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Preface to ”Fast-Growing Trees
Species—Opportunities and Risks for Sustainable
Agricultural and Forest Land Use Systems”

Cultivation systems with fast-growing tree species are often discussed, with much debate, in

both science and practice. They are very diverse and pose opportunities as well as risks for land users

and the surrounding ecosystems. Many different tree species and their varieties can be established

on sites (usually) used for forestry; they can also be grown in short-rotation plantations (SRC) or

in agroforestry systems (AFS) on agricultural soils. In most cases, the goals of the land users

determine the choice of tree species and cultivation system, the rotation times, and their management.

Thus, there is not only a large variety of management variants and technical and technological

innovations, but also a large number of interactions with the surrounding ecosystems. In addition

to the considerable effects on biodiversity in different landscapes, the tree–soil interactions also play

an important role. For this reason, this Special Issue intends to present new findings from science and

practice in this broad field of fast-growing tree species cultivation in all its forms.

Dirk Landgraf

Editor
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Editorial

Fast-Growing Trees Species—Opportunities and Risks for
Sustainable Agricultural and Forest Land Use Systems
Dirk Landgraf

Faculty of Landscape Architecture, Horticulture and Forestry, University of Applied Sciences Erfurt, Leipziger
Strasse 77, 99085 Erfurt, Germany; dirk.landgraf@fh-erfurt.de

The cultivation of fast-growing tree species has noticeably increased worldwide in
recent years. Fast-growing tree species are cultivated in different land use systems. In
addition to being classically cultivated in forests, they are also cultivated in short-rotation
coppices (SRC) with different rotation intervals on forest and agricultural land. Moreover, in
recent years, people have become increasingly aware of cultivation in agroforestry systems.

Due to these intensive practical activities, many new questions concerning the man-
agement of fast-growing tree species are waiting to be answered using applied and basic
research. Thus, a large number of publications by researchers worldwide can currently be
found in a wide variety of journals.

In addition to numerous articles, Special Issues on fast-growing tree species have also
published by several journals. I would particularly like to highlight the Special Issue in the
BioEnergy Research journal on the subject of “Sustainable Biomass Value Chains Based on
Poplar Plantations in European Rural Areas” [1] and the Special Issue that followed shortly
thereafter in the Forests journal, entitled “Growth and Development of Short Rotation
Woody Crops for Rural and Urban Applications” [2].

While these two Special Issues specifically focused on short-rotation woody crops, the
focus of the current Special Issue is much broader. It contains a total of ten papers, which
mainly come from Germany (7), but also from Poland (1), the Czech Republic (1) and China
(1). It also needs to be emphasized that the authors of these articles often represent an
international team.

The articles in this Special Issue cover a very wide range of topics. In addition to
research on breeding [3] and on the influence of pruning practices on the height growth
of paulownia [4], three articles deal with the influence of site characteristics and nutrient
availability on the physiology and yield security of fast-growing tree species [5–7]. The
article by Kalita et al. focuses on the modeling of soil carbon in Salix plantations [8], while
the article by Boruszewski et al. reports on potentially suitable areas for the planting of
fast-growing tree species in Poland [9]. Zitzmann and Rode [10] examine the impact of
short-rotation plantation management on phytodiversity [10], while Helbig et al. deal with
the influence of leaf feeding on the growth of poplars and willows [11]. Finally, Hernandez-
Estrada et al. describe the dry matter loss of poplar wood chips during storage [12].

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: Pyramidal-, erect- or upright-growing plant forms are characterized by narrow branch
angles of shoots and leaves. The putative advantage of upright-leaf and shoot habit could be a
more efficient penetration of light into lower canopy layers. Pyramidal genotypes have already been
reported for various tree genotypes including peach. The paralogous rice ortholog TILLER ANGLE
CONTROL 1 (TAC1) has been proposed to be the responsible gene for upright growth. However, it has
not really been demonstrated for any of the pyramidal tree genotypes that a knock-out mutation of
the TAC1 gene is causing pyramidal plant growth. By in silico analyses, we have identified a putative
rice TAC1 ortholog (Potri.014G102600, “TAC-14”) and its paralog (Potri.002G175300, “TAC-2”) in the
genome of P. trichocarpa. Two putative PcTAC1 orthologs in the P. × canescens clone INRA 717-1B4
were successfully knocked-out by applying a transgenic CRISPR/Cas9-approach. The mutants were
molecularly analyzed and phenotyped over a period of three years in a glasshouse. Our results
indicate that the homozygous knock-out of “TAC-14” is sufficient to induce pyramidal plant growth
in P. × canescens. If up to twice as many pyramidal individuals were planted on short rotation
coppices (SRCs), this could lead to higher wood yield, without any breeding, simply by increasing
the number of trees on a default field size.

Keywords: CRISPR/Cas9; genome editing; Populus; INRA 717-1B4; pyramidal plant habitus; leaf
petiole angle; branch angle

1. Introduction

Plants possess variable plant architectures and phenotypes which facilitate their
optimal adaptation to specific environments, even if these do not always offer the best
growing conditions. Plant architecture is species-specific and, therefore, has been used
for decades as the basis for systematics and the taxonomic classification of plants [1].
However, variability of the plant phenotype and the degree to which the branching pattern
is dependent on the growing habitat is well known and has already fascinated geneticists,
developmental biologists, and plant breeders for more than 100 years. Plant architecture, in
general, is characterized by the internodial and nodial organization of the main shoot, and
location, orientation, and number of side-shoots, influenced by genetic components [1–6],
and modulated by developmental and environmental factors like gravity, light, water, and
touch [7,8].

An uncountable number of reports have been published in the past describing the
spontaneous or induced alteration of the genetic constitution of an individuum, i.e., ran-
dom or targeted mutagenesis mainly applied for the improvement of human food, e.g.,
barley [9] but also ornamental plants [10–14]. Here, artificial induction of mutations by
X-ray irradiation or chemical treatments has been a key element of mutation breeding.
Many of the mutant individuals obtained but also natural mutants showed alterations in
plant habitus and architecture, e.g., nana, compacta, fastigiata, pendula, and pyramidalis
(e.g. [14–17]).
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Only very few mutations are dominant and become visible in a heterozygous allelic
status. However, most mutations are of recessive nature and require allele homozygosity
for phenotypic expression. Thus, a self-pollination cycle is needed for the generation
of mutants. However, the timespan for vegetative growth until the generative phase is
reached is, in particular in forest trees, usually very long, i.e., ranges from a few years
to several decades. A solution to circumvent this problem is the application of modern
biotechnological approaches, like genetic engineering or genome editing technology by
transferring or modifying key genes. Both technologies offer a straight-forward way to
alter plant architecture in a manageable timeframe in trees [18].

For example, the creation of dwarf and semi-dwarf mutants has been described follow-
ing the genetic transfer of genes modifying hormone biosynthesis, e.g., gibberellic acid (GA),
or conferring GA insensibility [19,20], or by hyperactivation of the GA2-OXIDASE (GA2ox)
gene, the major GA catabolic enzyme in plants, in an activation tagging approach [21].
Dwarf poplar mutants have also been reported after transfer of the meristem identity gene
LEAFY (LFY) [22,23], the TaLEA (Tamarix androssowii LATE EMBRYOGENESIS ABUNDANT
GENE) [24], of two flowering time genes (SUPPRESSOR OF CONSTANS [SOC1] and FRUIT-
FUL [FUL] [25], the ROLC gene from Agrobacterium rhizogenes [26–29], or by adopting an
Ac/Ds-transposon activation tagging-based mutation system in poplar [30]. On the other
hand, poplar with increased plant size have also been reported after e.g., transfer and over-
expression of the GA20-OXIDASE gene [31–33] or knock-down of PHENYLCOUMARAN
BENZYLIC ETHER REDUCTASE1 (PCBER1), a gene of the neolignan biosynthesis path-
way [34].

Pyramidal or erect plant growth has become of interest for commercial applications
because of its possible advantage in plant yield, as reported for rice [35] and spring
wheat [36]. Characteristic for the upright-growing branches is the narrow branch angle of
shoots and leaves. An advantage of pyramidal growth could be that the erect-leaf habit
allows more efficient penetration of light into lower canopy layers, and thus increases
photosynthetic potential of the whole plant [35,37]; for review: [38]. Other papers, however,
stated that factors like nitrogen and water availability more likely influence plant and grain
yield [39]. But independently of possible physiological potential associated with erect leaf
or shoot growth, plants with reduced need for individual space on a field would simply
allow a higher number of plants to be planted on a default field size, as e.g., reported for
Prunus persica (peach) [40] and Malus domestica (apple) [41].

In peach, mutant varieties with pronounced vertical growth of branches or upright
stems have been investigated in detail [42,43]. This trait, originally named “broomy” (br)
and later re-named “pillar”, has been described as intermediate because heterozygous
offspring revealed branch angles in between the two extremes [43]. It has been shown that
the broomy or pillar phenotype is caused by a loss-of-function mutation in the ortholog of
the rice TILLER ANGLE CONTROL 1 (TAC1) gene [43,44]. On the other hand, overexpres-
sion of the PpTAC1 gene in plum caused wider branch angles resulting in more horizontal
oriented branches [44]. TAC1 belongs to the IGT gene family which is characterised by a
GϕL (A/T)IGT motif [43]. This family contains other well-known members like LAZY1
and DEEPER ROOTING 1 (DRO1).

Other prominent examples showing pyramidal plant growth are e.g., Cupressus sem-
pervirens ‘Pyramidalis’ (Italian Cypress [45]), Taxus baccata ‘Pyramidalis’ (pillar yew [46]),
Populus tremula ‘Erecta’ (Swedish columnar aspen [47]), P. alba var. pyramidalis (P. bol-
leana [48]), and P. nigra cv. ‘Italica’ (Lombardy poplar [49]). Also, the commercial AC
Sundancer™ hybrid poplar cultivar demonstrates vertical growth of branches [50]. For
Lombardy poplar, ref. [43] has proposed that the pyramidal phenotype is possibly caused
by a mutation in a poplar ortholog of TAC1. Interestingly, this pyramidal mutant poplar
was detected in Central Asia in the 19th century [49], and since then it was propagated
vegetatively on a very large scale and distributed worldwide as a single genotype [51,52].
However, for both, Lombardy poplar and for Swedish columnar aspen, or for any other
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pyramidal tree genotype, it has not really been demonstrated that a knock-out mutation of
the poplar TAC1-orthologous gene is the cause of pyramidal plant growth.

In in silico studies, we have identified a putative rice TAC1 ortholog in the P. trichocarpa
genome and because of the quite recent complete genome duplication in poplar [53], its
most homologous paralog. Based on these two PtTAC1 sequences, we also determined the
two putative TAC1 homologous genes PtrTAC1 and PcTAC1 in the genomes of P. tremula
and P. × canescens. To prove that one or the other, or both, TAC1 ortholog(s) are respon-
sible for pyramidal plant growth in poplar, we applied the CLUSTERED REGULARLY
INTERSPACED SHORT PALINDROMIC REPEAT (CRISPR)/CRISPR-associated protein 9
(Cas9) editing system [54] to knock-out the two putative PcTAC1 orthologs in the INRA
717-1B4 clone. We could show that the homozygous knock-out of only Potri.014G102600
(“TAC-14”) is sufficient to induce pyramidal plant growth in P. × canescens.

2. Materials and Methods
2.1. Plant Material

The hybrid poplar clone INRA 717-1B4 or “P1” (P. × canescens = P. tremula × P. alba [55],
grown in vitro on WPM medium without hormones at 23 ◦C and with 24 h light was used
for Agrobacterium-mediated leaf-disc transformation (see below). Putative transgenic plants
were regenerated after four to eight weeks culture on kanamycin-containing regeneration
medium as described in [56]. Regenerated but not-transgenic plants (without any PcTAC1
editing), as well as P1 from tissue culture, served as controls.

2.2. Identification of Putative PpeTAC1 Homologs in Poplar

Following blast of the coding sequence of the Prunus persica gene PpeTAC1 (EMBL acc.no.
KF218366; [43], in the full genome sequence of P. trichocarpa v3.1 (https://phytozome-next.
jgi.doe.gov/info/Ptrichocarpa_v3_1, accessed on 22 November 2021), two significant hits
were obtained: Potri.014G102600 (score: 183.4, E-value: 8.7 × 10−44) and Potri.002G175300
(score: 172.6; E-value: 1.6 × 10−40) (Supplementary Materials Table S1). The third hit
was on chromosome 18 but with just a score of 46.4 and E-value of 1.6 × 10−2. There-
fore, we considered the two best hits as paralogous genes for the CRISPR/Cas-induced
mutation approach.

The transcript sequences of Potri.014G102600 and Potri.002G175300 were blasted
against the draft genome sequence of P. × canescens (clone INRA 717-1B4; P1;https://
urgi.versailles.inra.fr/Species/Forest-trees/Populus/Clone-INRA-717-1B4, accessed on
22 November 2021) and P. tremula v1.1 PopGenIE (http://popgenie.org/blast, accessed
on 22 November 2021), respectively, to find any putative homologous sequences for the
used clone P1. The blast-results indicate that the Potri.014G102600 and Potri.002G175300
homologous sequences in P. × canescens are scaffold_72118, scaffold_37509, scaffold_1688,
scaffold_170684 and scaffold_333464, scaffold_74020, scaffold_47155, respectively, and in
P. tremula are Potra003475 and Potra001079, respectively (Supplementary Materials Table S1).

Obtained sequences were aligned to find identical positions in the first three exons of
all TAC1 homologs in P. trichocarpa, P. × canescens and P. tremula where target sequences in
the gRNAs for simultaneous knock-out of both genes can be designed.

2.3. Guide RNA (gRNA) Design and Agrobacterium-Mediated Poplar Transformation

We employed the CRISPR/Cas9 system to generate TAC1 mutations. Two guide
RNAs (gRNAs) were designed manually. Secondary structures of the applied gRNAs
were subsequently analysed with the RNAfold WebServer [57], accessible under http:
//rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi (accessed on 30 October 2020),
as described in [54]. This software relies on the RNA folding model of [58] and the
minimum free energy (MFE) computing algorithm of [59].

Putative PpeTAC1 (EMBL acc.no. KF218366; [43]) homologous genes in P. trichocarpa,
P. × canescens and P. tremula were identified. For the CRISPR/Cas9-approach, two target
sequences of the gRNAs were selected in exon 3 of the two paralogs Potri.014G102600 and
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Potri.002G175300 (for each paralog 2R and 4F) (P. trichocarpa v3.1 (https://phytozome-next.
jgi.doe.gov/info/Ptrichocarpa_v3_1, accessed on 22 November 2021). The reason to design
two gRNAs was simply to double the chance of a successful editing. Both target regions
are located in exon 3 of the two genes, only a few hundred base pairs apart.

Care was taken that both target sequences were mapped to identical positions in
the two TAC1 paralogs to ensure simultaneous knock-out of both genes. In addition,
target sequences were checked for homology to the genomic sequence of used P1 in As-
penDB (http://aspendb.uga.edu/index.php/databases/spta-717-genome, accessed on
22 November 2021) and (https://urgi.versailles.inra.fr/Species/Forest-trees/Populus/
Clone-INRA-717-1B4, accessed on 22 November 2021 [60], and P. tremula (PopGenIE;
http://popgenie.org/blast, accessed on 22 November 2021). The following two target
sequences were chosen: (i) TAC1_4F_gRNA (target: CAC TGG CAG AAC TGT TCT
TGG): in exon 3 of both Potri.002G175300 (13,448, 819 to 13,448,839) and Potri.014G102600
(8,029,047 to 8,029,067), (ii) TAC1_2R_gRNA (target: CCA TCA AGC ACA TCC ACC
AGG): in exon 3 of both Potri.002G175300 (13,449,184 to 13,449,204) and Potri.014G102600
(8,029,382 to 8,029,402). The assembled multiplexing vector C672p9ioR-35s-CasWT-Nuc
(14,257 bp; Supplementary Materials Figure S1) was transferred into Agrobacterium tume-
faciens strain GV3101 (DNA Cloning Service, Hamburg, Germany) which was used for
poplar leaf-disc transformation as described above. Details of the vector, enzymes, and
antibiotics for Agrobacterium-growth are mentioned in the website of the company (https:
//dna-cloning.com/vectors/, accessed on 22 November 2021).

