compared to AFCs, where LAImax did not exceed the value 6. The RUE varied between 1.02
and 1.48 g MJ−1 in short rotation poplar and between 0.72 and 2.06 g MJ−1 in AFCs. We found both
LAI and RUE contributed to AGDM production in short rotation poplar and RUE only contributed in
AFCs. The study confirms that RUE may be considered an AGDM predictor of short rotation poplar
and AFCs. This may be utilized for empirical estimates of yields and also contribute to improve
the models of short rotation poplar and AFCs for the precise prediction of biomass accumulation in
different environmental conditions.

Keywords: aboveground biomass; bioenergy; leaf area index; Populus

1. Introduction

IPCC [1] reported that the energy security and mitigation of greenhouse gas emissions are major
challenges to meet global energy demand. Moreover, the entire food system is considered as a source
of greenhouse gas emissions and primary production is by far the most important component [2].
To reduce greenhouse gas emissions, mitigate climate change impacts and, at the same time, fulfill
the requirements of food and energy demands, it is important to enhance the sources of biomass
production in the short term such as short rotation forestry (SRF) and bioenergy feedstocks (woody and
non-woody) [3,4].

However, incentives are needed to persuade crop and livestock producers, agro-industries,
and ecosystem managers to adopt good practices for mitigating climate change and improving
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the productivity of crops in different environmental conditions [5]. The cultivation of biomass,
mainly poplars (Populus) and willows (Salix) in SRF, particularly in coppice management, also known
as short rotation coppice (SRC), has considerable potential to meet these requirements. Besides
being a production source of biomass for bioenergy, SRC can contribute to the improvement of
ecosystem services such as increasing biodiversity, reducing soil erosion, improving water use
efficiency, phytoremediation, and reducing greenhouse gas emissions [6,7]. Moreover, in some regions,
AFCs also represent an alternative solution for biomass and bioenergy production [8,9]. The suitability
of the species for bioenergy production can vary with local soil and climatic conditions and may
also show differences due to their sensitivity to changing environmental conditions in the context of
climate change.

For this reason, indicators that would make easier comparison of species differences and the
responses to climate change in aboveground dry mass (AGDM) production are of high interest.
The cultivation of biomass under field conditions depends on the productivity and growth of the
species. The variation in productivity and growth is closely linked to the amount of intercepted
radiation, largely determined by leaf area index (LAI) [10] which is defined as the one sided green
leaf area per unit ground surface area [11], the interception of photosynthetically active radiation
(PAR; 400–700 nm), and by interactions with numerous environmental factors and physiological
characteristics [12,13].

An intercepted PAR depends mainly on the plant’s LAI, canopy architecture (affecting how
much LAI is effectively exposed to light), and the physiological capacity to intercept radiation.
Thus, plant growth and productivity under field conditions are primarily dependent on the potential
of the canopy to intercept incoming PAR and to convert it into biomass [14,15].

The amount of biomass produced per unit of intercepted light is called radiation use efficiency
(RUE) and largely determines the growth and biomass in both woody (trees) and non-woody (AFCs)
plants [16–18]. Monteith [12] defined the concept of RUE as the ratio between the quantity of dry mass
(DM) production and the quantity of accumulated intercepted PAR (IPAR).

In numerous studies, a linear relationship between IPAR, RUE, LAI, leaf area duration (LAD), and
biomass production has been found in bioenergy feedstocks and AFCs such as poplar, willow, barley,
wheat, maize, and oilseed rape [13,19–21]. The actual RUE and LAI are affected by several factors such
as environmental conditions (temperature, water, and nutrient availability [22,23]), phenology, and
LAD [24,25].

The RUE also varies in different vegetation types for example in woody and herbaceous plants or
management type such as coppiced and uncoppiced, as well as plant density and growth rate [26–31].
Usually, RUE values are higher in AFCs compared to fast growing woody plantations. On the other
hand, in most studies the maximum LAI (LAImax) is higher in woody plants [32–34].

To evaluate the contribution of RUE and LAI to AGDM accumulation, several studies on bioenergy
feedstocks in different regions were conducted. However, the understanding of these relationships
is still low and particularly the knowledge of the differences between plant species are needed to
improve bioenergy feedstock growth and production analysis [35–40].

In the present study, we evaluated the dynamics of LAI, LAD, RUE, and AGDM for the
growth of poplar clone J-105 (Populus nigra L. × P. maximowiczii A. Henry) in a high-density
short rotation (coppiced and uncoppiced management) on former arable land, AFCs-spring barley
(SB, Hordeum vulgare L.), winter wheat (WW, Triticum aestivum L.), silage maize (SM, Zea mays L.), and
oilseed rape (OR, Brassica napus L.).

We hypothesized the role of RUE and LAI development in determining AGDM production.
The aims of this study were: (1) to determine the variation of LAI development, LAD, and RUE
between SRC poplar and AFCs; (2) to investigate the relationship between LAI, LAD, RUE, and AGDM
in SRC poplar and AFCs as this may help to understand differences in AGDM production in different
plant types and species, thus, improving the forecasting of the productivity of SRC poplar and AFCs.
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2. Materials and Methods

2.1. Site Description and Treatments

The experiment was conducted in a Domanínek research site (the Czech Republic 49◦31′ N,
16◦14′ E; 530 m a.s.l.). The research site is located on a slight slope of 3–5◦ with an eastern aspect and
characterized by a temperate climate which is typical for this part of Central Europe with mingling
continental and maritime influences [41,42].

The long-term (2002–2014) total annual amount of precipitation and mean annual air temperature
at the research site was 603 mm and 7.6 ◦C, respectively. The area is relatively dry due to low annual
precipitation; however, the experimental site is appropriate for SRC and AFCs cultivation due to a deep
soil profile with optimum water holding capacity [41]. The soil type is luvic cambisol, influenced
by gleyic processes [41] and the texture vary from silt loam (0–0.3 m) to loam (0.3–2.0 m). The soil
sampling was carried out prior to planting the poplar clone J-105 and sowing SB, WW, SM, and OR,
respectively. The basic soil characteristic such as the total nitrogen (N), organic matter, soil type,
bulk density, soil pH, and available nutrients are shown in Table 1.

Table 1. The selected soil characteristics of the experimental site taken from Trnka et al. [41].

Soil Characteristics Units Depth (cm)

0–24 24–66 66–94 94–130+

Silt wt % 50 46.1 38.7 19.6
Clay wt % 15.8 26.3 18.6 13.3

Bulk density g/cm3 1.55 1.64 1.59 1.64
Organic matter wt % 2.65 0.28 0.14 0.14
Total nitrogen wt % 0.16 <0.05 <0.05 <0.05

pH (KCl) 5.9 5.4 4 3.4
Available P mg/kg 148 1.3 0.9 24
Available K mg/kg 15 91 62 76

Available Mg mg/kg 143 230 278 291
Available Ca mg/kg 1230 1353 748 652

The poplar clone J-105 plantation of 2.85 ha was established in April 2002 on former arable land.
Hardwood cuttings were planted in a double-row design with spacing of 0.7 m within the rows and
inter-row distances of 2.5 m, resulting in a density 9216 trees ha−1. Irrigation, fertilizers, or pesticides
were not applied before or after planting. The measurements were conducted during two consecutive
rotations. The first rotation spanned from 2002–2009 (uncoppiced-single stem stand) and the second
rotation from 2010–2015 (coppiced-multi stem stand). The single stem stand was cut 10–15 cm above
the ground level in 2009 (total age of trees from planting to harvest was eight years) and subsequently
in 2010 the multi stem stand coppice culture was established. AFCs were sown in close distance
(ca. 500 m to 1 km) to woody poplar plantation. These crops were cultivated between 2011 and 2013
with two cultivars for SB (Tolar-SB-T and Bojos-SB-B) and one cultivar for WW (Etela-WW-E), SM
(MON3301-SM-M), and OR (Rohan-OR-R), respectively. The experimental designs for all AFCs were
identical for all the years (2011–2013). These AFCs were established on standardized 12 m2 (1.5 × 8 m)
plots and each AFC was cultivated in three replicates (A, B, and C) for measurements [43]. The AFCs
were sown with appropriate seeding rates for given conditions and during the sowing, the AFCs
nitrogen (N) fertilizer was applied with optimum doses (see Table 2).
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Table 2. The sowing of non-woody annual field crops (AFCs) spring barley (SB), winter wheat
(WW), silage maize (SM), and oilseed rape (OR), and the fertilizer (Nitrogen—N) rate in different
growing seasons.

Annual Field Crops (AFCs) Cultivars Sowing Date Seeding Rate (kg ha−1) N Rate (kg ha−1)

Spring barley Tolar 11 April 2011 220 60
Spring barley Tolar 17 April 2012 220 70
Spring barley Bojos 18 April 2013 220 30
Spring barley Bojos 12 March 2014 220 30
Winter wheat Etela 4 October 2011 200 15
Winter wheat Etela 26 September 2012 200 15
Silage maize MON3301 10 May 2012 35 140
Oilseed rape Rohan 16 August 2011 4.5 60

2.2. Field Measurements and Data Collection

All measurements (meteorological, LAI, AGDM production, IPAR, and RUE) were carried out for
SRC poplar clone J-105 (for uncoppiced in growing seasons 7–8 and for coppiced-growing seasons 1–4),
and AFCs. The data sampling dates covered all stages of canopy development, from the beginning of
the growing season (leaf flushing) to the end of the growing season (completely fallen leaves) in SRC
poplar and crop emergence to ripening (before harvesting) in AFCs.

2.3. Meteorological Measurements

Meteorological data (air temperature, incident global radiation, and precipitation) were recorded
continuously by an automatic weather station placed at the turf grass close (~15–20 m) to the SRC
poplar plantation [42]. The used instruments consist of combined air temperature/relative humidity
sensor EMS 33 (EMS Brno, Brno, the Czech Republic), precipitation tipping bucket rain gauge MetOne
370 (MetOne Instruments, Grants Pass, OR, USA), and global radiation sensors EMS 11 (EMS Brno,
Brno, the Czech Republic), respectively. The PAR was calculated as 0.5 of the global radiation [44].
The weather conditions during the measurement period for seven years from 2008–2014 are presented
in Figure 1. The mean annual air temperature (in ◦C) was within the range of normal conditions.
The annual precipitation was almost the same (ranging from 511–554 mm) between all the years except
2009 and 2010 when the total precipitation was higher, with the highest reported in 2009. The annual
incident global radiation for each growing season (from April–October, for all measurement years)
varied between 2971.28–3247.03 MJ m−2, however, a slightly lower value was observed in 2010
(see Figure 1B).

2.4. Leaf Area Development Measurements

In situ LAI measurement methods can be grouped into two main categories such as direct
(destructive and non-destructive) and indirect (non-destructive). Indirect non-destructive LAI
measurement methods involve several approaches with advantages and disadvantages for different
types of vegetation [45,46]. The LAI development was evaluated throughout each of the growing
season in SRC poplar and AFCs. The LAI was indirectly measured by a SunScan plant canopy
analyzer (Delta-T Devices, Cambridge, UK). For SRC poplar, the LAI was measured at three different
places between rows and within rows while for AFCs, the LAI was measured in each individual
replicate. The LAI measurements were repeated weekly and biweekly in the same measurement points.
This indirect LAI method was validated because first time SunScan was used in woody SRC poplar
plantation/referenced (r2 = 0.82, y = 1.05 − 0.7, p < 0.001) for SRC poplar [47], and for AFCs it followed
the calibration from earlier studies in different crops such as soybean, maize, and wheat [48–51].
For daily LAI, the weekly and biweekly LAI data were interpolated using a regression equation
with the cumulative mean daily air temperature sum (>5 ◦C) [52]. The LAImax (during the peak of
growing period), LAImean (the mean of the LAI, during the growing period), ∑LAI (the sum of the
daily LAI during the growing period), and LAD (the count of the total number of days from bud burst
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to completely fallen leaves to the ground) was evaluated for each growing season in SRC poplar and
AFCs, respectively.

Figure 1. (A) The air temperature (◦C; maximum, minimum, and mean) and (B) the total amount of
annual precipitation (mm) and the total sum of incident global radiation (MJ m−2) per growing season
(April–October) from 2008–2014 at the research site Domanínek, Czech Republic.

2.5. Aboveground Dry Mass (AGDM) Production Estimation

In uncoppiced poplar, the AGDM was estimated for the seven and eight growing season using an
allometric equation which was developed by Fischer et al. [53]. However, for the coppiced plantation,
we developed a specific allometric equation using the methodology suggested by Fischer et al. [53].
In winter 2011 (after two years of coppiced growth), 25 trees were randomly selected in the range of
10–40 mm diameter at breast height (DBH, 130 cm above the ground level) and trees were harvested
10–15 cm above the ground level. The DBHs of the tree were measured by using a digital caliper
(150 mm digital caliper DC04150, Digital Micrometers Ltd., Sheffield, UK). The whole tree was divided
into two parts, stem and branches for chipping, in order to determine the woody dry mass (DM).
The chipping samples were stored in aluminum boxes and subsequently dried in an oven at 105 ◦C
until constant weight was achieved [54,55]. The amounts taken on the collected material were used
to correlate DBH with the dry weights, and to develop a non-linear (power function) allometric
Equation (1) (Figure S1) for the coppiced poplar.

DM = a.DBHb (1)

where DM is dry mass, a and b are specific regression coefficients, and DBH is the diameter of the trees
at breast height.

The AGDM in SRC poplar was estimated from the DBH inventory of the winter habitus of trees
at the end of each growing season and followed by using allometric equation (Figure S1). In AFCs,
the AGDM was estimated at least six times during the growing season using a regular harvesting
method. For determining the dry matter production, we harvested aboveground biomass of AFCs
and dried them until constant weight. For AGDMs, dry matter content was determined per m2 and

280



Forests 2018, 9, 168

scaled up per ha (10,000 m2). This methodology was followed due to a recommendation for variety
testing of the State Institute for Agriculture Supervision and Testing with daily monitoring of weather
parameters through automated weather station and daily collection of experimental information
through regular oversight by experienced experimenter and technicians [43].