Plant transformation was carried out by applying the Agrobacterium-mediated leaf-disc
co-cultivation method as described in [28,29,61]. Leaf-discs of in vitro grown P1-plants
were harvested and soaked with Agrobacterium tumefaciens strain GV3101::pMP90RK (chro-
mosomal background C58) carrying the CRISPR/Cas9 system (35S-driven Cas9 nuclease
and gRNAs: C672p9ioR-35sCasWT-Nuc, Supplementary Materials Figure S1). The plasmid
(provided by DNA Cloning Service, Hamburg, Germany) is also carrying the NEOMYCIN
PHOSPHOTRANSFERASE II (NPTII) gene leading to kanamycin (kan) resistance. For
transgenic plant selection, the regeneration media contained kanamycin (50 mg/L), and
cefotaxime (500 mg/L) for bacterium removal [56].

2.4. Molecular Analyses of Transgenic Plants and Sequencing of CRISPR/Cas9-Induced Mutations

Genomic DNA was extracted from leaves of the 19 different putative Cas9, TAC1_4F_
gRNA, and TAC1_2R_gRNA transgenic lines of the line N499 and the not-transgenic
P1-control grown in vitro for PCR analyses according to [28,32]. PCR was performed as
described in detail in [29] but with annealing temperatures of 58 ◦C for amplification
of a partial Cas9-fragment and 60 ◦C for NPTII. The sequences of the primer pairs used
in PCR reactions to amplify fragments of the Cas9 and the NPTII genes are listed in
Supplementary Materials Table S2.

CRISPR/Cas9-related mutations in the P. × canescens paralogs Potri.014G102600 and
Potri.002G175300 were determined by Sanger sequencing of the two genomic target sites (for
each paralog 2R and 4F). Primers used are summarized in Supplementary Materials Table S1.
The mutations were homozygous and heterozygous single and double nucleotide insertions
or deletions in one or both paralogous genes.

2.5. Morphological Investigations of Glasshouse Grown Plants

To experimentally test whether CRISPR/Cas9-mediated homozygous or heterozygous
mutations in the P. × canescens paralogs Potri.014G102600 and Potri.002G175300 reveal
a modified plant growth or habitus, plants from transgenic lines and controls, including
two not-transgenic but in vitro regenerated lines (without any TAC1-mutation) and the
wildtype clone P1, were multiplied in vitro by shoot cuttings.

Following in vitro culture, rooted shoots of about 5 to 10 cm in height were potted
into soil in April 2019, transferred to growth chambers, fully covered with plastic lids, and
cultivated in boxes on a 25 ◦C/16 ◦C and 16/8 h day/night cycle. For acclimatization to
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ambient air conditions (relative humidity of air: 70%), lids were opened daily for increasing
time periods over one week. Following acclimatization, plants were watered daily and
cultivated for 2 to 4 weeks in the growth chamber. At an age of about 4 to 6 weeks, plants
were transferred into the glasshouse (min-mean-max air temperature, April to October:
15–19–24 ◦C, November to March: 8–17–21 ◦C). During the first and second growing season,
the plants were cultivated in pots with sizes of 13 and 26 cm, respectively, watered daily,
and supplemented with mineral fertilizer twice during the growing season.

Total height and diameter of the main shoot (1 cm above soil) were measured from five
plants of each of the ten independent transgenic lines N499-1-2, -2-1, -3-1, -4-1, -8-3, -10-2,
-11-1, 13-2, -14-1, -and 17-1, the control P1, and the regenerated but not-transgenic lines
N499-6-1 and -9-1, cultivated in glasshouse after terminal bud formation (January 2020
and January 2021). Three to ten leaf petioles (July 2019) and side-shoots (August 2020
and April 2021) were photographed from five plants of each of the ten independent N499-
transgenic lines mentioned before, the regenerated but not-transgenic lines and the control
P1. Later, angles of leaf petioles and side-shoots were determined on a computer screen.

2.6. Data Analysis and Statistics

Data are presented in figures as mean + SD. Differences of the last measurements were
tested for significance by ANOVA at p < 0.05 (Fisher’s F-test). Values in the figures labelled
with an asterisk differ significantly at p < 0.05 (Fisher’s F-test) from the control.

3. Results
3.1. Regeneration and Molecular Analysis of Putative TAC1 Mutants

In total, 19 independent putatively transgenic lines were obtained after four to eight
weeks on kanamycin-containing regeneration medium in the transformation experiment
N499. Regenerated lines were termed as N499-X. All lines were investigated via PCR
for presence of NPTII and Cas9 genes (Table 1). The results indicate that out of the
19 independent lines, ramets of eleven lines revealed both the NPTII and the Cas9 gene
(Table 1).

Table 1. PCR analyses amplifying parts of the NPTII and Cas9 genes of putative transgenic lines
carrying the CRISPR/Cas9 system to modify the genomic sequences of the P. trichocarpa homologs
Potri.014G102600 and Potri.002G175300. + = band appeared in PCR-experiments; - = no band.

Putative Transgenic Line Ramet NPTII Cas9

N499-1 −2 + +

N499-2 −1 + +

N499-3 −1 + +

N499-4 −1 + +

N499-5 −1 - -

N499-6 −1 - -

N499-7 −1 - -

N499-8 −3 + +

N499-9 −1 - -

N499-10 −2 + +

N499-11 −1 + +

N499-12 −1 - -

N499-13 −2 + +

N499-14 −2 + +

N499-15 −1 - -
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Table 1. Cont.

Putative Transgenic Line Ramet NPTII Cas9

N499-16 −1 - -

N499-17 −1 + +

N499-18 −1 - -

N499-19 −1 + +

The two target sites 2R and 4F in the paralog Potri.014G102600 were Sanger-sequenced
in all obtained lines (Tables 2 and 3). The results indicate that all lines tested positive
for NPTII and Cas9, PCR also reveal CRISPR/Cas9-caused mutations in the target 2R
(Tables 2 and 3). Here, a preferential homozygous insertion of one single nucleotide was
found, mostly T, but also A or G, or in lines N499-4-1, -8-3, -11-1 a different nucleotide in the
two allelic strands, namely K (Table 3). In line N499-1-2, a deletion of two nucleotides was
found. An undefinable heterozygous insertion or deletion was detected in line N499-13-2.
On the other hand, not a single mutation in any line could be identified in the target 4F.

Table 2. Sanger sequencing of the two target regions of the two P. trichocarpa putative PpeTAC1 paralogs Potri.014G102600
and Potri.002G175300 in P. × canescens (for each paralog targets 2R and 4F) to unravel putative CRISPR/Cas9−caused
mutations. - = no modification (similar to P1), similar to wildtype control clone P1, del = deletion, ins = insertion,
hom = homozygous, het = heterozygous, ? = not definable, n.d. = not determined. Grey shaded lines in the first column
were transferred to the glasshouse for morphological inspections. Bold in Potri: lines with homozygous mutations in both
genes. Underlined in Potri: lines with heterozygous mutations in both genes. Grey shaded, bold, and underlined in Potri:
lines with homozygous mutation in Potri.014G102600 but with heterozygous mutation in Potri.002G175300.

P1/Putative Transgenic Line Potri.014G102600 (“TAC-14”) Potri.002G175300 (“TAC-2”)

2R 4F 2R 4F

P1 (Wildtype) - - - -

N499-1-2 GT del hom - G ins hom -

N499-2-1 T ins hom - R ins hom -

N499-3-1 T ins hom - R ins hom -
N499-4-1 K ins hom - ? ins/del het -
N499-5-1 - - n.d. -

N499-6-1 - - - -

N499-7-1 - - n.d. -

N499-8-3 K ins hom - R ins hom -

N499-9-1 - - - -

N499-10-2 T ins hom - A ins hom -
N499-11-1 K ins hom - ? ins/del het -
N499-12-1 - - n.d. -

N499-13-2 ? ins/del het - ? ins/del het -
N499-14-2 T ins hom - ? ins/del het -
N499-15-1 - - n.d. -

N499-16-1 - - - -
N499-17-1 T ins hom - ? ins/del het -
N499-18-1 - - - -

N499-19-1 T ins hom - K ins hom -
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Table 3. Types of mutations identified in the target region 2R of the two P. trichocarpa putative PpeTAC1 paralogs
Potri.014G102600 and Potri.002G175300 in P. × canescens following CRISPR/Cas9-editing. Heterozygous mutations were
complex and were not resolvable in detail. Underlined: target sequence 2R (CCTGGTGGATGTGCTTGATGG), light-blue
highlighted: PAM-sequence, light-green highlighted: homozygous GT deletion, underlined, bold-red letters: homozygous
nucleotide insertions, hom = homozygous, het = heterozygous, ? = not definable.

Lines Potri.014G102600 (“TAC-14”): Genomic Target Region 2R Type of Mutation

P1, not-transgenic
regenerated lines * . . . . ..GAAACAAGTAGC CCT GGT-GGATGTGCTTGATGGTTG . . . . . . Wildtype

N499-1-2 . . . . . . GAAACAAGTAGCCCTG - - - GGATGTGCTTGATGGTTG . . . . . . GT-deletion, hom
N499-2-1, -3-1, -10-2,

-14-2, -17-1 . . . . . . GAAACAAGTAGCCCTGGTTGGATGTGCTTGATGGTTG . . . . . . . T-insertion, hom

N499-3-3 . . . . . . GAAACAAGTAGCCCTGGTGGGATGTGCTTGATGGTTG . . . . . . . G-insertion, hom

N499-10-3 . . . . . . GAAACAAGTAGCCCTGGTAGGATGTGCTTGATGGTTG . . . . . . . A-insertion, hom

N499-4-1, -8-3, -11-1 . . . . . . GAAACAAGTAGCCCTGGTKGGATGTGCTTGATGGTTG . . . . . . . G/T-insertion, hom

N499-13-2 . . . . . . GAAACAAGTAGCCCTGGT-GGATGTGCTTGATGGTTG . . . . . . .
. . . . . . ?????????????????? . . . . . . .

? bp insertion or
deletion, het

Potri.002G175300 (“TAC-2”): Genomic Target Region 2R

P1, not-transgenic
regenerated lines * . . . . . . GAAACAAGTAGC CCT GGT-GGATGTGCTTGATGGTTG . . . . . . Wildtype

N499-1-2 . . . . . . GAAACAAGTAGCCCTGGTGGGATGTGCTTGATGGTTG . . . . . . . G-insertion, hom

N499-10-2 . . . . . . GAAACAAGTAGCCCTGGTAGGATGTGCTTGATGGTTG . . . . . . . A-insertion, hom

N499-2-1, -3-1, -8-3, -10-3 . . . . . . GAAACAAGTAGCCCTGGTRGGATGTGCTTGATGGTTG . . . . . . . A/G-insertion, hom

N499-4-1, -11-1, -13-2,
-14-2, -17-1

. . . . . . GAAACAAGTAGCCCTGGT-GGATGTGCTTGATGGTTG . . . . . . .
. . . . . . ?????????????????? . . . . . . .

? bp insertion or
deletion, het

* = N499-6-1, -9-1, -16-1.

With exception of lines N499-5, -7, 12, and -15, the N499-lines were also analyzed for
putative CRISPR/Cas9-caused mutations in the targets 2R and 4F of Potri.002G175300.
Again, not a single mutation could be found for target 4F, but all transgenic lines carry
mutations in target 2R (Tables 2 and 3). The preferential homozygous modifications in
target 2R of Potri.002G175300 were a single insertion of either A or G (lines N499-1-2, -10-2;
Tables 2 and 3) or of different nucleotides (mostly R and once K) in both allelic strands
(lines N499-2-1, -3-1, and -8-3; Tables 2 and 3). In lines N499-4-1, -11-1, -13-2, -14-2, -17-1,
heterozygous insertions or deletions were detected, which were unfortunately undefinable
in most of these lines (Tables 2 and 3).

Taken together, the editing results in the target regions of the two P. trichocarpa putative
PpeTAC1 paralogs in P. × canescens, lines N499-1-2, -2-1, -3-1, -8-3, -10-2, and -19-1 reveal
homozygous single or double nucleotide insertions/deletions putatively leading to knock-
out mutations in both genes (bold in Potri in Table 2). On the other hand, lines N499-4-1,
-11-1, -14-2, and -17-1 show homozygous mutations in Potri.014G102600 but heterozygous
mutations in Potri.002G175300 (grey shaded, bold, and underlined in Potri in Table 2). And
finally, line N499-13-2 reveals heterozygous mutations in both genes (underlined in Potri
in Table 2).

3.2. Morphological Investigations of In Vitro and Glasshouse Grown Plants

During the growth of obtained putative transgenic N499-lines in vitro in cultivation
boxes, a plant habitus with upright oriented leaves, indicating a smaller petiole angle,
appeared in some lines (Figure 1a,b). However, this possible change of the plant phenotypes
in vitro could not be quantified. Therefore, lines N499-1-2, -2-1, -3-1, -8-3, and -10-2 with
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CRISPR/Cas9-mediated homozygous mutations in both P. trichocarpa paralogous genes
Potri.014G102600 and Potri.002G175300 were transferred to soil and cultivated in the
glasshouse for morphological inspections. In addition, lines N499-4-1, -11-1, -14-2, and
-17-1 with a homozygous knock-out mutation in just Potri.014G102600 but a heterozygous
one in Potri.002G175300 and line N499-13-2 with heterozygous mutations in both genes
were also transferred to the glasshouse. Finally, the wildtype P1 and two regenerated
but not-transgenic lines (without TAC1-mutation; N499-6-1, and -9-1) were included as
controls in the experimentally tests in the glasshouse (lines transferred to the glasshouse
are grey-shaded in the first column of Table 2).
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tri.014G102600 (“TAC-14”; orthologous to the rice TILLER ANGLE CONTROL 1, (TAC1) and its paralog Potri.002G175300 
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In the first year (2019), because of the lack of side-shoots, angles of representative leaf 
petioles were recorded from five plants of each of P1 wildtype and the two regenerated 
but not-transgenic controls, and the transgenic edited lines after two months’ growth in 
the glasshouse (July 2019) (Figure 2a,b and 3a). Significantly smaller petiole angles (indi-
cating more up-right growth) were found in all lines with homozygous knock-out in the 
two P. trichocarpa putative PpeTAC1 paralogs in P. × canescens (N499-1-2, -2-1, -3-1, -4-1, -
8-3, and -10-2) compared to the control clones (P1 and the regenerated but not-transgenic 
lines N499-6-1, and -9-1) (Figure 3a). In lines that were only homozygous in Po-