2.6. The Evaluation of Intercepted Photosynthetic Active Radiation (IPAR) and Radiation Use Efficiency (RUE)

In the SRC poplar clone J-105 and AFCs, the RUEs were calculated (see Equation (2)) from the
ratio between the produced AGDM (g DM m−2) and the total amount of accumulated IPAR (MJ m−2)
during each growing season.

RUE = Ws/IPAR (2)

where Ws = total AGDM production (g DM m−2) and the IPAR was evaluated using Lambert-Beer’s
Law function [56]:

IPAR = PARabove (1 − e−kLAI) (3)

where PARabove represents the cumulated PAR above the canopy and k represents the light extinction
coefficient. For fast growing trees k is estimated to vary between 0.4–0.6 [52] while in the case of AFCs
such as barley and wheat, k ranges between 0.4 and 0.5, respectively [49,50,57].

In the present study, we calculated k for the poplar clone J-105, SB, WW, SM, and RS, respectively
using Equation (4) [58]

k = −ln (PARt/PARi)/LAI (4)

where PARt is the transmitted PAR (below the canopy), PARi is the incoming PAR (above the canopy),
and LAI is the leaf area index.

2.7. Statistical Analysis

The power function of the allometric equation between the AGDM and DBH [59] and the linear
regression among the studied variables (LAImax, LAD, RUE, and AGDM) of SRC poplar [28] and AFCs
were fitted in SigmaPlot® version 11.0 (Systat Software, San Jose, CA, USA). Pearson’s correlation
coefficients were estimated using the same software for individual relationships.

3. Results

3.1. Leaf Area Development

The time course of LAI for SRC poplar (uncoppiced-PU and coppiced-PC) and for AFCs is shown
in Figure 2A–C.

The LAI dynamics changed in SRC poplar (PU and PC) particularly with the development of the
canopy and management. In AFCs (SB-T, SB-B, WW-E, SM-M, and OR-R) the LAI dynamics varied
mainly due to crop characteristics and also in response to the growing season (Figure 2). The LAImax

varied between 3.6–9.5 m2 m−2 in SRC poplar, 3.1–5.6 in SB, 4.1–6.0 m2 m−2 in WW, and reached
values of 3.5 in SM and 5.6 m2 m−2 in OR.

In AFCs, the highest measured LAImax was 6.0 m2 m−2 in WW but the LAImax and also the LAI
development dynamics varied between the growing seasons (Figure 3).

Besides LAI development, LAD, which is an important parameter to define the plant productivity
and is interconnected to LAI development and RUE, was also studied. The LAD for SRC poplar and
AFCs is shown in Figure 3. The maximum LAD (186 days) was found in SRC poplar in 2009 (after eight
years of plant growth in uncoppiced management) and the minimum LAD (68 days) was observed
in SM.
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Figure 2. The time course of leaf area index (LAI) in SRC poplar clone J-105 (A) uncoppiced (PU) from
2008–2009 and coppiced (PC) from 2010–2013; the time course of LAI in AFCs (B) spring barley cultivar
Tolar (SB-T) from 2011–2012 and cultivar Bojos (SB-B) from 2013–2014; and (C) winter wheat cultivar
Etela (WW-E) from 2011/2012–2012/2013, silage maize cultivar MON3301 (SM-M) in 2013, and oilseed
rape cultivar Rohan (OR-R) in 2011/12.

3.2. Radiation Use Efficiency (RUE)

RUE is another main determinant of biomass production in SRC plants and AFCs. For the poplar
clone J-105, the average RUE was 1.19 g MJ−1 over all six years. The maximum RUE was 1.48 g MJ−1 in
PU 2009 (the last year of uncoppiced poplar cultivation) and the minimum RUE was 1.02 g MJ−1 in PC
2010 (the first year of coppiced poplar cultivation). The average RUE for AFCs was 1.57 g MJ−1 among
all crops, years, and genotypes. The maximum RUE (2.06 g MJ−1) was observed in AFCs SB (cultivar
Bojos) in 2013 (SB-B 2013) and the minimum RUE (0.72 g MJ−1) was observed in OR cultivated in
2011/2012 (Figure 3).

3.3. Aboveground Dry Mass (AGDM) Production

The AGDM production in SRC poplar clone J-105 varied from 3.6–16.5 t ha−1 year−1 in different
growing seasons (Figure 3). In the long term six-year observation, the mean AGDM production was
estimated to be 10.5 t ha−1 year−1 including PU and PC. The maximum AGDM production was
observed in the last year of PU cultivation (2009) and the minimum AGDM production was observed
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in the first year of PC cultivation. It is evident that these differences are attributed particularly to the
canopy development.

Figure 3. Comparison of (A) the maximum leaf area index (LAImax, m2 m−2); (B) the leaf area duration
(LAD, days); (C) the radiation use efficiency (RUE, g MJ−1); and (D) the aboveground dry mass
(AGDM, t ha−1 year−1) in SRC poplar clone J-105 uncoppiced (PU) from 2008–2009 and coppiced (PC)
from 2010–2013 and AFCs (spring barley cultivar Tolar (SB-T) from 2011–2012 and cultivar Bojos (SB-B)
from 2013–2014, winter wheat cultivar Etela (WW-E) from 2011/2012–2012/2013, silage maize cultivar
MON3301 (SM-M) in 2013, and oilseed rape cultivar Rohan (OR-R) in 2011/2012).

The AGDM production in AFCs varied between 4.5 and 14.4 t ha−1 year−1 and the average
AGDM was 8.5 t ha−1 year−1. The maximum AGDM was observed in SM-M (14.4 t ha−1 year−1) and
the minimum was observed in OR-R (4.5 t ha−1 year−1) (Figure 3D). These observed differences can
be related to RUE, sowing density, crop physiology, and N application.

3.4. Determinants of Aboveground Dry Mass (AGDM) Production in SRC Poplar and AFCs

The AGDM production showed a positive linear regression with LAImax, LAImean, ∑LAI, LAD,
and ∑(LAI × IPAR) in only SRC poplar, while a negative linear relationship was observed in AFCs
(Figure 4A–D,F, respectively). For SRC poplar, a strong positive (R2 values varied between 0.86 and 0.94)
and linear relationships between AGDM production and LAI (LAImean and ∑LAI) or ∑(LAI × IPAR)
were found. Using ∑LAI (R2 = 0.91) and ∑(LAI × IPAR) (R2 = 0.94) improved the relationship to
AGDM production compared to LAImean (R2 = 0.86) and particularly to LAImax (R2 = 0.46) and thus,
provided a better estimator of biomass production.

In SRC poplar and AFCs (excluding SM), the AGDM production was strongly (R2 ranged from
0.70–0.72) and positively correlated to RUE (Figure 4E). Thus, the use of RUE provided a good
estimation of AGDM production for both SRC poplar and AFCs, however, the relationship for AFCs
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was significantly improved if the C4 crop SM was excluded from the dataset (R2 = 0.7). The C4 crop
SM AGDM response to RUE fits better in the AGDM versus RUE relationship for SRC poplar.

Figure 4. The relationships between aboveground dry mass (AGDM) production and: (A) the maximum
leaf area index (LAImax); (B) the mean LAI (LAImean); (C) the sum of LAI (∑LAI); (D) the leaf area duration
(LAD); (E) the radiation use efficiency (RUE); and (F) ∑(LAI × IPAR) (absorbed photosynthetically active
radiation) in SRC poplar clone J-105 and AFCs, respectively. Note: ** significant Pearson correlation
coefficients at 0.05.

4. Discussion

Within this study, we analyzed the role of RUE and LAI development in SRC poplar and AFCs
in determining AGDM production. We hypothesized the importance of RUE and LAI for AGDM
production in SRC poplar and AFCs, and also improved the estimation of AGDM production by using
∑LAI or ∑(LAI × IPAR) integrating the LAI development over the whole vegetation period.

The results of LAI development in SRC poplar show that the maximum occurs near the end of
summer, which closely matches earlier studies for fast growing woody crops [27,47,60,61]. In these
earlier studies, the LAImax ranged from 3.5–10 m2 m−2, which may be attributed to the growing
season’s weather conditions and development of poplar canopy [27,62]. In our study, an increase
of the LAImax from 3.6–9.5 m2 m−2 is evident after transition to coppice management. Likewise,
Broeckx et al. [28] reported LAImax values from 0.49–1.68 m2 m−2 for one-year-old (first growing
season) and 0.87–4.63 m2 m−2 for two-year-old diverse poplar clones, while in other fast growing
trees like eucalyptus and willow the LAImax estimated values varied from 0.8–6.1 m2 m−2 and from
2.4–6.7 m2 m−2, respectively. In poplar, the LAI development dynamics is also delayed after coppice.
The LAI increment rate increases particularly in the first three years after coppice and reaches similar
LAI development dynamics as uncoppiced canopy. The data confirm the positive effect of coppice
management on the LAI development and canopy closure [28,47,63].

In our study, the LAImax values for AFCs are in close agreement with the LAImax reported in WW,
SB, SM, and OR [24,64–67]. Variations in the LAImax values are related to genotype, site (particularly
soil conditions), length of the growing season, sowing density, and the availability of water and
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nutrients [27,68]. The LAImax may be strongly limited by reduced water availability resulting in
reduced growth, yield, and yield components [69,70].

Besides LAI development in SRC poplar and AFCs, our LAD results were similar to previous
studies where the LAD range varied between 58 and 180 days in AFCs (C3 and C4 crops) and
SRC [28,47,68,71]. Higher LAI and LAD were achieved in SRC poplar as compared to AFCs because
woody crops are taller, multi stemmed, and their developed roots systems may accommodate higher
canopy closure as compared to AFCs [25,26,54]. The responses of LAI develoment in SRC poplar
and AFCs can be potentially used for the screening of genotypes under stress conditions or for the
development of adaptation management strategies to reduce climate change impacts. Some earlier
studies have mentioned the importance of LAI measurements in different ecosystems for process-based
models such as APEX and ALMANAC, which were used for the prediction of climate change impacts
on SRC poplar and crop productivity [72–74]. Thus, our findings may contribute to improving the
models as well as to help farmers in better selection of crops for future climates together with fulfilling
the growing requirements for food and green-energy production [35].

Plant species show relatively high differences in RUE [16,30], however, the long term average of
RUE for fast growing poplar was comparable to data published by Linderson et al. [52] who estimated
RUE at 1.40 g MJ−1 for willow clones in Scania and also to some studies for poplar plantations where
the RUE varied between 1 and 2 g MJ−1 [31,36,40]. In contrast, Broeckx et al. [28] reported lower RUE
values varying between 0.29 and 0.68 and an average RUE of 0.50 g MJ−1 in twelve poplar clones
in Flanders, Belgium. Low or high RUE values are characteristic of the biomass accumulation rate,
are site specific (water and nutrient availability), depend on the length of growing season, as well as
the height and age of trees and genotypes [36]. In our study, the RUE values varied between individual
crops and growing seasons, however, the long-term average was higher in AFCs compared to SRC
poplar. It may be due to differences in crop physiology [12,75] and nutrient effects [64,76] as the effect
of nutrition (particularly N) increases RUE. RUE is increased by higher N doses [16,77] and can be
stimulated also by a higher availability of P and K [78–80]. Higher RUE is often reported also for C4

crops, but the differences in crop physiology depend greatly on environmental conditions, particularly
temperature [25,81].

Our RUE values for SB and WW are similar to previous studies reviewed by Kemanian et al. [24].
We observed fairly low RUE for OR (0.79 g MJ−1) and SM (1.19 g MJ−1) as compared to previous
studies, where Kuai et al. [67] and Williams et al. [82] reported 1.07–1.09 g MJ−1 in OR and 1.71 g MJ−1

in maize, respectively. RUE values may be increased by favorable conditions such as higher water and
nutrient (particularly N) availability [13,52,68,83]. RUE could also be affected by sowing density and
genotype. Higher RUE was found in higher densities [27,52,67].

The growth and biomass production of poplar was in accordance with our earlier data [41].
Compared to other studies, depending on climate and management (plant spacing, irrigation,
fertilization, and genotypes), a production of 10–15 t ha−1 year−1 could be expected [84,85].
Thus, the average productivity observed in our study, despite relatively low precipitation, and soil
water recharge, is acceptable. However, in some cases the average AGDM production observed is
substantially higher, mainly due to favorable climatic condition, the length of rotation cycle, genotype,
higher nutrients, and water availability [86–89]. In our study, AGDM production uniformly increased
season by season in SRC poplar (PU and PC) which can be attributed to the development of the root
system and the increasing capacity to capture water and nutrients.

In earlier studies, AGDMs of 5.6 t ha−1 for barley in Pakistan [64] and 10.3–14.2 t ha−1 in the
USA [22] were observed, for wheat 5.3–6.7 t ha−1 in China [79] and 5.74–7.22 t ha−1 in Pakistan [64],
for maize 14.5–14.9 t ha−1 in different water regimes for many years in China [80], and for oilseed rape
3.6–4.7 t ha−1 for many cultivars in the Czech Republic and other European countries [90] which is in
accordance with our data.

However, in some studies, the AGDM varied only between 1.82 and 2.9 t ha−1 for AFCs [91,92].
Such a low productivity could be related to unfavorable climatic conditions with poor availability of
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water and nutrients in particular places. Lower AGDM production in OR-R and SM-M within our
study could be attributed to lower soil fertility and lower temperatures in a given region, resulting
also in a shorter vegetation period. OR requires high nutrient availability, while SM is mainly affected
by temperature. Higher temperature requirements are typical for C4 crops [93,94].

The moderate positive relationships between LAImax and AGDM production in poplar clone J-105
are in accordance with our previous studies [47]. In AFCs, the AGDM production varied between
years, as a result of season (weather conditions), fertilizers applied to individual crops, and crop
physiology. Our results confirm the earlier observations for a strong and positive correlation between
RUE and AGDM production in high density poplar genotypes and AFCs [22,26,29,35].

The relationships between LAI or RUE and AGDM production show shifts between SRC poplar
and AFCs indicating changes in the relative contribution to biomass. These results suggest that
the biomass production improvement by selecting poplar and AFCs cultivars for specific growth
parameters should take crop management, and consequently RUE into account. Our data also
demonstrated the role of RUE for AGDM production in C3 and C4 crops.