Figure 1. Representative poplar plants grown in vitro. (a) Not-transgenic control plant of P. × canescens clone INRA 717-1B4.
(b) Plant with upright oriented leaves carrying a homozygous knock-out editing in both of the poplar Potri.014G102600
(“TAC-14”; orthologous to the rice TILLER ANGLE CONTROL 1, (TAC1) and its paralog Potri.002G175300 (“TAC-2”).
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In the first year (2019), because of the lack of side-shoots, angles of representative leaf
petioles were recorded from five plants of each of P1 wildtype and the two regenerated
but not-transgenic controls, and the transgenic edited lines after two months’ growth
in the glasshouse (July 2019) (Figures 2a,b and 3a). Significantly smaller petiole angles
(indicating more up-right growth) were found in all lines with homozygous knock-out
in the two P. trichocarpa putative PpeTAC1 paralogs in P. × canescens (N499-1-2, -2-1, -3-1,
-4-1, -8-3, and -10-2) compared to the control clones (P1 and the regenerated but not-
transgenic lines N499-6-1, and -9-1) (Figure 3a). In lines that were only homozygous in
Potri.014G102600 but heterozygous in Potri.002G175300, the situation turned out to be
inconsistent. Lines N499-4-1 and -17-1 reveal significantly smaller petiole angles, however,
in lines N499-11-1 and -14-2, petiole angles were also reduced but not significant. In the
line that is heterozygous in both genes (N499-13-2), petiole angles turned out to be slightly
reduced or similar to the controls (Figure 3a).
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Figure 2. Representative poplar plants grown in the glasshouse and in the field. (a) Transgenic plants of N499-3-1 and
N499-10-3 (left two plants) with slightly upright oriented leaves in comparison with two INRA 717-1B4 control plants
(right) after 1 month of cultivation in soil (2019). (b) Representative petioles of a control (upper image) and a homozygous
“TAC-14”/”TAC-2” knock-out edited N499-transgenic plant (lower image) during growth in the first year in the glasshouse
(2019). (c) Representative side-shoots of a control (upper image) and a homozygous TAC-14/TAC-2 knock-out edited
N499-transgenic plant (lower image) during growth in the second year in the glasshouse (2020). (d) Control (left) and
homozygous “TAC-14”/”TAC-2” knock-out edited N499-transgenic plant in a glasshouse during the winter season after
the second year (2020/21) of growth in a glasshouse. (e) Representative control (left) and homozygous “TAC-14”/”TAC-2”
knock-out edited N499-transgenic plant during growth in the second year in the glasshouse (2020). (f) Erect P. tremula
mutant grown in the field (left) compared to a homozygous “TAC-14”/”TAC-2” knock-out edited N499-transgenic plant
during growth in the third year in the glasshouse (2021). Note: N499-transgenic plants with a homozygous editing event
only in “TAC-14” revealed also a pronounced upright growth of side-shoots.
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were determined from five plants of each line. Error bars represent the standard deviations of three 
biological replicates derived from five independent trees. * = Values differ significantly at p < 0.05 
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Figure 3. Measurements of the leaf petiole angles in the first year (2019 (a), and angles of side-shoots
of plants of different independent N499 edited-transgenic lines and not-transgenic control plants
grown in a glasshouse in the second (2020) (b) and third year (2021) (c) after transfer, respectively.
Edited transgenic N499-lines reveal either homo- knock-out editing of both Potri.014G102600 (“TAC-
14”) and its paralog Potri.002G175300 (“TAC-2”) (yellow-columns), homozygous in “TAC-14” but
heterozygous in “TAC-2” (orange columns) or heterozygous in both TAC-genes (green columns).
Controls: P1 and not-transgenic lines (blue columns). Angles of leaf petioles and side-shoots were
determined from five plants of each line. Error bars represent the standard deviations of three
biological replicates derived from five independent trees. * = Values differ significantly at p < 0.05
(Fisher’s F-test) from the control P1.

12



Forests 2021, 12, 1615

Angles of representative side-shoots were determined in the second and third year
(August 2020, end of April 2021) of glasshouse grown plants, again from five plants of the
transgenic and of different control lines (Figure 2c,d and Figure 3b,c). Here, results again
show that all lines with homozygous knock-out in the two P. trichocarpa putative PpeTAC1
paralogs in P. × canescens but also all lines that are homozygous just in Potri.014G102600 but
heterozygous in Potri.002G175300 show significantly smaller angles of the side-shoots than
the P1 and the N499 control clones. Only the line N499-13-2, heterozygous in both genes,
revealed side-shoot angles similar to the control lines. The phenotype of the homozygous
Potri.014G102600 knock-out plants revealed an erect growth compared to the control plants
(Figure 2e), and in particular, in the third year of glasshouse growth, the Potri.014G102600
knock-out plants are phenotypically quite similar to unrelated erect P. tremula individuals
grown in the field (Figure 2f).

Total height and diameter of the main shoot (1 cm above soil) measured from all
P1, N499-control and N499-transgenic plants after terminal bud formation in the first
(January 2020) and the second year (February 2021) of cultivation in the glasshouse revealed
no significant differences (data not shown).

4. Discussion and Conclusions

Upright or pyramidal growth of plants is a pronounced phenotype found in many
plant species, e.g., Prunus persica (peach) [40], Cupressus sempervirens ‘Pyramidalis’ (Italian
Cypress [45], Taxus baccata ‘Pyramidalis’ (pillar yew [46]), Populus tremula ‘Erecta’ (Swedish
columnar aspen [47]), P. alba var. pyramidalis (P. bolleana [48]), and P. nigra ‘Italica’ (Lom-
bardy poplar [49]), but also, a commercial-used hybrid poplar cultivar named Sundancer™
reveals vertical growth of branches [50]. Also, quite recently Fladung (unpublished) noticed
a pyramidal growth in an aspen, P. tremula, male individual growing in the arboretum of
the Thuenen Institute of Forest Genetics, Grosshansdorf, Germany. Control of branching,
axillary meristem initiation, and the outgrowth of axillary buds have been intensively
studied at the molecular level [62]. However, the molecular basis for different tree-growth
habits and mechanisms determining the branch angle is still poorly understood, despite its
possible importance for practical applications.

Among the poplar genotypes, without doubt, the most famous upright-growing
tree mutant is P. nigra ‘Italica’ (Lombardy poplar), a cultivated clonal variety distributed
worldwide for more than 300 years [49,52,63]. Even if the origin of the mutation is uncertain,
the mutation was discovered in a single male P. nigra tree grown in central Asia [49].
In peach, a mutation in the orthologous gene of the rice TILLER ANGLE CONTROL 1
(TAC1) was shown to be responsible for pyramidal plant growth [43]. However, the
occurrence of the TAC1 was, besides some other genes, originally thought to be restricted
to monocots [64,65]. But TAC1 homologs were soon identified as well in dicots [18,43],
and overexpression of the PdTAC1 gene in peach has led to more horizontal oriented
branches [44]. Also [43] proposed that the pyramidal phenotype of the P. nigra, Lombardy
poplar, is possibly caused by a mutation in a poplar ortholog of the TAC1 gene. However,
so far, not for any pyramidal tree genotype, has it experimentally been confirmed that a
knock-out mutation of the rice TAC1 orthologous gene(s) leads to pyramidal plant growth.

To experimentally test the role of putative TAC1 ortholog(s) in poplar, we first deter-
mined in silico the most homologous gene and its paralogous one in P. trichocarpa, namely
Potri.014G102600 (“TAC-14”) and Potri.002G175300 (“TAC-2”), respectively. The ortholo-
gous genes were also determined in both P. tremula and P. × canescens by employing the two
obtained P. trichocarpa sequences. Based on all sequences obtained from the three poplar
species, two guide RNAs (gRNAs) were designed to generate TAC1 mutations by use of
the CRISPR/Cas9 system. We obtained a number of CRISPR/Cas9-mediated homozygous
and heterozygous mutations in the P. × canescens clone INRA 717-1B4 in one or both of
the TAC1 genes. The TAC1-edited lines and (transgenic and not-transgenic) controls were
analyzed molecularly and inspected morphologically for three years after transfer to the
glasshouse. As an indicator for pyramidal growth, we focused on the prominent features,
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leaf and branch angle, which makes a major contribution to the overall tree architecture [66].
Our results indicate that the homozygous knock-out of just “TAC-14” is sufficient to induce
pyramidal plant growth in P. × canescens.

During in vitro culture, a possible change of the plant phenotype towards pyramidal
growth could be noticed but not quantified. Following transfer of the lines into the
glasshouse, lines with CRISPR/Cas9-mediated homozygous mutations in both “TAC-14”
and “TAC-2” genes formed leaves with a narrower angle and showed an upright growth
of shoots in the second year of glasshouse cultivation. This finding is in agreement with
the results in peach, where mutant varieties with pronounced vertical growth of branches
or upright stems have been associated with a loss-of-function mutation in the PdTAC1
gene [43]. In peach, but also in other woody plant species, obvious benefits of upright
growth could be e.g., reduced need for pruning, easier application of chemicals (if needed),
automation of harvest, and increased yield simply through high density planting [40,41].
Further [38] could show that erect-leaf habit allows more efficient penetration of light into
lower canopy layers, thus increasing total plant net photosynthesis potentially leading to
increased biomass formation. However, our data on plant height and stem diameter of
poplar grown for three years in the glasshouse (of course not comparable to field growth
conditions) revealed no significant difference between pyramidal and control plants.

Even though no increased biomass (just taking the two growth parameters height
and stem diameter into account) could be noticed for pyramidal poplar, these individuals
are, at least, similarly “productive” as “normal”-growing ones. This fact could be of high
interest for short rotation coppices (SRCs), because due to erect leaf or shoot growth,
pyramidal plants need reduced individual space, and thus, a higher number of plants
could be planted on a default field size of SRCs, as e.g., reported for peach [40] and
apple [41]. This could lead in consequence to increased yield per ha land area without
any breeding activities. However, interestingly, with the possible exception of the hybrid
poplar cultivar Sundancer™ [50], so far, all commercially used poplar clones revealed
a non-pyramidal plant growth. However, theoretically at least, any commercially used
poplar clone could serve as starting material for CRISPR-based “TAC-14”-knock-out to
produce near-isogenic lines with pyramidal growth but unchanged yield. Unfortunately, in
July 2018, the European Court of Justice (Case C-528/16) has judged that all plants derived
by CRISPR-based modifications are to be regarded as genetically modified organisms
(GMOs) within the meaning of Directive 2001/18 [67]. However, as a first step, already
available erect poplar genotypes can be tested for growth and yield parameters because
SRCs are replicable everywhere that the site conditions support poplar trees.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/f12121615/s1, Figure S1: C672p9ioR-35sCasWT-Nuc plasmid, Table S1: Putative PpeTAC1
(EMBL acc.no. KF218366; [43]) homologous genes in P. trichocarpa., Table S2: Primers used in
this study.
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Abstract: We focused on the ability of one-year-old and two-year-old plants of Paulownia Clon
in vitro 112® to sprout and grow branches, and on their pruning for their best possible growth on a
plantation in Střelice u Brna. Furthermore, we carried out pruning on selected parts that comprised:
spring pruning; reduction in the angle between the stem axis and one new growing sprout; and
year-long pruning. The sprouting capacity of Paulownia was high—up to 56% (one-year-old plants)
and 50% (two-year-old plants). Branches grew on 34% of all one-year-old plants and on 57% of all
two-year-old plants. The best possible spring pruning method seems to be the keeping of one stem
sprout or one stump sprout for one-year-old plants and one stem sprout for two-year-old plants. The
newly growing stem sprout should be formed by bandaging it to the stem, and, as a result of this, the
angle between the stem and the sprout can be reduced to 20◦ in contrast to 50◦ when the sprout is
not bandaged. Our results suggest that it is best to take off the lower 1/3 of the branches and leaves,
which leads to faster height growth of the plant.

Keywords: spring pruning; year-long pruning; branching; angle diversion of sprout

1. Introduction

Paulownia spp. Siebold & Zucc. is a fast-growing deciduous tree; it can grow up to a
height of 12 to 30 m [1] and can reach a stem diameter of around 1 m at breast height [2].
The area of origin of Paulownia spp. is China [3], Laos and Vietnam [4]. It was first used as
a decorative tree in other areas such as Japan and the Korean peninsula [2]. Today, it grows
on all continents, except for Antarctica. The first time that Paulownia tomentosa was planted
in the region of today’s Czech Republic (CR) was in 1844 [2].

New types of hybrids were made from original Paulownias, especially to increase
timber production. This hybrid clone cultivation widened the ecological valence and
spread its growth beyond its original habitat. These new types of hybrids were planted
in the CR in the past ca. 10 years [5]. Paulownia Clon in vitro 112® has high resistance
to extremely low temperatures down to −25 ◦C [6] and shows high adaptability to local
climatic conditions [7]; therefore, it seems to be the best choice for the CR. Additionally,
Paulownia Clon in vitro 112® grows faster compared to other Paulownia hybrids, and its
volume is around 0.3 m3 after three years from planting [6]. Its wood is easy to work (with)
and therefore suitable for carving [8], and it can be used to produce wood fiber products or
for cellulose and biofuel production [9], for building construction [10] and in the energy
and sawmill industries [11].

Based on information from Zhao-Hua et al. [12], it forms thick branches already on
two-year-old plants after the first winter period. Furthermore, it has a tendency to form
many widely spread branches, if grown in an open space [6]. Trees of Paulownia are always
planted in open spacing in plantations (for example, according to UCLM [13], 5 × 5 m for
sawmill logs or 3.3 × 1 m for biomass). Another factor influencing the growth habit is
damage to the buds (i.e., the apical bud, similar to the second to fourth pairs of axillary
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buds) caused by frost, which is typical for Paulownia [12]. The frost can be early, late [14]
or hard frost [15]. All these types of frost can cause damage, which leads to hormonal
imbalance, thanks to which the surviving lateral buds accelerate their growth, and the
sprouts originating from them take over the function of the dead apical sprout [12,16]. As a
rule, only one of the newly formed lateral sprouts is significantly dominant and assumes
the function of a terminal sprout, and the other sprouts turn into branches. However, in the
event of unclear dominance, multiple terminal sprouts occur [17]. Moreover, Paulownia
is a plant with a very strong sprouting ability [12] to create root, stem [18] and stump
sprouts [6]. With only a few exceptions, the root and stem sprouts appear on the trees
every year, and frost damage to the trees in their first years after planting stimulates the
formation of both types of sprouts. Due to a combination of these factors, the stem can
become crooked, and we could say that it manifests bushy (broom-like) growth, which was
described by Narovcová et al. [17].

This is why pruning is applied to attain an upright stem without sprouts and branches
in the lower part of the tree [19,20]. There can be two different types of pruning. The
first type is applied for the formation of the tree habit in the way that undesirable newly
created sprouts are removed (i.e., “spring pruning”). These sprouts come in three types:
root sprouts, which grow from adventitious buds on the roots [21]; stump sprouts, which
grow in multiple places around the edge of stump sprouts [22]; and stem sprouts, which
grow from adventitious buds on the stem [23]. When all the sprouts are left to grow, a
tree with multiple stems growing from the roots, stem or stump is formed, and such a tree
grows more slowly and creates dense bushy growth. The occurrence of multiple stems can
be successfully reduced via spring pruning [24], and the newly formed tree consists of one
strong terminal sprout [25]. The second type is the elimination of the leaves and branches
at the start of or during the vegetation period (i.e., “year-long pruning”). Open-space-
planted Paulownia, such as Eucalyptus nitens (H.Deane & Maiden) Maiden, generates and
retains large branches and, due to this, does not produce sawlog, veneer-quality timber [26]
or knot-free timber known as clearwood [27]. Year-long pruning is carried out for the
purpose of increasing wood quality [26,27] and, also, accelerating the height increment [28].
However, severe year-long pruning can reduce height growth and have a negative impact
on the quality of the wood [29,30].

The reason why we researched the ability of young Paulownia trees to generate sprouts
and branches and compared the effects of spring and year-long pruning was to grow trees
with upright stems and crowns set high, which is lucrative, especially for plantation
growing.

We investigated the following:

• Whether one-year-old and two-year-old plants produce branches and root, stem and
stump shoots, and, if yes, how many.

• Whether bandaging of the stem sprout to the stem influences the straightness of the
stem while pruning—we tried to reduce the angle between the axis of the original
stem and that of the new sprout.

• Whether it is possible to achieve a greater height growth of the tree in the event that a
different type of sprout (stem, stump, root) is supported after apical bud frost injury
(i.e., spring pruning).

• Whether the plant grows faster with year-long pruning (i.e., the removal of different
volumes of branches and leaves).

2. Materials and Methods

The research plot was situated on a private, fenced, agricultural area in Střelice u
Brna (49◦15′460.56” N; 16◦47′179.14” E) with an altitude of around 300 a.s.l. and a slope
from 0 to 10◦. The soil is Cambisol with a loam soil texture; it contains about 1.6% organic
matter, has a pH/KCl of around 6.3 and pHH2O of about 7.1 and goes down to a depth
of 110 cm. In 2018, the average yearly air temperature was 8.3 ◦C, the minimum yearly
air temperature was −10.2 ◦C and the annual rainfall was 448 mm [31]. The plantation
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was established with ramets of Paulownia Clon in vitro 112®, which were bought from the
company Oxytree Solution s.r.o., which is registered in the CR [32].

Paulownia Clon in vitro 112® is a hybrid that originated as a natural cross between
Paulownia elongata S.Y.Hu and P. fortunei (Seem.) Hemsl., and the newly created plants,
which had the required properties, were reproduced using the in vitro method in order for
their cultivated properties to be maintained [33]. This hybrid was created in the laboratory
of the company IN VITRO S.L. (Sant Feliu de Llobregat, Spain), and the World Intellectual
Property Organization has given it the trademark application number of 1,181,727, expi-
ration date 25 September 2023 [34]. The adaptability of this hybrid to various soils and
climates was tested by the University of Castilla-La Mancha [35].

A total of 686 in vitro container-grown ramets (height: 20 ± 2 cm; root neck thickness:
5 ± 1 mm; mean ± SD) were planted in 2016 and 737 in 2017, with a spacing of 4 × 4 m.
After the planting of the ramets, we referred to them as plants. Each plant was assigned
a unique code according to the row and its position in each for improved identification
during the measurements.

We performed three experiments in the plantation to better document the natural
development of one- and two-year-old trees without any silvicultural treatments and the
influence of pruning on the heights of the plants.

Gardening shears were used for cutting off the above-ground part of the plant. Spring
pruning and year-long pruning were carried out with the use of a sharp knife (or pruning
shears), in accordance with Arborist Standards [36]. Cut wounds were not treated and were
left to heal naturally. The height of the plant and the length of the sprout were measured
with a folding rule, and the angles between the rest of the stem and the sprouts were
measured using a protractor.

2.1. Spring Pruning

The height was measured on all plants in February 2018. Those that were chosen in
each of the two years (i.e., 125 one-year-old plants and 125 two-year-old plants) were all
within a specified range of heights and thicknesses, close to the average (Table 1). The
ground around each of these plants was marked with a color spray so that the plant was
easy to find for each successive measurement.

Before the start of the vegetation period (the 70th day of the year (DOY)), we performed
spring pruning in five variants on the plants with frost-damaged stems planted in 2016
and in five variants on the plants planted in 2017, where each variant was conducted on
25 plants:

• Stump pruning, where the plant was cut on the 70th DOY (leaving a maximum 5 cm
stump) and, on the 100th DOY, the thickest stump sprout was left, and all the other
sprouts were removed (Figure 1).

• Root pruning, where the plant was cut on the 70th DOY (leaving a maximum 5 cm
stump) and, on the 100th DOY, the thickest root sprout was left, and all the other
sprouts were removed (Figure 1).

• Stem pruning, where, on the 100th DOY, the thickest stem sprout was left, and the rest
of the plant (approximately 10 cm above that sprout) was removed, together with all
the other sprouts. Stem pruning was carried out in two different ways:

o Stem pruning without bandaging, where the sprout that was saved was not
bandaged to the remaining part of the stem (Figure 1).

o Stem pruning with bandaging, where the sprout that was saved was bandaged
to the remaining part of the stem to ensure straight growth (Figure 1).

• Reference plant, where the plant with sprouts was left to grow naturally (Figure 1).
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Table 1. Average values of the heights of the trees and the thicknesses of the stems measured 10 cm
above the ground for experimental trees, and the statistical significance of the differences in these
parameters between the variants.

Experiment Variant Average Height (±SD) [cm] SS Average Thickness (±SD) [mm] SS

Plants planted in 2016

Spring pruning

Stump 72.5 (±24.9) Ns 17.6 (±5.6) ns
Root 72.6 (±28.2) Ns 17.4 (±6.1) ns

Stem with
bandaging 75.2 (±19.1) Ns 16.8 (±5.4) ns

Stem without
bandaging 74.6 (±18.6) Ns 17.9 (±4.8) ns

Reference plant 76.0 (±17.9) Ns 16.0 (±4.2) ns

Year-long pruning

Pruning 1/3 77.5 (±22.7) Ns 18.9 (±5.0) ns
Pruning 2/3 74.9 (±20.3) Ns 17.1 (±5.1) ns

Regular pruning 73.4 (±19.7) Ns 15.9 (±5.2) ns
Reference plant 72.8 (±21.2) Ns 17.8 (±4.5) ns

Plants planted in 2017

Spring pruning

Stump 61.6 (±14.4) Ns 12.2 (±4.6) ns
Root 62.3 (±18.4) Ns 12.4 (±6.3) ns

Stem with
bandaging 64.6 (±15.7) Ns 11.3 (±4.2) ns

Stem without
bandaging 63.6 (±16.6) Ns 12.4 (±4.1) ns

Reference plant 62.1 (±15.1) Ns 12.3 (±4.9) ns

Year-long pruning

Pruning 1/3 62.4 (±13.6) Ns 12.4 (±4.1) ns
Pruning 2/3 64.1 (±11.5) Ns 13.4 (±4.7) ns

Regular pruning 62.3 (±12.8) ns 13.1 (±4.5) ns
Reference plant 62.1 (±14.3) ns 12.9 (±4.5) ns

SD—standard deviation; SS—statistical significance; ns—no statistical significance (p = 0.95).
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Figure 1. Line drawings of the variants of spring pruning (A—stump pruning; B—root prun-
ing; C—stem pruning; D—stem pruning without bandaging; E—stem pruning with bandaging;
F—reference plant).

The height of the entire plant and the length of the sprout that was left to grow were
measured on the 100th DOY. The angle diversion between the rest of the stem (i.e., the stem
axis) and the axis of the sprout that was left to grow was also measured—the smaller the
angle between the stem axis and the sprout axis, the smaller the sprout diversion from the
rest of the stem. The stem sprout (in this variant) was bandaged to the rest of the stem with
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a jute cord, and a paper bag was inserted between the sprout and the jute cord to protect
the sprout. The height of the plant was measured repeatedly at about one-month intervals
during the entire vegetation period. The sprout bandage was removed for the time of the
measurement, the diversion angle of both stem variants was measured (with and without
bandaging) and the sprout was re-bandaged after measurement. The last measurement of
the height of the plant was carried out on the 301st DOY, the bandage was permanently
removed and the angle between the rest of the stem and the sprout that was left to grow
was also measured.

We used the length of the new sprouts for a better comparison of the spring pruning
results, instead of the total height of each plant. We deducted the height of the stump and/or
stem from the growth from the previous year (or two years) from the total plant height.

2.2. Year-Long Pruning

The height was measured on all plants in February 2018. Those that were chosen in
each of the two years (i.e., 100 one-year-old plants and 100 two-year-old plants) were all
within a specified range of heights and thicknesses, close to the average (Table 1). The
ground around each of these plants was marked with a color spray so that the plant was
easy to find for each successive measurement.

Year-long pruning proceeded on the 70th DOY: the above-ground part of the chosen
plant was removed (leaving stumps with heights not exceeding five centimeters). After
30 days from the date of removal, the strongest stump sprout was left, and all other new
stump sprouts or new root sprouts were removed. Year-long pruning was carried out in
four variants on the plants planted in 2016 and on the same number of those planted in
2017 (Table 1). Each variant was conducted on 25 plants. These variants were as follows:

• Pruning 1/3, where the lowest 1/3 of the leaves and branches was removed from the
plant on the 151st DOY.

• Pruning 2/3 , where the lowest 2/3 of the leaves and branches were removed from the
plant on the 151st DOY.

• Regular pruning, where the lowest leaves were removed from the plant (on the
151st DOY), so only the last four rows of the leaves growing opposite each other
remained, and each began regular removal of leaves approximately 14 days from this
date.

• Reference plant, where the plant with sprouts was left to grow naturally.

The height of the entire plant (including the stump) and the length of the new growing
sprout were measured on the 100th DOY. At approximately one-month intervals from this
date, the heights of all of the plants were measured. On the 151st DOY, the first removal of
leaves and branches was carried out on the plants with the pruning 1/3, pruning 2/3 and
regular pruning variants. When measuring the heights of the plants, in the cases where
there were more than the last four rows of pairs of leaves growing opposite each other, the
bottom rows of leaves were removed using the regular pruning variant. The measurements
were carried out until the 301st DOY, when the last measurement of the plant height was
conducted on the plants with year-long pruning.

For a better comparison of the results of the year-long pruning, we used the length of
the new sprouts instead of the total height of each plant, so we deducted the height of the
stump from the total plant height.

2.3. Sprouting Capacity and Branching

The plantation owner removed the above-ground parts of all one-year-old and two-
year-old trees (which were not used for spring and year-long pruning) on the 70th DOY.
The thickest stump sprout was left, and all other sprouts were removed on the 100th DOY.
From this date, the owner did not perform any silvicultural treatment, and the plants
were left to grow naturally. We recorded the numbers of newly emerged stem, stump and
root sprouts and branches (i.e., “sprouting capacity and branching”) on 270 of the plants
planted in 2016 and on 423 of those planted in 2017 (i.e., on a total of 693 plants). The stump
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sprouts, stem sprouts, root sprouts and branches on each of the plants were counted on the
301st DOY. Consequently, the plants were sorted into groups based on the numbers of root,
stem and stump sprouts, and also on the numbers of branches that were found on each
plant (0—no sprout/branch; 1—one sprout/branch; n—n sprouts/branches). Sprouting
capacity and branching were investigated, also according to the age of the plant, because
those planted in 2016 were two years old at the time, and those planted in 2017 were one
year old.

Statistical data were evaluated in TIBCO Statistica™, with a reliability interval of
95%. The Shapiro–Wilk test was employed to find out the data dispersion normality and
homogeneity. Analysis of variance (ANOVA) was used to evaluate the suitability of the
annual and biennial plants selected for spring pruning and year-long pruning. The nature
of the results of the experiment did not make it possible for parametric testing to be applied
for the evaluation of the differences; therefore, the Kruskal–Wallis non-parametric test was
employed next, after which the Dunn test was applied to identify differences among the
main effects and interactions.

3. Results
3.1. Spring Pruning

On the 186th DOY, stump sprouts (56 ± 6 cm; average length ± SD) and stem sprouts
(with bandaging 50 ± 2 cm; without bandaging 49 ± 4 cm) grew best on the one-year-old
plants (Figure 2). These differences between the first group (of stem sprouts with/without
bandaging and the stump sprouts) and the second group (of root sprouts and the reference
plants) on the one-year-old plants grew with each new measurement during the season.
During the last measurement (the 301st DOY), the average length of the stem sprouts with-
out bandaging was 119 ± 7 cm, that of the stem sprouts with bandaging was 115 ± 6 cm
and that of the stump sprouts was 114 ± 8 cm. These lengths were statistically different
from those of the root sprouts and reference plants. Percentage differences among the
individual variants are presented in Table 2.

Table 2. Percentage differences and statistically significant values among the spring pruning variants
of one- and two-year-old plants. The percentages indicate how much shorter the sprout named in
the row is, compared to that named in the column, e.g., the reference plant was 46% shorter than the
stem sprout with the bandaging.

One-year-old plants

DOY Variant Stem sprout with bandaging Stem sprout without bandaging Stump sprout

186th
Reference plant 46% (p = 0.0001) 44% (p = 0.0018) 52% (p = 0.0001)

Root sprout 30% (p = 0.0062) 28% (p = 0.0058) 38% (p = 0.0086)

301st
Reference plant 46% (p = 0.0001) 48% (p = 0.0001) 45% (p = 0.0001)

Root sprout 49% (p = 0.0009) 51% (p = 0.0001) 48% (p = 0.0001)

Two-year-old plants

DOY Variant Stem sprout with
bandaging Stump sprout Stem sprout without bandaging Root sprout

186th

Stem sprout without
bandaging 24% (p = 0.0058)

Stump sprout 22% (p = 0.0068)
Root sprout 42% (p = 0.0032) 26% (p = 0.0075) 24% (p = 0.0089)

Reference plant 61% (p = 0.0004) 50% (p = 0.0032) 48% (p = 0.0002) 32% (p = 0.0045)

Stem sprout without
bandaging 14% (p = 0.0174)

301st
Root sprout 19% (p = 0.0168)

Stump sprout 18% (p = 0.0423)
Reference plant 54% (p = 0.0021) 44% (p = 0.0023) 46% (p = 0.0025) 43% (p = 0.003)

DOY—day of year.
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Figure 2. Average sprout length. A—one-year-old plants; B—two-year-old plants. Whiskers
denote SD.

On the 186th DOY, we divided the two-year-old-plant results into four groups, based
on statistical significance (Figure 2). The best growth was found on the stem sprouts with
bandaging (75 ± 6 cm). The stump sprouts and the stem sprouts without bandaging made
up the second group of the longest sprouts. The root sprouts made up the third group,
and the reference plants created the last group. The order of the groups changed during
the measurement period. On the 301st DOY, it was possible to divide the average sprout
lengths into three groups, based on their statistical differences. The longest sprouts were
stem sprouts with bandaging (145 ± 14 cm), and they made up the first group. The stump
sprouts and the stem sprouts without bandaging created the second group. The reference
plants made up the last group. Percentage differences among variants are presented in
Table 2.

We conducted an experiment on the stem sprouts to change the angle diversion from
the straight-stem axis (Figure 3). The closer the top of the sprout to the stem axis, the
straighter the alternative apical sprout. On the 100th DOY, the angle diversion was similar:
one-year-old plants with bandaging 59 ± 5◦, without bandaging 61 ± 4◦; two-year-old
plants with bandaging 58 ± 4◦, without bandaging 59 ± 4◦.

The difference in the angle diversion on the one-year-old plants became visible on the
143rd DOY. The stem sprout with bandaging had an average angle of 47 ± 4◦, which was
about 16% smaller than that of the stem sprout without bandaging (p = 0.0047). On the
301st DOY, the average angle of the stem sprout with bandaging was 21 ± 4◦, and it was
about 51% smaller than the other (p = 0.0003).

The measured results on the two-year-old plants were similar to those on the one-year-
old plants. The difference in the angle diversion became visible from the 143rd DOY. The
stem sprout with bandaging had an angle of 49 ± 4◦, and it was about 16% smaller than the
average angle on the stem sprout without bandaging (p = 0.0326). On the 301st DOY, the
difference between both variants was 37% (p = 0.0031), and the sprout which was straighter
was the one with bandaging (29 ± 5◦).