5. Conclusions

Our study shows LAI to be high in SRC poplar compared to AFCs while RUE was shown to
be higher in AFCs than SRC poplar. Both high LAI and RUE could be responsible for high biomass
accumulation in SRC poplar; while in AFCs, the biomass accumulation is related mainly to RUE.
The AGDM estimation by LAI in SRC poplar was improved by using the sum of LAI over the whole
vegetation period and the sum of LAI multiplied by IPAR. The RUE can be thus considered as an
important determinant of biomass production in both SRC poplar and AFCs while LAI could be
a good biomass predictor in only SRC poplar. The evaluation of plant productivity for food and energy
security under climate change is unlikely to be achieved without improving the model with LAI and
RUE input and the right decisions for crop rotations in the changing environment. This is conditioned
by a better understanding of the LAI development, the phenology of the plants, and the role of RUE
and LAI in regulating productivity and plant adaption to climate change in different crops such as
fast-growing trees and AFCs.

Overall, we can conclude that this long-term study is useful particularly for poplar biomass
estimation under different environmental conditions or seasonal changes. The data can serve to
improve the modeling of LAI, RUE, and AGDM development for precise forecasting in the climate
change era.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4907/9/4/168/s1,
Figure s1: Development of an allometric relationship between aboveground dry mass (AGDM, kg stump−1) and
in diameter at breast height (DBH, mm) of poplar clone J-105 in coppice rotation after two years of plant growth.
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Abbreviations

∑LAI Sum of leaf area index
AFCs Annual field crops
AGDM Aboveground dry mass
DBH Diameter at breast height (mm)
DM Dry mass
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IPAR Intercepted photosynthetically active radiation (MJ m−2)
LAD Leaf area duration (days)
LAI Leaf area index (m2 m−2)
LAImax Maximum leaf area index
LAImean Mean leaf area index
OR Oilseed rape
OR-R Oilseed rape cultivar Rohan
PAR Photosynthetically active radiation
PC Poplar coppiced
PU Poplar uncoppiced
RUE Radiation use efficiency (g MJ−1)
SB Spring barley
SB-B Spring barley cultivar Bojos
SB-T Spring barley cultivar Tolar
SM Silage maize
SM-M Silage maize cultivar MON3301
SRC Short rotation coppice
WW Winter wheat
WW-E Winter wheat cultivar Etela
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Abstract: We investigated the early root development of Salix nigra L. willow grown from cuttings
in the different riverbank sediments; silt, sand and stones. Cuttings were grown for 10 weeks in
layered sediment types in five large planter boxes, each box having three separate compartments.
The boxes differed in the proportion of silt, sand and stones. At 10 weeks, the roots were extracted
and sorted into diameter classes (≥2 mm; 1 < 2 mm; <1 mm) according to sediment type and depth.
Root length and dry mass were measured and root length density (RLD) and root mass density (RMD)
calculated. Root development of S. nigra cuttings varied with the substrate, either silt, sand or stones.
Roots initiated from the entire length of the cutting in the substrate but with a concentration of initials
located at the bottom and close to the bottom of the cutting. There was substantial root extension into
all three substrates and at all depths. Generally, RMD was higher in the stones, influenced by having
the bottom of the cuttings in stones for four of the five treatments. RMD was highest for roots <1 mm
diameter. RMD of roots <1 mm diameter was least for those roots growing in sand. Whereas RLD for
roots >0.5 mm diameter was highest in the sand, RLD of roots with diameter <0.5 mm was lowest in
sand. Roots of S. nigra cuttings were least effective in binding sand, primarily because of low RLD
of roots <0.5 mm diameter. It is surmised that sand lacks water and nutrients sufficient to sustain
growth of fine roots compared with silt and even stones. RLD for roots >0.5 mm diameter was lowest
in silt likely due to the greater resistance of the substrate to root penetration, or possibly the greater
investment into smaller roots with absorption capability.

Keywords: coarse root; fine root; cutting; silt; sand; stone; Salix nigra L.

1. Introduction

In New Zealand, live willows, primarily male tree willows, are the most important biotechnical
tool for frontline protection of riverbanks from water erosion, particularly in periods of high flow.
Willows are not native to New Zealand and there is considerable sensitivity to seed spread from
planted willows along waterways, hence male willows are preferred. Planting cuttings from known
parent trees reduces risk of seed dispersal. Tree willows used for river engineering in New Zealand
are established from large cuttings up to 3.5 m long and 70 mm in diameter. Any threat to willow
health and effectiveness in binding sediment and stabilizing river banks is also a threat to property,
livelihoods and possibly human lives. During the period 1997–2003 willow sawfly (Nematus oligospilus
Forster) posed such a threat [1–3], with willows along rivers in some parts of the country experiencing
severe and repeated defoliations and some mortality from the feeding activity of willow sawfly larvae.
Since its arrival in New Zealand in 2014, giant willow aphid (Tuberolachnus salignus Gmelin) has
posed a significant threat to willow health [4]. The threat of this aphid to biotechnical effectiveness of
willows in protecting riverbanks is as yet unclear. This incursion arises at the same time the country
is facing possible increased rainstorm frequency and flood risk consequent on climate change [5].

Forests 2019, 10, 517; doi:10.3390/f10060517 www.mdpi.com/journal/forests292
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The failure of willows to protect bank sections along the Whakatane River in Bay of Plenty, New Zealand
during a severe flood in April 2017 was reported by river engineers, who prompted questions about
whether the effectiveness of the willow root system was compromised by the feeding activity of
giant willow aphid (GWA). Potentially a reduction in stored carbohydrate in the root system due to
feeding activity of GWA could reduce the production of fine roots that bind to sediment and raise
biotechnical effectiveness [6–8]. Carbohydrate storage in non-absorptive roots plays an important role
in maintaining tree survival after the termination of photosynthate flow from above ground sources [8].

Riverbank sediments get transferred and deposited during floods in layers according to particle
size with gravels, stones and boulders being overlaid with sand and with silt dominant in the top
layer [9]. In the absence of binding agents, such as tree roots, fine particles are highly mobile in floods,
the mean erosion rate increasing with deposit height, deposit width and decreasing grain size [10].
Salix spp. are noted as being effective in binding sediment and are not easily washed away with eroded
sediment [11].

Published quantitative data on normal root development of tree willows growing along riverbanks
is scarce, though other studies have investigated willow root development in different soil types [12–14].
This could be considered of little consequence as willows are seen in practice to be generally effective
in binding sediment under flood conditions, with any failings understood as due to the power of the
floodwater. However, determining the effect of a pest organism on a tree willow root system cannot be
determined without first knowing what a healthy root system is like. Hence, this investigation was
designed to first identify how a normal tree willow root system develops.

S. nigra is a colonising floodplain species that produces a massive root system and stabilises
streambank sediments [15]. S. nigra was used in this experiment as a model tree willow to assess root
development from a cutting (the propagating material used for riverbank stabilization in New Zealand)
in the different kinds of substrates (stones, sand, silt) found on riverbanks and in varying proportion.
We hypothesised that willow root morphology will differ with the sediment type, and contend that
knowledge of the differences will contribute to understanding factors that may result in willow failure
on riverbanks.