In addition, we compared what influence the age of the plant had on the angle
diversion. At the start of the measurement, there were no statistical differences in the
angles between the ages of the plants or the variants of bandaging. On the 301st DOY,
the difference in angle diversion of the sprout without bandaging was 13% (p = 0.0498),
where the average angle of the one-year-old plants was smaller than that of the two-year-
old plants. Additionally, the average angle diversion of the sprout with bandaging was
different. On the 301st DOY, the difference in the angle between the one-year-old and
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two-year-old plants was 29% (p = 0.0254), where the average angle of the one-year-old
plants was smaller (21 ± 4◦) than that of the two-year-old plants.
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3.2. Year-Long Pruning

The start of growth was the same for all variants of the one-year-old plants (Figure 4).
We found three statistical groups on the 186th DOY. The plants with the pruning 1/3 variant
(84 ± 6 cm) had the longest average sprout. The plants with the pruning 2/3 variant and
the reference plants had the second longest sprout and created the second statistical group.
The plants with regular pruning made up the third statistical group. The statistical groups
were the same on the 301st DOY as on the 186th DOY. The plants with the pruning 1/3
variant (157 ± 7 cm) had the longest average sprout, and those with the pruning 2/3 variant
and the reference plants had the second longest. The plants with regular pruning made up
the third statistical group.
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The start of growth was the same for all variants of the two-year-old plants (Figure 4).
The first measurement that revealed visible differences was carried out on the 186th DOY
and showed statistically significant differences among the variants. The plants with the
pruning 1/3 variant (84 ± 6 cm) and those with the pruning 2/3 variant (78 ± 6 cm) created
the first statistically homogenous group, and the plants with regular pruning and the
reference plants created the second statistically homogenous group. The last measurement
(on the 301st DOY) showed that the plants with the pruning 1/3 variant (179 ± 6 cm) had
the longest average length. The plants with the pruning 2/3 variant and the reference plants
made up the second statistical group. The plants with regular pruning created the third
statistical group. Percentage differences among the variants are presented in Table 3.

Table 3. Percentage differences and statistically significant values among the year-long pruning
variants of one- and two-year-old plants. The percentages indicate how much shorter the sprout
named in the row is, compared to that named in the column, e.g., the sprout with 2/3 pruning was
15% shorter than that with 1/3 pruning.

One-year-old plants

Day of year Variant 1/3 pruning 2/3 pruning Reference plant

186th
2/3 pruning 15% (p = 0.0365)

Reference plant 27% (p = 0.0097)
Regular pruning 38% (p = 0.0071) 27% (p = 0.0104) 14% (p = 0.0345)

301st
2/3 pruning 20% (p = 0.0145)

Reference plant 27% (p = 0.0066)
Regular pruning 40% (p = 0.0024) 25% (p = 0.0128) 18% (p = 0.0172)

Two-year-old plants

DOY Variant 1/3 pruning 2/3 pruning Reference plant

186th
Reference plant 30% (p = 0.0249) 24% (p = 0.0217)
Regular pruning 20% (p = 0.0347) 14% (p = 0.0422)

301st
2/3 pruning 23% (p = 0.0004)

Reference plant 25% (p = 0.0002)
Regular pruning 43% (p = 0.0001) 30% (p = 0.0001) 24% (p = 0.0003)

3.3. Sprouting Capacity and Branching

We can conclude that Paulownia has a high sprouting capacity (Table 4). The total
sprouting capacity of the one-year-old plants was 80.6%, where the most frequent number
of sprouts per plant was three (on 16.7% of the plants) and the maximum number of sprouts
per plant was nine (on 1.2% of the plants), regardless of their origin. Depending on the
origin of the sprout, the one-year-old plants had the lowest sprouting capacity from the
stump (48%) and the highest sprouting capacity from the roots (56%). The most frequent
number of root, stem and stump sprouts per plant was one (on 11.4%, 13.5% and 15.2%
of the plants, respectively). The maximum number of sprouts per plant was seven (root
sprouts on 6.1% of the plants; stem sprouts on 5.9% of the plants) and six (stump sprouts
on 3.9% of the plants).

The total sprouting capacity of the two-year-old plants was 69.8%, where the most
frequent number of sprouts per plant was three (on 16.1% of the plants) and the maximum
number of sprouts per plant was eight (on 0.9% of the plants), regardless of their origin.
Depending on the origin of the sprout, the two-year-old plants had the lowest sprouting
capacity from the stump (34%) and the highest sprouting capacity from the roots (50%).
The most frequent number of root, stem and stump sprouts per plant was one (on 10.1%,
12.5% and 14.7% of the plants, respectively). The maximum number of sprouts per plant
was seven root sprouts (on 1.0% of the plants), six stem sprouts (on 5.1% of the plants) and
five stump sprouts (on 2.5% of the plants).

Branches grew on 34% of all one-year-old plants. The most frequent was the occurrence
of one pair of mutually opposite branches (on 12% of all plants), and the maximum number
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of mutually opposite branches was five (on 0.2% of all plants). Branches grew on 57% of
all two-year-old plants. The most frequent was the occurrence of one pair of mutually
opposite branches (on 23% of all plants), and the maximum number of mutually opposite
branches was five (on 0.1% of all plants).

Table 4. Percentage shares of the numbers of each type of sprout (root, stem and stump) and of
branches per plant of the plants planted in 2017 and 2016—one year and two years after planting.

Number of Sprouts/Branches (Groups)

0 1 2 3 4 5 6 7 8 9 Sum

One-year-old plants (planted in 2017)

All sprouts 19.4 6.2 9.4 16.7 12.2 10.4 10.4 8.4 5.7 1.2 100.0
Root sprout 44.4 11.4 8.9 8.4 7.5 6.5 6.8 6.1 0.0 0.0 100.0
Stem sprout 49.2 13.5 8.4 6.1 6.0 5.5 5.4 5.9 0.0 0.0 100.0

Stump sprout 52.1 15.2 9.5 7.5 6.0 5.8 3.9 0.0 0.0 0.0 100.0
Branches 66.5 11.9 10.9 7.1 3.4 0.2 0.0 0.0 0.0 0.0 100.0

Two-year-old plants (planted in 2016)

All sprouts 30.2 8.4 9.6 15.1 12.0 9.9 8.7 5.2 0.9 0.0 100.0
Root sprout 50.0 10.9 9.4 9.1 8.1 6.2 5.3 1.0 0.0 0.0 100.0
Stem sprout 59.6 12.5 6.5 5.5 5.4 5.4 5.1 0.0 0.0 0.0 100.0

Stump sprout 65.9 14.7 7.6 5.2 4.1 2.5 0.0 0.0 0.0 0.0 100.0
Branches 43.4 23.0 18.2 11.2 4.1 0.1 0.0 0.0 0.0 0.0 100.0

4. Discussion

The presented results can be marked as unique and applicable to the growing of
Paulownias—especially in areas where Paulownia Clon in vitro 112® does not reach the
common annual growth, as it does in its homeland or in areas with optimal soil and climatic
conditions.

Paulownia has a strong sprouting capacity [6,12,18]. Sprouts can grow from the
roots [12,18], the stem [18] and/or the stump [6,12]. Our results confirm the frequent
occurrence of sprouts, even in the climatic and common soil conditions of the CR. Paulownia
has sprouts of all three of the above-mentioned types. At least one type of sprout grew
on almost every second plant, be it a one-year-old or a two-year-old plant. Unfortunately,
the above-mentioned authors do not state if some type of sprout appears more often than
others. The results indicate that the most common are root sprouts, and, on the other hand,
the least common seem to be stump sprouts.

Our results show that Paulownia in the CR grows branches in one third of all one-
year-old plants. In most cases, on plants which had branches, there was only one row of
branches growing opposite each other. There were very few plants that had as many as
five rows of branches growing opposite each other. There were branches growing on more
than half of the two-year-old plants. The number of branches was from one to five rows
of branches growing opposite each other on the plants which had branches. Our results
confirm the high branchiness described above. The results of measurements conducted on
the one-year-old plants, in contrast to those conducted on the two-year-old plants, were
not confirmed by the study of [12], who described that thick branches do not appear until
the second year after planting. We assume that, in our plantation, as well as in other
open spacing plantations (where the recommended spacing is, for example, 3.3 × 1 m or
2 × 1.5 m [6], 3 × 2 m or 5 × 5 m for timber [13] or 550 pcs/ha [37]), such a low density of
trees can lead to a very low set crown and a larger number of branches at a young age.

In view of the fact that Paulownia has the ability to create root, stem and stump
sprouts, and that the climate in the CR is the cause of apical sprout frost damage, we have
come up with an experiment that would show the growth curve based on the selected type
of apical sprout. This method is named spring pruning [19], where undesirable sprouts
are removed. Spring pruning was carried out at the beginning of the vegetation period,

26



Forests 2022, 13, 317

and several different types of sprouts were left to grow. The best growing proved to be
stem sprouts and stump sprouts on one-year-old plants and stem sprouts on two-year-old
plants. It is assumed that the reason for the best stem sprout growth is hormonal imbalance
caused by death of the apical sprout [17]. This imbalance could be the reason for the
situation where the buds that were closest to the apical bud were supported by chemical
processes, so they could replace the apical sprout as soon as possible, to keep the plant
growing. Even Zhao-Hua et al. [12] found that the first buds under the apical bud took
over its function once the terminal bud was damaged by frost. There is no mention of
the length and increment of a stem sprout originating from an axial bud in the available
literature. On the other hand, these authors described the length and increment of a stump
sprout. The reason why they mention this, in general, is that the above-ground part of the
plant is cut after the first year [6,12,13]. This is carried out to support the root system or to
support the growth of the sprouts after the tree has been felled upon reaching the desired
dimensions [12], which can be performed in three to five cycles [36–38]. Icka et al. [6]
indicated that we can expect a four-meter stump sprout of Paulownia Clon in vitro 112®,
even in the first year after planting. Zhao-Hua et al. [12] (without specifying the species)
stated that an average stump sprout grows to a length of five to six meters, but individually,
they can also grow to a length of up to ten meters. The average length of the sprouts on
our plantation was 50–160 cm, which was much less than that described by the authors
above. It is the different climatic and pedological conditions that could be responsible for
this (when we compare them with those in the homeland of Paulownia). Above all, this
can be caused by different temperature and rain progress according to what Icka et al. [6]
or Zhao-Hua et al. [12] describe.

The experiment with the bandaging of the stem sprout to the stem was conducted
together with the spring pruning. So-called bayonet growth will follow when the closest
live bud takes over the apical sprout function on the stem that was damaged by frost [39].
Diversion can (sporadically) reach up to 80◦ from the stem axis (according to our mea-
surements), but the average diversion reaches about 45◦ on one-year-old plants and 50◦

on two-year-old plants at the end of the vegetation period. On the other hand, when the
sprout was bandaged to the rest of the stem that had been damaged by frost from the very
beginning, and it was straightened up in this way, it showed an angle of diversion of about
10◦ on the one-year-old plants and about 30◦ on the two-year-old plants. This technique
(i.e., process) helped the stems to be more upright.

Year-long pruning was another experiment designed to affect the height growth speed
and stem straightness. This approach is applied when there is a small number of plants
per hectare, together with the greater branching ability of these plants [20]. As a result,
the increment is lower because the plant sends the necessary nutrients into its branches
and sprouts [40]. On the other hand, when too many branches and leaves are taken
away, height growth slows down because the assimilation part is eliminated. The taller
the plant, the more it needs twigs and branches, as those create supportive tissue for
tree stability, and the leaves support the transport of water from the ground up to the
leaves via a sufficient negative water potential [41–43]. The reason behind our experiment
was to find the most effective year-long pruning method that would support the growth
of the plant, even if we reduce the assimilation part. Our results suggest that the best
approach to year-long pruning is to remove all leaves and branches in the lowest third of
the stem. This variant took away the unnecessary ineffective leaves and branches because
the investment of nutrition and water into these ineffective leaves and branches reduces
the utilization of nutrients and water, thanks to the higher-up leaves and branches that
encourage accelerated growth of the entire plant. The limited growth, as a result of the
preservation of the ineffective leaves and branches, is visible on the reference plants. We can
say that the number of leaves that were taken away was not reduced more than necessary.
Photosynthetic production, nutrition and energy income were not as low as those in the
regular pruning variant with a greatly reduced assimilation part. We were able to see it
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even on the 2/3 pruning variant where the branches up to 2/3 of the plant height above the
ground were taken away.

5. Conclusions

This work was aimed at influencing the growth of Paulownia Clon in vitro 112®,
which was grown in the conditions of the CR, outside of its homeland. This study can be
considered unique; however, it covers only one plot in the CR, and therefore the presented
results are only preliminary.

Based on the height growth measured in Spain, Albania, Hungary and Romania, it
can be assumed that straight stems without so-called elbow bends can grow thanks to
high one-year-old sprout growth, even when the apical bud is replaced by a lateral bud.
Paulownias growing in Střelice u Brna are smaller and their average height is far below one
meter. As a result of this, we can expect a decrease in the quality of the assortment because
there will be no long straight stems, and the length of the potential saw log will be less than
3 m, which is the minimum length of a saw log according to the rules recommended in the
CR [44].

Spring pruning seems to influence the speed of growth of the plant. The reaction to
year-long pruning was not similar for the one-year-old and two-year-old plants.

In terms of the one-year-old plants:

• The plants with stem or stump pruning grew higher than those with root pruning and
the reference plants.

• The reference plants became bushy and had slow growth. We do not recommend
leaving the plants without pruning.

• When we used root pruning, the new plants grew slowly, and they were smaller than
those with the other variants of pruning (including the reference plants) at the end of
the vegetation period. We do not recommend root pruning.

In terms of the two-year-old plants:

• We found out that the best pruning (according to the growth of the plants) was stem
pruning.

• Next, with an almost insignificant difference, were the plants with root pruning and
stump pruning.

• It is important to carry out some pruning and not leave the plant to grow naturally.
We do not recommend leaving the plants without pruning.

However, when we use stem pruning, we should use bandaging. This treatment
straightens the stem and reduces the angle between the elbow bend and the rest of the
stem.

Additionally, year-long pruning appears to influence the speed of growth of the plant.
The reaction to year-long pruning was similar for the one-year-old and two-year-old plants.

• The best year-long pruning (according to the growth of the plants) seems to be
pruning 1/3.

• The reference plants became bushy and had slow growth. We do not recommend
leaving the plants without pruning.

• Plants with the pruning 2/3 variant had similar growth to the reference plants. We do
not recommend pruning 2/3 .

• The plants with regular pruning were smaller, even compared to the reference plants.
We definitely do not recommend using regular pruning.

Our current results indicate that, in the following years, it would be advisable to leave
the stem sprout and direct its growth by bandaging the apical part to the stem that is
damaged by frost. This approach would be applied until the apical bud reaches a height
beyond the reach of frost (i.e., approximately 4 m). It is also advisable that the newly
growing branches, together with the leaves that grow up to the height of the lowest third
of the stem, be regularly removed.
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These silvicultural measures support the growth of plants that grow beyond the frost
layer faster, thereby reducing the extent of damage by frost and the shape unevenness
(elbow bends) of the stem. This could result in an increased economic valuation of wood
cultivated in a plantation.
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experiment on his plantation, Petra Skočdopolová and Jan Hobl for the revision of the English
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Abstract: With the continuous increase in atmospheric carbon dioxide emissions, nitrogen (N) and
phosphorus (P) as mineral elements increasingly restrict plant growth. To explore the effect of
deficiency of P and N on growth and physiology, Fraxinus mandshurica (hereafter “F. mandshurica”)
Rupr. annual seedlings of Wuchang (WC) provenance with fast growth and Dailing (DL) provenance
with slow growth were treated with complete nutrition or starvation of N (N-), P (P-) or both elements
(NP-). Although P- and N- increased the use efficiency of P (PUE) and N (NUE), respectively, they
reduced the leaf area, chlorophyll content and activities of N assimilation enzymes (NR, GS, GOGAT),
which decreased the dry weight and P or N amount. The free amino acid content and activities of
Phosphoenolpyruvate carboxylase (PEPC) and acid phosphatase enzymes were reduced by N-. The
transcript levels of NRT2.1, NRT2.4, NRT2.5, NRT2.7, AVT1, AAP3, NIA2, PHT1-3, PHT1-4 and
PHT2-1 in roots were increased, but those of NRT2.1, NRT2.4, NRT2.5, PHT1-3, PHT1-4, PHT2-1 and
AAP3 in leaves were reduced by P-. WC was significantly greater than DL under P- in dry weight, C
amount, N amount, leaf area, PUE, NUE, which related to greater chlorophyll content, PEPC enzyme
activity, N assimilation enzyme activities, and transcript levels of N and P transporter genes in roots
and foliage, indicating a greater ability of WC to absorb, transport and utilize N and P under P-. WC
was also greater than DL under N- in terms of the above indicators except the transcript levels of N
and P assimilation genes, but most of the indicators did not reach a significant level, indicating that
WC might be more tolerant to N- than DL, which requires further verification. In summary, WC was
identified as a P-efficient provenance, as the growth rate was greater for the genetic type with high
than low tolerance to P-.

Keywords: nitrogen; phosphorus; carbon; physiology; F. mandshurica

1. Introduction

With the continuous increase in atmospheric carbon dioxide emissions, among the
three major chemical elements—carbon (C), nitrogen (N) and phosphorus (P)—required
for plant growth, N and P [1–3] as mineral elements increasingly restrict plant growth.

N is the mineral element with the greatest demand for plant growth and development,
and it is the basic component of macromolecules such as protein, nucleic acid and chloro-
phyll. In forests with short rotation period and rapid growth, the demand for N is large,
and N deficiency is the main nutrient element that restricts plant growth [4]. There are two
main forms of nitrogen absorption by plants: nitrate N and ammonium N. Nitrate N is
transported from the soil to the cells by root nitrate transporters (NRTs) and ammonium is
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carried out using ammonium transporters (AMTs) through active transport, respectively.
Different NRTs respond differently to N deficiency. In Arabidopsis, AtNRT1 and AtNRT2
are low-affinity and high-affinity transporters, respectively [5]. The absorption of nitrate
ions by roots is mainly performed by NRT2.1 [6], and additionally, AtNRT2.4, which is
reduced by N starvation, will also absorb some nitrate ions [7]. The transcript levels
of AtNRT2.7 are smaller in roots than in shoots [8]. High transcript levels of AtNRT2.7
have been detected in Arabidopsis seeds [9,10]. The AtNRT2.5 transcript is induced by N
starvation [11,12]. However, OsNRT2.4 is a dual-affinity nitrate transporter [13].

After being absorbed into the cell, a small amount of nitrate N is reduced in roots,
and a large amount is transported to leaves for reduction in poplar [14]. Nitrate N is first
reduced to ammonium N by nitrate reductase (NR) and nitrite reductase, and then further
synthesized into amino acids through the glutamate synthase (GOGAT) and glutamine
synthase (GS) cycles [15]. N deficiency reduces the activities of N assimilation enzymes
such as NR and GOGAT in poplar [16]. Free amino acids are the main transport form of
N in plants, which can reflect the supply and demand of N. In Arabidopsis, AtAAP3 is a
plasma membrane amino acid transporter and is expressed in root phloem [17]. OsAAP3
can transport nine kinds of amino acids, and the high transcription level of OsAAP3 in rice
increases the amino acid content and rice yield [18].

P is the second largest mineral element required for plant growth and development [3].
In forestland, the main sources of P are organic P and inorganic phosphorus (Pi). Current
research shows that plants can only directly absorb Pi. However, due to absorbance by soil
cations and low solubility in the rhizosphere, most Pi in the soil is unavailable to plants,
which often causes forest trees to suffer from P deficiency [19,20]. Therefore, the selection
of afforestation materials with poor P tolerance will increase the growth of forest.

The absorption and transport of Pi are regulated by different phosphate transporters
(PHTs) in plants. The transcript level of HvPHT1;3 is higher in barley P-efficient strains [21].
AtPHT1;1 to AtPHT1;4 is responsible for the absorption of phosphate from the rhizo-
sphere [22]. Different P transporters respond differently to P deficiency. The transcript
level of PHO1 (PHOSPHATE 1) homologs H1 (PHO1;H1) is induced by P starvation but
inhibited by sufficient P [23], while transcripts of AtPHO1;H9 are only found in pollen and
flowers [24]. Excluding AtPHT1;6, the transcript level of all AtPHT1 genes increases under
phosphate starvation [25]. PHT2;1 regulates the P starvation response [26].

Plants can increase the availability of soil Pi by secreting organic acids [27,28] and
phosphatase such as acid phosphatases (APs) from the roots to the soil under P defi-
ciency [16,29]. The phosphoenolpyruvate carboxylase (PEPC, EC 4.1.1.31) enzyme in the
tricarboxylic acid cycle plays an important role in the synthesis of organic acids under P
deficiency [30]. Knowledge about the mechanism of tolerance to deficiency of N and P in
plants is mostly from studies on herbs and model plants. However, research on woody
non-model plants is rarely reported.

To obtain sufficient C skeleton and energy, N and P assimilation requires consumption
of carbohydrates [31,32]. Therefore, the effects of deficiency of N and P on plant growth can
be measured not only by directly measuring dry weight but also by indirectly measuring
the soluble sugar content. For example, in oilseed flax, N addition reduces the soluble sugar
content of leaves, and P addition increases the soluble sugar content of leaves, stems and
seeds [33]. The deficiency of N and P causes the leaves to accumulate more carbohydrates,
and the transport of carbohydrates from the stem to the root increases [34].

F. mandshurica Rupr. is one of the three hard broad-leaved tree species in Northeast
China and is regarded as one of the main tree species used in afforestation, representing 10%
of planted hardwoods [35]. There have been many reports on the selection of the superior
provenance of F. mandshurica based on growth rate. However, there is little information on
the physiological and biochemical regulatory mechanisms related to the rapid growth of
superior provenances. The C amount of 20 provenances of F. mandshurica in three provinces
of northeastern China was determined, and Wuchang (WC) with the largest amount of
C sequestration as well as Dailing (DL) with a low level were selected. To explore the
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effects of deficiency of P and N on growth and physiology of woody non-model plants,
F. mandshurica annual seedlings of WC with fast growth and DL with slow growth were
treated with N starvation (N-), P starvation (P-) and both N and P starvation (NP-). We
hypothesized that (i) N- and P- would suppress the absorption and metabolism of N and P
for both of F. mandshurica provenances and (ii) the tolerance to deficiency of N and P of
fast-growing F. mandshurica provenance would be greater.

2. Materials and Methods
2.1. Plant Materials and Nutritional Treatments

This research was conducted in the greenhouse of Northeast Forestry University in
Harbin, Heilongjiang, China. In the experiment, pots with 180 mm upper diameter, 130 mm
lower diameter and 150 mm height were used uniformly. On 11 May 2500 seeds of Dailing
(DL) and Wuchang (WC) were planted directly in pots filled with sand. To ensure the
moisture in the sand, 200 mL water was poured every two days. On 28 May, there were 703
seedlings (305 for DL and 398 for WC) with two true leaves, and 480 seedlings (240 for DL
and 240 for WC) with similar heights were selected and transplanted into pots with sand,
with two seedlings in each nutrient pot. There were 60 seedlings at each level of nutrient
treatment for each provenance. The study contained four nutrition treatment groups,
namely, nitrogen starvation (N-), phosphorus starvation (P-), nitrogen and phosphorus
starvation (NP-) and complete nutrition (Control). With reference to the composition of
Hoagland nutrient solution and Jarkko and Toini nutrient solution, the composition of
the nutrient solution in this study was as follows: 8 mM NH4NO3, 1 mM KH2PO4, 1 mM
KCl, 1 mM CaCl2·6H2O, 0.6 mM MgSO4·7H2O, 0.02 mM FeCl3·6H2O, 6 µM MnCl2·4H2O,
166 µM H3BO3, 0.36 µM ZnCl2, 0.36 µM CuCl2·2H2O, 0.36 µM NaMoO4·2H2O. P- was
achieved by removing KH2PO4, and then KCl was used to adjust the potassium ion balance.
The other components were the same as described for complete nutrition. N- was achieved
by removing NH4NO3, and the other components were the same as described for complete
nutrition. NP- was achieved by removing KH2PO4 and NH4NO3, and then KCl was used
to adjust the potassium ion balance. The other components were the same as described for
complete nutrition. To ensure the health of the tested seedlings, from 28 May to 29 June,
we poured 200 mL complete nutrient solution into each pot every 3 days. To ensure the
effectiveness of nutrient deficiency on the test seedlings, from 1 July to 5 August, we
poured 200 mL treatment nutrient solution into the corresponding pots every 3 days. As
the test duration extended through the hottest part of July, the water in the sand culture
evaporated very quickly, and the nutrient pot was supplemented with enough water at
5 p.m. every day.

2.2. Sample Harvesting and Determination of Dry Weight and Leaf Area

On 5 August, the total foliage was cut off with branch shears, and the total foliar fresh
weight (FFW) was weighed. The stems were then cut at the rhizome boundary, and the
total stem fresh weight (SFW) was weighed. Finally, the sand on the roots was washed
off with water, the water on the roots was absorbed by filter paper and the total root fresh
weight (RFW) was determined. The subsamples of roots, stems and foliage were sampled,
and the fresh weight of the subsamples was determined. All the subsamples were placed
in an oven at 70 ◦C to dry until the dry weight of the subsamples no longer changed, and
the dry weight was recorded. The total dry weight of root (RDW), stem (SDW) and foliage
(FDW) was calculated by multiplying RFW, SFW and FFW by the ratio of the dry weight to
the fresh weight of subsamples, respectively.

Simultaneously, other subsamples of roots and leaves were collected for physiological
and enzyme activity determination and RNA extraction. These subsamples were precooled
with liquid nitrogen and stored in a refrigerator at −80 ◦C.

The leaf area was calculated by the ratio of leaf mass to area. First, 20 small disks with
the same size were punched out with a puncher, and the fresh weight of 20 small discs was
measured and recorded as W0. The area of the 20 small discs was determined according to
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the circle area calculation formula and recorded as A0. The total leaf area was calculated
by multiplying FFW by the ratio of A0 to W0.

2.3. Determination of the Content and Amount of C, N and P

The total N concentration was determined using the sulfuric acid–hydrogen peroxide
digestion Kjeldahl method [36]. The total P concentration was determined using the
sulfuric acid–hydrogen peroxide digestion and vanadium molybdenum yellow colorimetric
methods [37]. The total organic matter concentration was determined using the potassium
dichromate oxidation external heating method [38].

The amounts of N, P and C were calculated by multiplying the dry weight using the
concentration of N, P and C. The total amounts of N, P and C of whole seedlings were
obtained by adding the amounts of the elements from the roots, stems and leaves. The
concentrations of C, N and P per plant were obtained by dividing the amounts of C, N and
P by the dry weight, respectively. N utilization efficiency (NUE) and P utilization efficiency
(PUE) were obtained by dividing the dry weight of individual seedlings by their amounts
of N and P.

The root-to-shoot ratio of dry weight (DRS), N amount (NRS) and P amount (PRS)
were calculated by dividing the dry weight, N amount and P amount of roots by that of
aboveground (foliar and stem), respectively.

2.4. Determination of Physiological Traits

Chlorophyll content was determined using the alcohol extraction method [39]. The
soluble sugar content was determined using the anthrone colorimetric method [40]. The
nitrate ion content was determined by the nitrosalicylic acid colorimetric method [41]. The
soluble protein content was determined with Coomassie Brilliant Blue G-250 method [42].
The free amino acids content was determined as described by Rosen with modifications [43]:
0.5 g fresh leaves or roots were boiled in 20 mL deionized water for 20 min. To remove the
solid residue, the extraction solution was filtered with filter paper. To completely extract
the remaining amino acids, the boiled solids were rinsed with distilled water 3 times, and
the rinse solution was also filtered into the extraction solution. Finally, the volume of the
extraction solution was adjusted to 100 mL with distilled water. Then, 0.5 mL extraction
solution was added to 1 mL of the measurement solution containing 10 mM sodium acetate
and 1.2% (m/v) ninhydrin. After boiling in water for 12 min, 5 mL 95% ethanol was added
to the cooled reaction solution. To determine the free amino acid content, the absorbance of
the mixed solution was determined at 570 nm.

2.5. Determination of Enzyme Activities

The determination of enzyme activities was divided into the extraction of crude en-
zyme solutions and determination of enzyme activity. The difference in enzyme molecular
size and physiological activity led to specific extraction and activity determination methods
for each enzyme.

The same extraction of crude enzyme solution from frozen tissues following the
protocol of Turnao et al. [44] and Brugière et al. [45] with slight modifications was used for
determination of enzyme activity of both glutamine synthetase (GS) and NADH-GOGAT
(EC 1.4.1.14) enzyme. Approximately 0.5 g tissue was ground to a fine powder with a
mortar and pestle in liquid nitrogen. The powder was transferred to an ice-cold mortar
containing 2 mL extraction buffer (100 mM Tris-HCl, pH 7.6, 1 mM EDTA, 1.0 mM MgCl2,
10 mM β-mercaptoethanol). The samples were incubated on ice for 15–30 min. Debris
was removed from the sample by centrifugation at 13,000× g for 10 min. The supernatant
was assayed for GS activity, as described by Guiz et al. [46]. The total volume of the
enzyme reaction solution was 2.5 mL (100 mM Tris-HCl, pH 7.8, 50 mM sodium glutamate,
5 mM hydroxylamine hydrochloride, 50 mM magnesium sulfate and 20 mM adenosine
triphosphate). Next, 0.3 mL crude enzyme solution was added to start the reaction. After
20 min, 1.5 mL ferric chloride reaction solution (0.67 M ferric chloride, 0.37 M hydrochloric
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acid and 20% (w/v trichloroacetic acid) was added to stop the reaction. The absorbance of
the supernatant at 540 nm was measured after centrifugation (10,000× g for 5 min).

The determination liquor of NADH-GOGAT enzyme activity consisted of 5 com-
ponents: 20 mM L-glutamine (A), 100 mM α-ketoglutarate (B), 10 mM KCl (C), 25 mM
Tris-HCl buffer pH 7.6 (D) and 3 mM NADH (now equipped and used) (E). First, 0.05 mL
B, 0.1 mL C and 1.95 mL D were added to the 4 mL centrifuge tube in 30 ◦C water for 5 min.
To determine NADH-GOGAT activity, 0.2 mL E, 0.3 mL enzyme solution and 0.4 mL A
were added to the reaction solution. The absorbance of the supernatant at 340 nm was
measured and recorded, and when appropriate, it was poured back into the test tube in
30 ◦C water. The absorbance of the supernatant at 340 nm was measured and record at
340 nm again after 3 min, and the difference between the two absorbances was calculated.

Nitrate reductase (NR) crude enzyme solution was obtained by extracting 0.5 g fresh
powder of roots or leaves in 4 mL phosphoric acid buffer (pH 8.7) containing 0.01 mM
cysteine and 1 mM EDTA. After centrifugation (4000 rpm, 15 min at 4 ◦C), to determine the
NR enzyme activity, 0.4 mL supernatant was added to 1.6 mL reaction solution (0.05 M
KNO3 phosphate buffer and 1 mg/mL NADH) in 25 ◦C water for 30 min. To terminate
the reaction, 1 mL 1% (w/v) yellow amine solution and then 1 mL 0.02% (w/v) naphthyl
vinylamine solution were added to the reaction solution sequentially, and the color reaction
was developed for 15 min. The absorbance of the supernatant at 540 nm was measured
after centrifugation (4000 rpm, 5 min).

The acid phosphatase (AP) crude enzyme solution was obtained by extracting 1.2 g
fresh root powder in 8 mL 0.2 M sodium acetate buffer (pH 5.8) on ice for 5 min. After
centrifugation (12,000 rpm, 15 min), to determine the AP enzyme activity, 1 mL supernatant
was added to 2 mL 0.05 M p-nitrophenol disodium phosphate reaction solution in 37 ◦C
water for 30 min. To terminate the reaction, 2 mL 0.5 M CaCl2 and 2 mL 2 M NaOH were
added to the reaction solution. The absorbance of the supernatant at 410 nm was measured
after the mixed solution was centrifuged at 2500 rpm and 4000 rpm for 5 min, respectively.