2. Methods

To investigate tree willow root development in river bank sediments a box trial was set up
in a research facility at The New Zealand Institute for Plant & Food Research Limited (PFR),
Palmerston North. Five plywood boxes (dimensions 1.6 m × 0.8 m × 0.4 m) were constructed,
each box having three equal compartments (dimensions 0.5 m × 0.8 m × 0.4 m) separated by plywood
bracing. The bracing had a central hole 0.6 m × 0.3 m allowing roots to extend naturally. To observe the
roots during the experiment, the plywood on one long side of the boxes was replaced with transparent
polycarbonate. Fifteen 0.9 m cuttings taken from two year old shoots of S. nigra were cut fresh,
pre-soaked in a bucket of water till emerging root primordia were visible, and planted in the boxes
in November 2017, three cuttings per box, each cutting in its separate compartment. Cuttings were
of similar thickness with top diameter averaging 29.6 mm and basal diameter 46.3 mm. They were
then located in an ambient environment. Drainage holes were covered with a fine wire mesh to allow
drainage while retaining the substrate. Each box was attributed different proportions of silt, sand and
“river run” stones sourced from a local quarry, representative of the river bank variation along a river
course (stones phase, mixed silt/sand/stones phase, silt/sand phase). Different substrate proportions
were allocated to each box (Table 1). The same proportion of substrate was replicated in each of the
three compartments in a single box. Ten percent of volume was marked every 7 cm up the side of the
box. A 60 mm diameter polyvinyl chloride pipe was centered into each compartment, extending to
the bottom of the compartment, and substrate filled around it to 0.7 m depth, substrate by substrate
(Table 1). The 0.9 m S. nigra cutting was inserted into the pipe and the pipe removed allowing the
substrate to close against the cutting to a depth of 0.7 m without unduly disturbing the substrate layers,
leaving 0.2 m of cutting above ground. The media settled as the experiment progressed.
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Table 1. Arrangement of the sediment layers in each box.

Layer % (from top) Depth cm Box 1 Box 2 Box 3 Box 4 Box 5

0–10 0–7

silt
silt

silt silt
silt

10–20 7–14
sand

20–30 14–21
sand30–40 21–28

sand

stones

40–50 28–35

50–60 35–42

stones
60–70 42–49

sand70–80 49–56
stones80–90 56–63

sand
90–100 63–70 stones

The cuttings were provided with natural rainfall, supplemented with water supplied by overhead
irrigation twice daily once the foliage emerged. No additional nutrients were added to the mix.

Ten weeks after the cuttings were planted the experiment was terminated. One side of the box
was removed and the roots were extracted manually from each compartment in turn. A tarpaulin was
employed to collect any substrate that fell from the box and to capture all roots.

Of the substrates, the silt and sand were gently removed from each compartment using a spade,
in 7 cm depth intervals (Table 1), to keep the root system as intact as possible and sieved (10 mm mesh)
to collect the roots. Where stones were included as a substrate in a compartment (all except those
in box 1), they were treated as a single sample, varying in depth (Table 1) because their large size
made separation impossible. A total of 100 substrate samples in total were collected from the 5 boxes.
The roots in each sample were separated from their substrate and washed, their diameter measured
with calipers, then cut and allocated to three diameter classes (≥2 mm; 1 < 2 mm; <1 mm) [16]. Roots in
diameter class ≥1 mm are subsequently described as coarse roots. For each box, compartment, cutting,
substrate type, depth, root length (RL) (measured with a ruler to the nearest cm) and root mass (RM)
were recorded. All root diameter classes in each sample were separately oven-dried at 70 ◦C for 48 h,
weighed to 0.01 g and RM recorded. RL (m) of the two root diameter classes ≥1 mm was measured.
For root diameter class <1 mm, RL of roots with diameter 0.5 < 1 mm was measured and recorded for
a random subset only of the samples from each substrate because of practical constraints. For root
diameter class <1 mm, we calculated a relationship between the RL of roots with diameter 0.5 < 1 mm
and RM of the samples for each substrate, assumed this to be a constant relationship for all the samples
not measured, and so calculated RL for root diameter class 0.5 < 1 mm from RM for the remaining
unmeasured samples. The mean density of RM and the total RL were calculated for each substrate in
the different depth intervals. The root length density (RLD) and the root mass density (RMD) were
calculated for the various substrates at each depth interval (7 cm except for stones) and to 0.70 m depth
for all the root diameter classes. All shoots emanating from the cutting were counted, regardless of
size. Shoot dry mass for each cutting was measured and recorded. The top and bottom diameters of
the cuttings were measured at the beginning and the end of the experiment.

Root data were analysed for significant (p < 0.05) differences between substrate types and diameter
using ANOVA (Genstat 17th Edition; VSNi Limited, Hemel Hempstead, UK, 2014). RLD and RMD
data were log transformed to stabilize variance, and a mixed effects model was fitted, with fixed effects
for substrate and diameter, and random effects for box and plant within box. Roots 10–20 mm and over
20 mm were combined into one category, as roots over 20 mm were very rare. Raw data are presented
in the tables and figures.
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3. Results

3.1. Description of the Roots

The live roots observed through the polycarbonate were a mixture of fine and coarse roots.
Some roots were white (not lignified) and others golden brown (lignified). New roots were
white (Figure 1).

 

(a) 

 

(b) 

Figure 1. (a) Contrasting root growth in silt and sand layers. Note the greater number of very fine roots
in the silt. (b) Characteristic root development in silt dominated by very fine roots and high production
of new roots visible as white roots.

Roots developed from the whole buried length of the cutting, with the greater amount of root
development coming from the bottom of the cutting. The finest roots in the stones often adhered to the
stones, their growth following the various indentations of the stones where fine sediments were often
present. Roots were easiest to recover from the sand, followed by the stones and then silt.

The roots grew in all directions in the substrates. The roots originating in the sand layer tended to
grow fine roots upward into the silt. We observed a higher presence of finest roots (roots < 0.5 mm
diameter) in the silt than the sand (Figure 1).
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3.2. Shoot Production in the Five Boxes

Total shoot dry mass for the cuttings in the five boxes varied (Table 2). Shoot mass of individual
trees ranged from 36 g to 128 g, with an overall mean mass of 71.6 g. Except for the trees in box 1,
shoot numbers were similar in each box (Table 2). The mean overall was 12.1 shoots per tree for the
15 trees. Differences in shoot number (p = 0.064) and shoot dry mass (p = 0.098) between plants in the
different boxes were not significant. The cuttings in the high silt substrate (box 1) had near-significantly
more shoots than the cuttings in the other boxes.

Table 2. Growth in cutting diameter and shoot biomass during the experiment.

Box
Substrate Cutting Top Diameter

(mm)

Cutting Basal
Diameter (mm)

Shoots
Cutting
Volume

(cm3)

Total Root
Mass (g)

Coarse Root
Length (m)

Silt:Sand:Stones Start
End Mean

(SE)
Start

End
Mean
(SE)

Mean No.
(SE)

Mean DW
(g) (SE)

Mean (SE) Mean (SE) Mean (SE)

1 80:20:0 30.7 31.8 (2.5) 47 47.7
(3.1) 16.0 (1.0) 107 (13) 1128 (151) 35 (3) 31 (3)

2 60:30:10 28.3 28.7 (2.9) 44.3 47.2
(4.6) 11.3 (1.5) 68 (22) 1036 (206) 26 (4) 32 (5)

3 30:40:30 30.0 30.7 (2.9) 47 50.2
(4.1) 11.3 (1.9) 73 (13) 1171 (193) 32 (2) 45 (1)

4 20:30:50 29.7 30.3 (1.2) 48.7 49.3
(2.6) 11.7 (0.9) 47 (7) 1127 (106) 24 (3) 11 (3)

5 10:20:70 28.0 30.2 (2.2) 45.3 47.0
(1.2) 10.3 (0.7) 63 (8) 1056 (89) 34 (8) 10 (3)

Differences in total root mass between boxes was not significant (p = 0.336). However, differences in coarse RL
between boxes was significant (p < 0.001; LSD = 10; B3 > B1, B2 > B4, B5).

3.3. Root Distribution within the Five Boxes

Coarse RL was greater in the boxes with the greater proportion of silt (Table 3; F = 20.9 on 4 and
10 df. p < 0.001; LSD = 10) and greatest in the box with the highest proportion of sand. The two
boxes (4, 5) with a low proportion of silt and a high proportion of stones had the lowest coarse RL.
Root mass was greatest in the box with the highest proportion of silt. Root mass was high in the box
with the greatest proportion of stones, contributed by a large mass of roots at the bottom of the cuttings.
However, with fine roots (<1 mm diameter), the % RM was in similar proportion to the silt present in
the box, whereas for sand the finest RM fraction was underrepresented. For example, in box 2, 65% of
fine RM was found in silt (60% of the sediment by volume), whereas 18% was found in sand (30%
by volume). Fine RM was overrepresented in the stones, contributed by the greater number of roots
initiating from the bottom of the cutting.
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Table 3. The proportion of root length (RL; roots with diameter ≥1 mm) and root mass (RM) of coarse
roots (diameter ≥1 mm) and fine roots (diameter <1 mm) found in the different proportions of sediment
in each box.

Box Sediment % % RL ≥ 1 mm Diameter % RM ≥1 mm Diameter % RM <1 mm Diameter

1 silt 80 57 58 83
sand 20 43 42 17
stones 0 0 0 0

2 silt 60 42 29 59
sand 30 34 32 28
stones 10 24 39 13

3 silt 30 16 13 35
sand 40 44 37 39
stones 30 39 50 26

4 silt 20 10 1 23
sand 30 23 37 27
stones 50 66 62 50

5 silt 10 4 2 8
sand 20 6 18 8
stones 70 90 80 84

3.4. Root Density

The mixed effects model indicated significant main effects for substrate and diameter (F = 22.3
on 2 and 185 df. p < 0.001, and F = 259.7 on 2 and 185 df. p < 0.001, respectively) but no significant
interaction with plant or box (F = 0.2 on 4 and 184 df. p = 0.947). Mean RLD of coarse roots was
significantly lower in silt (p = 0.03) than in sand and stones (Figure 2). Coarse root RLD was higher in
sand than stones, RLD of fine roots 0.5 < 1 mm diameter was highest in sand (264 m m−3), close to
three times higher (p = 0.04) than in silt (94 m m−3).

Figure 2. Variation in root length density (RLD) with depth class and substrate. Error bars are 1 SE.

RLD for coarse roots generally increased with depth, whereas for the fine root diameter class
(0.5 < 1 mm), RLD was highest in the upper layers in both silt and sand (Figure 3). Differences in
RLD with depth were not significant. The effect of depth (but not diameter × depth) was significant,
although comparatively small relative to the diameter and substrate effects (F = 3.6, p < 0.001).
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Figure 3. Variation in root length density (RLD) with depth in the three substrates. Error bars are 1 SE.
Layers missing a value for the 0.5 < 1 mm root diameter were not sampled.

The mixed effects model indicated significant main effects on RMD for substrate and diameter
(F = 36.6 on 2 and 265 df. p < 0.001, and F = 506.1 on 2 and 261 df. p < 0.001, respectively) but no
significant interaction (F = 1.3 on 4 and 261 df. p = 0.286). Mean RMD was greater in stones (F = 36.6 on
2 and p < 0.001) than in sand or silt. Mean RMD was higher in sand than in silt but not significantly so.
Mean RMD was higher for fine roots than for coarse roots in each substrate; and was highest in the
stones (254 g m−3) and lowest in the sand (135 g m−3) (Figure 4). Coarse root RMD was highest in
stones, intermediate in sand (Figure 4) and significantly lower in silt (p < 0.001).

Figure 4. Mean root mass density (RMD) separated by diameter class and substrate. Error bars are 1 SE.

RMD generally increased with depth in each substrate for all root diameter classes (Figure 5),
with the highest density in the deepest layer. Fitting the mixed effects model to the log of the RMD,
depth (and diameter × depth) were significant, although comparatively small relative to the substrate
and diameter effects (F = 6.1, p < 0.001 and F = 1.8, p = 0.019 for depth and depth × diameter).
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Figure 5. Variation in root mass density (RMD) with depth separated by diameter class and substrate.
Depth scale is % (each 10% interval = 7 cm depth from the surface). Error bars are 1 SE.

Mean RMD of roots <1 mm diameter was 246 g m− 3 in the silt, 187 g m−3 in the sand and 374 g m−3

in the stones.

3.5. Comparing Root Production in Each Box

The ranking for mean RMD of all root diameter classes was similar in each box; higher RMD of
finest roots, followed by the 1 > 2 mm roots, then the ≥2 mm roots. The mean RMD of root classes
differed between boxes; the finest (<0.5 mm) root RMD was greatest in box 5 with the highest proportion
of stones (261 g m−3), and lowest in box 3 with the highest proportion of sand (139 g m−3), while the
1 < 2 mm diameter were greatest in box 3 (66 g m−3) and lowest in boxes 4 (20 g m−3) and 5 (21 g m−3).
However, the RMD of thicker roots was greatest in box 1 (15 g m−3) and lowest in box 4 (2 g m−3).

Total RM was highest in the box with the greatest volume of stones (box 5) followed by the box
with the highest silt content (box 1). However, root production varied sufficiently between the trees
within each box that the differences in total RM between boxes were not significant.

For the subset of samples for which root length (RL), root mass (RM) and contribution (%) of
samples from ≤0.5 mm and between 0.5–1 mm size diameter categories were determined, mean RM
contribution of roots 0.5 < 1 mm was 6%, and that of roots ≤0.5 mm was 94%. Mean RL for 0.5–1 mm
roots was 1.31 m, and for roots ≤0.5 mm was estimated at 11.8 m following a previous approach [12].
However, these data are more representative of the situation for roots in silt (11 samples) because fewer
samples were analysed for sand and stones.

Specific coarse root length (SRL) differed between substrates, being lower (p < 0.001) in stones
(3.05 m g−1) than in sand (4.94 m g−1) or silt (5.00 m g−1). For fine roots of 0.5 < 1 mm diameter, SRL did
not differ between substrates with a range of 9.54–11.52 m g−1. SRL for roots < 0.5 mm diameter was
calculated at between 86–104 m g−1.