Phosphoenolpyruvate carboxylase (PEPC) activity was determined with the kit (G0606W)
supplied by Suzhou Grace Technology Co., Ltd. in accordance with kit instructions.

2.6. Determination of Gene Transcripts Involved in N and P Assimilation

Determination of the transcript level of the key genes (NRT2.1, NRT2.4, NRT2.5,
NRT2.7, NIA2, AAP3, PHT1-3, PHT1-4, PHO1;H1, PHO1;H9, PHT2-1) in N and P assim-
ilation first required the extraction of mRNA. In this study, the reverse transcription kit
(AT341) of TransGen Biotech was used for RNA reverse transcription. According to the
manufacturer’s instructions, 0.5 µg of total RNA was reverse transcribed into single-
stranded cDNA, and then the genomic DNA was digested with gDNA Remover. To verify
whether the cDNA synthesis was successful, PCR of the tubulin gene was performed using
single-stranded cDNA as the template. Supplementary Table S1 shows the gene-specific
primers used for qPCR. Quantitative real-time PCR was performed using the ABI7500
system with TransStart Tip Green qPCR Super Mix (+Dye I/+Dye II) (TransGen Biotech,
AQ142). According to the manufacturer’s instructions, the reaction system was 20 µL,
including 10 µL 2 × TransStart Tip Green qPCR SuperMix, 0.4 µL 10 µM forward primer
and reverse primer, 1 µL cDNA and 8.2 µL nuclease-free water. The following program was
used for qPCR amplification: initial denaturation at 95 ◦C for 30 s, followed by 40 cycles of
95 ◦C for 5 s and 60 ◦C for 30 s. The tubulin gene was used as endogenous reference gene
to estimate the relative transcript levels of specific genes in three biological replications.

2.7. Statistical Analysis and Graphic Production

Analysis of variance, mean, mean error and multiple comparisons were determined
using SPSS19.0. Unless otherwise specified, all significance levels in this study were at the
p < 0.05 level. To estimate provenance, nitrogen, phosphorus and their interaction effects,
the variance was decomposed according to the following model:

Yijkm = µ + Gi + Nj + Pk + Gi × Nj + Gi × Pk + Nj × Pk + Gi × Nj × Pk + εijkm (1)
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where Yijkm represents the trait of ith provenance, the jth nitrogen level, the kth phos-
phorus level and the mth repeat (i = DL and WC; j = N starvation and complete nutrition;
k = P starvation and complete nutrition; m = all of the positive integer within 60; µ rep-
resents the overall mean; Gi represents the ith provenance effect; Nj represents the jth
nitrogen level effect; Pk represents the kth phosphorus level effect; Gi × Nj represents the
interaction effect between the ith provenance and the jth nitrogen level; Gi × Pk represents
the interaction effect between the ith provenance and the kth phosphorus level; Nj × Pk
represents the interaction effect between the jth nitrogen level and the kth phosphorus level;
Gi × Nj × Pk represents the interaction effect of the ith provenance, the jth nitrogen level
and the kth phosphorus level; εijkm represents random error of the ith provenance, the jth
nitrogen level, the kth phosphorus level and the mth repeat.

The transcript level of gene was calculated by analyzing the qPCR cycle threshold
(CT). To obtain the delta CT value (∆CT) of the target gene, the CT value of the internal
reference gene was subtracted from the CT value of the target gene. The value calculated
when the exponential function of 2 takes −∆CT as the exponent represents the multiple
of the target gene to the internal reference gene. To ensure homogeneity of variance, we
took the logarithm to base 2 of the multiple of the transcript of target gene to the internal
reference gene.

The column charts in this study were drawn using Origin 8.0 and the line charts were
drawn using Excel.

3. Results
3.1. Dry Weight, DRS, Foliar Area and Chlorophyll Content

Annual seedlings of two F. mandshurica provenances, Dailing (DL) and Wuchang (WC),
were tested for N starvation (N-), P starvation (P-), N and P starvation (NP-) and complete
nutrition (control) (Supplementary Figure S6). The results showed that the dry weight of
WC was 2.45 times that of DL under P-, although there was no significant difference in the
dry weight of annual seedlings between DL and WC under complete nutrition (Figure 1a).
Compared with the control, N-, P- and NP- reduced the dry weight, and the reduction in
DL was greater than that of WC. For example, the dry weight of DL and WC under P- was
reduced to 25.6% and 69.2% of that under complete nutrition, respectively. The leaf area
of WC was 1.95 times that of DL under P- (Figure 1c), although there was no significant
difference in leaf area between DL and WC under complete nutrition. Compared with the
control, N-, P- and NP- significantly reduced the leaf area. The leaf area of DL and WC
under P- was reduced to 28.8% and 64.9% compared with that under complete nutrition.
For chlorophyll content, DL was significantly greater than that of WC under complete
nutrition (Figure 1d). Compared with the control, N-, P- and NP- reduced the chlorophyll
content. The chlorophyll contents of DL and WC under N- and P- were reduced to 67.4%,
77.5% and 80.9%, 95% of that under complete nutrition, respectively. Moreover, WC was
significantly greater than DL in terms of the dry-weight root-to-shoot ratio (DRS) under N-
(Figure 1b). Compared with complete nutrition, P-, N- and NP- reduced DRS of DL and
increased DRS of WC.
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Figure 1. Dry weight (a) and leaf area (c) in whole trees, chlorophyll content (d) in leaves and ratio of root to shoot in dry
weight (DRS (b)) for Dailing (DL) and Wuchang (WC) provenances of F. mandshurica under complete nutrients (control) and
starvation of N (N-), P (P-) or both elements (NP-). Bars indicate means ± SE (n = 13). Different letters on the bars indicate
significant differences. p-values obtained from the ANOVAs for provenances (G), nitrogen (N), phosphorus (P) and their
interactions (N × P, N × G, P × G, N × P × G). * p < 0.05; ** p < 0.01; *** p < 0.001; no * means insignificant.

3.2. Nitrogen Status

N- and NP- significantly reduced the free amino acid content and nitrate ion content
in root (Figure 2b,d), indicating that the N deficiency in sand culture was transformed
into N deficiency in seedlings. However, in leaf, N- and NP- increased the nitrate ion
content (Figure 2a) but decreased the free amino acid content (Figure 2c), indicating that
the conversion of nitrate ions to amino acids was inhibited, consistent with the decrease in
activity of N assimilation enzymes (Figure 3). Moreover, the NUE of WC was significantly
greater than that of DL under N- (Figure 2g). For example, the N amount per seedling of
WC was slightly greater than that of DL (Figure 2f), although the nitrate ion content in root
and N concentration per seedling (Figure 2e) of DL under N- were significantly greater
than that of WC. N- and NP- significantly increased the NUE of DL and WC. The increase
in NUE of WC under P- was greater than that of DL. For example, the NUE of DL and WC
under P- was 1.06 times and 1.69 times that of complete nutrition.
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Figure 2. NO3
− content and total free amino acids content in leaves (a,c) and roots (b,d), nitrogen concentration (e) and N

amount (f) in whole trees, NUE (g) and ratio of root to shoot in N amount (NRS (h)) for Dailing (DL) and Wuchang (WC)
provenances of F. mandshurica under complete nutrients (control) and starvation of N (N-), P (P-) or both elements (NP-).
Bars indicate means ± SE (n = 13). Different letters on the bars indicate significant differences. p-values obtained from
the ANOVAs for provenances (G), nitrogen (N), phosphorus (P) and their interactions (N × P, N × G, P × G, N × P × G).
* p < 0.05; ** p < 0.01; *** p < 0.001; no * means insignificant.
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Figure 3. Activities of GS, GOGAT and NR in leaves (a,c,e) and roots (b,d,f) for Dailing (DL) and Wuchang (WC) provenances
of F. mandshurica under complete nutrients (control) and starvation of N (N-), P (P-) or both elements (NP-). Bars indicate
means ± SE (n = 13). Different letters on the bars indicate significant differences. p-values obtained from the ANOVAs
for provenances (G), nitrogen (N), phosphorus (P) and their interactions (N × P, N × G, P × G, N × P × G). * p < 0.05;
** p < 0.01; *** p < 0.001; no * means insignificant.

The effects of P- on nitrate ion content and free amino acid content in DL and WC
roots were different (Figure 2b,d). P- significantly increased the nitrate ion and amino
acid contents of DL, but significantly reduced those of WC. The nitrate ion content and
amino acid content in leaf and root and N concentration per plant of DL under P- were
significantly greater than those of WC. However, due to the greater dry weight, the N
amount of WC was significantly greater than that of DL, indicating that the NUE of WC
was greater than that of DL under P-.

There was no significant difference in the N-amount root-to-shoot ratio (NRS) between
DL and WC provenances under complete nutrition (Figure 2h). WC was significantly larger
than DL in NRS and 1.53 times DL under NP-. Compared with the control, N-, P- and NP-
reduced NRS, and the reduction in NRS of DL was greater than that of WC. NRS of DL,
WC under N- and NP- was 41.8%, 71.5% and 51.2%, respectively, and 90.1% for the control.
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3.3. Activities of Enzymes Involved in N Assimilation

Overall, the activities of N assimilation enzymes (NR, GS, GOGAT) in leaves and
roots of seedlings of WC were significantly greater than those of DL under N-, P-, NP-
and complete nutrition (Figure 3), indicating that the N assimilation capacity of WC was
greater than that of DL. Compared with the control, N-, P- and NP- reduced the activity
of N assimilation enzymes (NR, GS, GOGAT) in leaves and roots. However, P- decreased
the GOGAT enzyme activity in leaves of DL more than WC. For example, the GOGAT
enzyme activity of DL and WC under P- was reduced to 45.7% and 92.4% of the control,
respectively (Figure 3c).

3.4. Phosphorus Status

Significant differences in P use efficiency (PUE) were observed between provenances
N and P (Figure 4c). For PUE, WC was significantly greater than DL under N- and P-,
which was consistent with the significantly greater P concentration of DL than WC under N-
and P-, respectively (Figure 4a). However, there was no significant difference in the amount
of P in annual seedlings between DL and WC under N- and P- (Figure 4b), which was
attributed to the greater dry weight of WC than DL. Compared with complete nutrition,
N-, P- and NP- significantly increased PUE, and the increase in WC was greater than that
of DL. However, it significantly reduced the P concentration, and the reduction in WC was
greater than that of DL and significantly reduced the P amount, and the reduction in DL
was greater than that of WC. For example, PUE of DL and WC under P- was 1.69 and 2.69
times that of complete nutrition; P of DL and WC under P- was reduced to 15.1% and 25.8%
of that under complete nutrition; and the P concentration was reduced to 58.9% and 37.2%,
respectively. For the P-amount root-to-shoot ratio (PRS), there was no significant difference
between DL and WC under complete nutrition (Figure 4d). PRS of WC was significantly
greater than DL, which was 1.78 and 1.58 times that of DL under N- and NP-. Compared
with the control, N- and NP- increased the PRS of WC by 24% and 12% and reduced PRS
of DL by 25.8% and 26.9%, respectively.
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Figure 4. Phosphorus concentration (a) and P amount (b) in whole trees, PUE (c) and ratio of root to shoot in P amount (PRS
(d)) for Dailing (DL) and Wuchang (WC) provenances of F. mandshurica under complete nutrients (control) and starvation of
N (N-), P (P-) or both elements (NP-). Bars indicate means ± SE (n = 13). Different letters on the bars indicate significant
differences. p-values obtained from the ANOVAs for provenances (G), nitrogen (N), phosphorus (P) and their interactions
(N × P, N × G, P × G, N × P × G). * p < 0.05; ** p < 0.01; *** p < 0.001; no * means insignificant.

3.5. Activities of Enzymes Involved in P Assimilation

PEPC enzyme activity of WC was significantly greater than that of DL under P- and
N-, but there was no significant difference between DL and WC under complete nutrition
(Figure 5a). Compared with the control, P- significantly increased the PEPC activity. N-
significantly reduced the PEPC enzyme activity. PEPC enzyme activity of DL and WC
under N- (NP-) was 68.6% (60.1%) and 74.7% (61.5%) of the control, respectively. For the
root AP enzyme activity, WC was significantly greater than that of DL under complete
nutrition (Figure 5b). Compared with the control, P- increased the AP enzyme activity
of DL and WC, and N- significantly reduced the AP enzyme activity. The AP enzyme
activity of DL and WC under N- (NP-) was reduced to 21.1% (35.1%) and 29% (40.1%) of
the control.

Figure 5. Activities of PEPC (a) in leaves and activities of APs (b) in roots for Dailing (DL) and Wuchang (WC) provenances
of F. mandshurica under complete nutrients (control) and starvation of N (N-), P (P-) or both elements (NP-). Bars indicate
means ± SE (n = 13). Different letters on the bars indicate significant differences. p-values obtained from the ANOVAs
for provenances (G), nitrogen (N), phosphorus (P) and their interactions (N × P, N × G, P × G, N × P × G). * p < 0.05;
** p < 0.01; *** p < 0.001; no * means insignificant.
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3.6. Carbon Status

The C amount was greater in of WC than DL under P- and NP- (Figure 6d), although
the C concentration of WC was significantly reduced in WC than DL (Figure 6c), which was
mainly due to the greater dry weight of WC compared with DL. N-, P- and NP- reduced
the amount of C but increased the soluble sugar content in roots (Figure 6b), indicating that
nutrition starvation inhibited C assimilation. Moreover, the inhibition of C assimilation
of DL by nutrient starvation was greater than that of WC. The increase in soluble sugar
content of DL was greater than that of WC. For example, the soluble sugar content in the
roots of DL, WC under N- and P- was 1.88 times, 1.21 times and 1.53 times, respectively,
and 1.31 times that of the control. The decrease in the C amount was greater in the DL than
WC. For example, the C amount in the roots of DL, WC under N- and P- was 46.8%, 95.8%
and 23.5%, respectively, compared with 49% for the control. Leaves are the organs that
absorb and sequestrate C. N- significantly reduced the soluble sugar content in the leaves.
However, the soluble sugar content in leaves of DL was insignificantly different from that
of WC under complete nutrition, N-, P- and NP-.

Figure 6. Soluble sugar content in leaves (a) and roots (b), carbon concentration (c) and C amount (d) in whole trees for
Dailing (DL) and Wuchang (WC) provenances of F. mandshurica under complete nutrients (control) and starvation of N (N-),
P (P-) or both elements (NP-). Bars indicate means ± SE (n = 13). Different letters on the bars indicate significant differences.
p-values obtained from the ANOVAs for provenances (G), nitrogen (N), phosphorus (P) and their interactions (N × P, N ×
G, P × G, N × P × G). * p < 0.05; ** p < 0.01; *** p < 0.001; no * means insignificant.

3.7. Changes in Transcript Levels of Key Genes Involved in P/N Assimilation

Nitrate transporters (NRTs) and phosphate transporters (PHTs and PHOs) play a key
role in the absorption and transport of N and P. The transcript levels of five phosphate
transporters including PHT1-3, PHT1-4, PHT2-1, PHO1;H1 and PHO1;H9, four NRTs
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including NRT2.1, NRT2.4, NRT2.5, NRT2.7, two amino acid transporters including AVT1,
AAP3 and one nitrate reductase [NADH] 2 (NIA2) were determined in leaves and roots
(Figures 7 and 8).