4. Discussion

Field studies on willow roots in New Zealand focused on larger roots with diameters of ≥2 mm
because of the time involved and the challenge of extracting both large structural and fine roots in
a single operation [17,18]. It was demonstrated that tree willow with roots growing in recently deposited
sandy silt soil grew at a much faster rate than tree willow grown in pastoral soils and that root extension
occurred at a much faster rate also [18]. A pot study [12] investigated tree willow fine and coarse root
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development, but in pastoral soils rather than river sediments. Consequentially, comparisons with
these studies will not be made, but there will be comparisons made with aligned studies.

Root length (mass) density, the length (mass) of roots per unit volume of soil, is one of the
important parameters required to understand plant performance [19], in this case, ability to bind
sediments of various types. In river sediments, unlike other soils, a very high percentage of the roots
can be recovered, including the finest roots. RLD for roots >0.5 mm diameter was higher in the sand
than the other two substrates. However, the lower RMD for roots <1 mm diameter in sand compared
with silt and stones indicates less of the finest roots (<0.5 mm diameter) are present in sand layers.
These are the roots that function to absorb water and nutrients. Sand allows easier passage for root
extension, however sand does not appear to provide water and nutrients to the same extent as the
other two substrates. Roots were able to be separated from the sand relatively easily compared with
silt and stones, primarily because of the very low quantities of the finest roots and little adhesion to the
sand. As a consequence of this differential root development in sand, we predict that willows will be
least effective in binding sand and reducing erosion of sand in floods. RLD for roots >0.5 mm diameter
was lowest in silt likely due to the greater resistance of the substrate to root penetration, or possibly the
greater investment into smaller roots with absorption capability. Roots were harder to separate from
silt than from the other two substrates because of both high fine root densities and silt particles bound
to the roots.

A study investigated root reinforcement by fine roots <2 mm diameter for S. nigra trees in
two creeks in Mississippi, USA, subject to regular flooding and differing particle size distribution
(Sardis creek 20% sand, 60% silt and 20% clay; Goodwin creek 61% sand, 26% silt and 13 % clay) [20].
Soil moisture contents for the two soils were 17% (Goodwin creek) and 18% (Sardis). The mean
tensile load required to pull S. nigra seedlings (mean stem diameter 7.98 mm at Sardis and 7.29 mm at
Goodwin creek) was 133.6N at Goodwin and 523.9N at Sardis [20]. Failure at the site with the coarser
sediment (Goodwin) was mostly (68%) because the entire root system pulled out of the soil body,
whereas at Sardis, 100% of root system failures occurred due to fracture of the larger roots. The finest
roots have the capacity to keep soil particles together, and so are effective at soil binding. The nature
of substrate, by the predominance of fine particles, will influence the roots–particles association [15].
Likewise, the larger particle sizes of sand did not favour the proliferation of fine roots and did not
prevent the removal of particles during flood events [20]. Sand erosion will be best protected when the
sand is overlaid or well mixed with silt, which contains a high proportion of those fine roots. Fine roots
release exudates that cement particles together, form aggregates, bind the upper layer and protect
the sand. The study [20] and this present study strongly suggest that for banks protected by willow
trees, the risk of river and stream bank erosion will increase when a higher proportion of sand is
present in the soil because of the lower fine root proliferation. While Collins did not excavate roots to
discover how much fine root was present in each soil type, our observations confirmed her hypothesis
that fine root presence was lower in soils with a high sand content. Fine roots develop the three
dimensional nature of root occupancy enabling the root system to better resist wrenching forces arising
from different directions. Continuous depth models used to describe tree vertical root distribution for
soil based trees [18,21] are not suitable for riverine sediments. The nature of the sediment and moisture
availability provide better explanations for riverbank root distribution [15,22]. Schaff and colleagues
showed that S. nigra pole growth along a riverbank in Mississippi, USA, particularly in the second
year of growth was markedly higher (14% increase in biomass) in sandy sediments than in silt/clay
sediments, and was lowest where the water table was deepest.

Our findings suggest that proliferation of fine roots is also a characteristic of a stony substrate,
however these findings need to be qualified. A large number of roots emerged from the bottom of
the cuttings growing in gravel in four of five boxes. This response may be more characteristic of
S. nigra than other tree willows [12]. However, there was also a large amount of fine root in a substrate
offering low resistance to root penetration and a high and constant moisture content. A previous study
of root development in Salix matsudana × alba ‘Moutere’ tree willow growing along the Hutt river,
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New Zealand showed that root development in stones/gravel can be almost nil when the gravel has no
water present [23].

We used a mixture of substrate similar to what may occur on a river bank, some having a lot of
stones and others composed largely of silt/sand. There were differences in root development between
boxes that could be related to different proportions of substrates, such as occur at different reaches of
a river. These findings enable some prediction about how the root network will develop as the tree
grows, where the greatest pressure on it will come if there is a flood, i.e., which substrate layer is the
most mobile and which one is the hardest. The sand had the lowest RMD of fine roots and fell apart so
readily when we were extracting roots that we presume the sand will offer low root system anchorage.
It will be more easily eroded by forces associated with increased water flow than the other sediments,
and will create weak points in the profile amplifying the erosion. Root proliferation was also occurring
from the bottom of the cuttings or pole. This strengthens the anchorage of the trees and increases the
effectiveness of the shallow roots by reducing mechanical pressure. If the deep roots can absorb the
large mechanical forces exerted on the trunk of the tree by high water flows and accompanying debris,
then the shallower roots are better positioned to resist the smaller erosive forces. The tree is likely to be
better anchored in flood conditions if roots are able to extend into a gravel or boulder layer which will
require greater forces to shift than sand or silt. This will be promoted by burying cuttings down to this
layer at planting.

While this report has focused on the role of willow roots in stabilising river and stream banks,
it can be observed that the root system in sediments is well developed right to the water table and
ideally positioned to intercept nutrient runoff from adjoining land before it enters the aquatic system,
and that this root system can be developed faster at depth by planting large cuttings to appropriate
depths, e.g. water table.

Findings of this study will contribute to understanding possible reasons for tree willow failure
during floods, and also the effects of such pests as willow sawfly and giant willow aphid on tree willow
small and fine root production.

5. Conclusions

Root development of S. nigra grown from cuttings varied with the riverine substrate, either silt,
sand or stones. Roots initiated from the entire length of cuttings in the substrate but with a concentration
of initials located at and close to the bottom of the cutting. Generally, RMD was higher in the stones.
The higher RMD in the stones was influenced by having the bottom of the cuttings located in stones
for four of the five treatments. RMD was highest for roots <1 mm diameter. Whereas RLD for roots
with >0.5 mm diameter was highest in the sand, RLD of roots with a diameter of <0.5 mm was lowest
in sand. RLD for roots >0.5 mm diameter was lowest in silt, likely due to the greater resistance of the
substrate to root penetration, or possibly the greater investment into smaller roots with absorption
capability in the substrate with higher nutrient and water content. Roots of S. nigra were least effective
in binding sand, primarily because of low RLD of roots <0.5 mm diameter. It is surmised that sand
lacks water and nutrients sufficient to sustain growth of fine roots compared with silt and even stones.
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