Figure 7. The transcriptional fold changes in genes involved in the uptake and assimilation of P and N in leaves for Dailing
(DL) and Wuchang (WC) provenances of F. mandshurica under complete nutrients (control) and starvation of N (N-), P (P-)
or both elements (NP-). (a) PHO1;H9, phosphate transporter PHO1 homolog 9; (b) AVT1, vacuolar amino acid transporter
1; (c) NRT2.4, high affinity nitrate transporter 2.4; (d) NRT2.5, high affinity nitrate transporter 2.5; (e) PHT1-4, inorganic
phosphate transporter 1-4; (f) PHT1-3, inorganic phosphate transporter 1-3; (g) NRT2.7, high affinity nitrate transporter
2.7; (h) NIA2, nitrate reductase [NADH] 2; (i) PHO1;H1, phosphate transporter PHO1 homolog 1; (j) AAP3, amino acid
transporter; (k) PHT2-1, inorganic phosphate transporter 2-1; (l), NRT2.1, high affinity nitrate transporter 2.1.
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Figure 8. The transcriptional fold changes in genes involved in the uptake and assimilation of P and N in roots for Dailing
(DL) and Wuchang (WC) provenances of F. mandshurica under complete nutrients (control) and starvation of N (N-), P (P-) or
both elements (NP-). (a) PHT2-1, inorganic phosphate transporter 2-1; (b) PHO1;H1, phosphate transporter PHO1 homolog
1; (c) PHO1;H9, phosphate transporter PHO1 homolog 9; (d) NRT2.7, high affinity nitrate transporter 2.7; (e) AVT1, vacuolar
amino acid transporter 1; (f) NRT2.1, high affinity nitrate transporter 2.1; (g) AAP3, amino acid transporter; (h) NRT2.4,
high affinity nitrate transporter 2.4; (i) NIA2, nitrate reductase [NADH] 2; (j) PHT1-4, inorganic phosphate transporter 1-4;
(k) NRT2.5, high affinity nitrate transporter 2.5; (l) PHT1-3, inorganic phosphate transporter 1-3.

The transcript levels of NRT2.1, NRT2.5, PHT1-3, PHT1-4 and AAP3 were greater
in roots of WC than DL under complete nutrition (Figure 8f,g,j–l), indicating a greater
absorption capacity of N and P in roots of WC than DL. P starvation indicates a relative
increase in N, which increases the transcript levels of N assimilation genes in roots (NRT2.1,
NRT2.4, NRT2.5, NRT2.7, AVT1, AAP3 and NIA2) (Figure 8d–k). P- also increases the
transcript levels of PHT1-3, PHT1-4 and PHT2-1 (Figure 8a,j,l). However, the mRNA levels
of PHO1;H1 and PHO1;H9 decreased under P- (Figure 8b,c).

Response patterns of transporters of N and P to deficiency of N and P in roots differed
between DL and WC. Compared with DL, the transcript levels of PHT1-3, PHT1-4 and
NRT2.5 were greater in roots of WC under P- but reduced under N-, indicating that WC
and DL were relatively strong in response to P- and N-, respectively. Compared with DL,
the transcript levels of AAP3, NRT2.1, NRT2.4, NIA2 and AAP3 were greater in roots
of WC under P-, indicating that WC was relatively strong in response to P- in roots, but
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the mRNA levels of NRT2.1 and NRT2.4 were lower than in WC, indicating that DL was
relatively strong in response to N- in roots.

Most of NRT and PHT genes of DL and WC had a similar transcript level in leaves
under complete nutrition (Figure 7). Compared with complete nutrition in leaves, N-
increased the transcript levels of AAP3, PHT2-1, PHO1; H1, PHO1; H9, NRT2.7 and NIA2
(Figure 7a,g–k) and decreased that of NRT2.4 (Figure 7c), while P- increased the transcript
levels of NRT2.7 and NIA2 (Figure 7g,h) and reduced those of NRT2.1, NRT2.4, NRT2.5,
PHT1-3, PHT1-4, PHT2-1 and AAP3 (Figure 7c–f,j–l), indicating that transporter genes
were induced by N- and inhibited by P- in leaves, respectively.

Compared with DL, excluding PHO1;H9 and PHT1-3, the transcript levels of PHT1-4,
NRT2.1, NRT2.7, NIA2, AAP3, AVT1 and PHO1;H1 were greater in leaves of WC under P-,
indicating that WC was relatively strong in response to P- in leaves. However, compared
with DL, the mRNA levels of NRT2.5, PHT1-3, PHT1-4 and PHO1;H9 were reduced in WC,
but NRT2.1, NRT2.7, NIA2 and PHO1;H1 were elevated under N-, indicating that WC and
DL responded differently to N- in leaves.

4. Discussion

N and P are the first and second largest mineral elements required for plant growth [47].
Deficiency of N or P is often the limiting factor for plant growth [48]. In this research, the
effects of N and P deficiency on the growth and physiology of F. mandshurica was studied.
Simultaneously, the relationship between growth rate and tolerance to deficiency of N and
P was analyzed.

4.1. Effects of N- and P- on the Growth, Physiology and Transcript Levels of N and P Assimilation
Genes of F. mandshurica

In this study, the free amino acid and nitrate ion contents in root were significantly
reduced by N- and NP-, indicating that N deficiency in sand culture had been transformed
into N deficiency in seedlings. The N concentration and N amount of the whole tree
was significantly reduced. The leaves of seedlings of F. mandshurica turned smaller and
yellow under N- (Supplementary Figures S4 and S5), which resulted from the decrease
in chlorophyll content and caused the reduction in dry weight and leaf area of the whole
tree. In maize, the chlorophyll content was significantly decreased by low-N stress [36].
However, in leaves, N- and NP- increased the nitrate ion content but decreased the free
amino acid content, indicating that the conversion of nitrate ions to amino acids was
inhibited, which was consistent with the decrease in activity of N assimilation enzymes
(NR, GS and GOGAT). In poplar, N acquisition and assimilation was reduced by limiting
the N supply [49]. Studies have shown that an increase in the activity of N-metabolizing
enzymes is induced by short-term N deficiency but inhibited by long-term N deficiency [50].

To enhance the adaptation to N deficiency, externally, plants increase the absorption of
N by increasing the distribution of underground biomass; internally, plants increase NUE
by transporting N from senescent to vigorous growth parts [51,52]. Many members of the
nitrate transporter family have been identified as N deficiency responsive genes, such as
AtNRT2.1 [6], CmNRT2.1 [53], AtNRT2.4 [7], OsNRT2.4 [13] and NRT2.5 [12], which play
an important role in the absorption and transport of N. In this study, three genes (AAP3,
NRT2.7, NIA2) in leaves and three genes (NRT2.1, AAP3, NIA2) in roots showed induced
transcript levels by N- in the two provenances.

Seedlings of F. mandshurica were more affected by P- than N-. The sizes of the leaves
became smaller under P- (Supplementary Figure S4), and the chlorophyll content was
reduced by P-, which resulted in a significant decrease in dry weight. The decrease in plant
growth rate and resistance caused by P deficiency was attributed to the decrease in content
of P-containing compounds [54]. The P concentration and P amount of DL and WC under
P- were reduced to 58.9% and 37.2% and to 15.1% and 25.8% compared with the values
under complete nutrition.

P is often adsorbed by the cations of iron, aluminum and calcium salts in the soil,
and thus, its direct use by plants is difficult [55]. Plants can increase the availability of P
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by secreting organic acids and phosphatase to decompose organic P into inorganic P and
increase the solubility of inorganic P, respectively [56]. P starvation increases the activities
of AP [29] and PEPC enzymes in Chinese fir [57]. In the present study, the activities of
PEPC and AP enzymes were significantly increased by P-.

To enhance the adaptation to P deficiency, externally, plants increase the absorption of
P by increasing the distribution of underground biomass, and internally, plants increase
PUE by transporting P from senescent to vigorous growth parts [51,52]. P starvation
increases the PUE in Chinese fir [57]. PUE of DL and WC under P- is 1.69 and 2.69
times that of complete nutrition. Phosphate transporters play an important role in the
absorption and transport of P. The transcript levels of PHT1.4 and PHO1 genes in Chinese
fir are increased by P starvation. In Arabidopsis, P deficiency increases the expression
of PHO1;H1 [24,58] and PHT2;1 [26]. AtPht1;1 and AtPht1;4 play significant roles in Pi
acquisition at both low- and high-Pi environments [22]. In the present study, P- increased
the transcript levels of PHT1-3, PHT1-4 and PHT2-1 in roots and leaves. However, the
mRNA levels of PHO1;H1 and PHO1;H9 decreased under P- in roots.

The coupled relationships between P and N are tightly linked under nutrient-limited
conditions [59]. Plant growth depends not only on the absolute amount of N and P supply
but also on the balance of N and P [60]. For example, certain forests are subjected to P
deficiency driven by N deposition in Southwest Sweden [61]. N deposition could result
in greater P deficiency in legume plantations compared with non-legume plantations [62].
In the present study, the transcript levels of N and P assimilation genes were not only
regulated by the absolute amount of N and P supply but also the relative amount. P
starvation indicates a relative increase in N, which increases the transcript levels of N
assimilation genes in roots (NRT2.1, NRT2.4, NRT2.5, NRT2.7, AVT1, AAP3 and NIA2) and
leaves (NRT2.7 and NIA2) but decreases the other genes in leaves (NRT2.1, NRT2.4, NRT2.5
and AAP3).

C sequestration is the essence of plant growth. N induces new net primary production
and C sequestration in global forests [63]. Therefore, the effect of deficiency of N and P
on growth can be studied by measuring C sequestration. Deficiencies of N and P result
in the accumulation of carbohydrate in leaves [64,65]. The content of leaf-soluble sugar is
decreased by N but increased by P addition in oilseed flax, respectively [33]. In this study,
N-, P- and NP- reduced the C amount but increased the soluble sugar content in roots,
indicating that nutrition starvation increased the translocation of C to roots.

4.2. Relationship between the Growth Rate and Tolerance to N- and P- for F. mandshurica

In larch, a rapidly growing genotype is less tolerant to unbalanced nutritional condi-
tions than a slow-growing genotype [66]. However, our research results showed that the
tolerance of WC to nutrient deficiency was greater than DL, which resulted in a greater
growth rate of WC than DL. The C amount was greater in WC with fast growth than DL
with slow growth under P- and NP-, although the C concentration was significantly more
reduced in WC than DL, which was mainly due to the greater dry weight of WC compared
with DL. P- and NP- reduced the DRS of DL and increased the DRS of WC, indicating that
a larger proportion of biomass was translocated below-ground by WC to obtain sufficient
phosphorus. The availability of P for WC was greater than that of DL, as PEPC enzyme
activity of WC was significantly greater than that of DL under P-. The high P- tolerance
of WC was also related to the greater transcript levels of N and P transporters [16]. The
transcript levels of PHT1-3 and PHT1-4 in roots and PHT1-4, NRT2.1, NRT2.7, NIA2, AAP3,
AVT1 and PHO1;H1 were greater in leaves of WC than DL under P-, which strengthened
WC compared with DL in N and P absorption and transport capacity.

Not only phosphorus but also nitrogen metabolism was affected by P deficiency. In
poplar, the NUE, activities of NR and GOGAT enzymes and responsiveness of the key genes
encoding N transporters is greater in the fast-growing genotype than the slow-growing
genotype under P starvation [16]. Nitrate ion and amino acid contents in leaf and root
and N concentration are significantly greater in DL on a per-plant basis under P- than WC.

48



Forests 2021, 12, 1760

However, due to the greater dry weight, the N amount was significantly greater in WC
than DL, which was consistent with the greater NUE and assimilation enzymes (NR, GS,
GOGAT) in leaves and roots of WC seedlings than DL under P-. Moreover, the transcript
levels of N transport and assimilation genes (NRT2.1, NRT2.4, NRT2.5, NIA2 and AAP3)
were greater in roots of WC than DL under P-.

Compared with the control, WC performed better than DL under P-. Compared with
complete nutrition, P- decreased the dry weight, C amount, P amount, leaf area, chlorophyll
content and GOGAT enzyme activity, but the reduction in WC traits was smaller than DL.
P- significantly increased the soluble sugar content, PUE and NUE, but the increase in WC
was greater than in DL.

Compared with DL, the tolerance to N- was greater in WC, which was attributed to
its greater NUE. The C amount was elevated in WC compared with DL under N-, although
this difference was not significant, mainly due to the greater dry weight of WC compared
with DL. Chlorophyll was the main factor in photosynthesis, and its content determined
the growth rate. Compared with DL, the chlorophyll content was greater in WC. NUE
was mainly related to the activities of N metabolizing enzymes and N transporters. The
activities of N assimilation enzymes (NR, GS, GOGAT) were significantly greater in WC
than DL under N-. However, the transcript levels of the N transporters could not fully
support the greater tolerance of WC than DL to N-. Compared with DL, the transcript
levels of NRT2.1, NRT2.7 and NIA2 were greater in leaves of WC, but NRT2.1, NRT2.4
and NRT2.5 levels were reduced in roots of WC under N-. Therefore, whether tolerance to
nitrogen deficiency was greater in WC than DL requires further confirmation considering
the transcript levels of N transporters. Moreover, the reduction in chlorophyll content and
C amount caused by N- was greater in WC than in DL.

5. Conclusions

In summary, the growth rates of WC with fast growth and DL with slow growth under
complete nutrition conditions was insignificantly different; under N and P deficiency,
especially P deficiency, the dry weight, C amount, N amount and P amount were greater in
WC than DL, which was related to the greater leaf area, chlorophyll content, DRS, NRS, PRS,
NUE, PUE, N assimilation enzyme activity (NR, GS GOGAT), P absorption enzyme activity
(PEPC and APs) and transcript levels of N and P transporter genes in WC compared with
DL. Therefore, the growth rate of genetic types with high tolerance to N- and P- was greater
than that with low tolerance.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/f12121760/s1, Figure S1: Soluble protein content in foliar (a) and roots (b) for Dailing (DL) and
Wuchang (WC) provenances of F. mandshurica under complete nutrients and starvation of N, P or
both elements. Bars indicate means ± SE (n = 13). Different letters on the bars indicate significant
differences. P-values obtained from the ANOVAs for Provenances (G), nitrogen (N), Phosphorus (P)
and their interactions (N × P, N × G, P × G, N × P × G). * p < 0.05; ** p < 0.01; *** p < 0.001; no *
means insignificant, Figure S2: The concentration of carbon, nitrogen and phosphorus for root, shoot,
foliar and whole tree of seedlings for Dailing (DL) and Wuchang (WC) provenances of F. mandshurica
under complete nutrients and starvation of N, P or both elements. Bars indicate means ± SE (n = 13).
Different letters on the bars indicate significant differences, Figure S3: Dry weight and amount of
carbon, nitrogen and phosphorus for root, shoot, foliar and whole tree of seedlings for Dailing (DL)
and Wuchang (WC) provenances of F. mandshurica under complete nutrients and starvation of N, P
or both elements. Bars indicate means ± SE (n = 13). Different letters on the bars indicate significant
differences. P-values obtained from the ANOVAs for Provenances (G), nitrogen (N), Phosphorus
(P) and their interactions (N × P, N × G, P × G, N × P × G). * p < 0.05; ** p < 0.01; *** p < 0.001; no
* means insignificant, Figure S4: Variation in leaf size and color of seedlings for Dailing (DL) and
Wuchang (WC) provenances of F. mandshurica under complete nutrients and starvation of N or P,
Figure S5: Variation in height of seedlings for Dailing (DL) and Wuchang (WC) provenances of F.
mandshurica under complete nutrients and starvation of N or P, Figure S6: Seedlings for Dailing(DL)
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and Wuchang(WC) provenances of F. mandshurica under complete nutrients and starvation of N, P or
both elements, Table S1: Primers used for qRT-PCR.
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Abstract: Fast-growing willows (Salix spp.) provide alternative sources of renewable energy genera-
tion, but need an adequate nutrient availability in the soil for high biomass production. In general,
species mixtures can be more nutrient-efficient than pure cultures, but this is scarcely known for
Salix spp. Therefore, this study evaluates the nutrient availability and P mobilization under two
willow species, Salix dasyclados var. ‘Loden’ and S. schwerinii × viminalis var. ‘Tora’, grown as pure
and mixed cultures at non-fertilized former arable sites in Germany (Stagnic Cambisol) and Sweden
(Vertic Cambisol). The plant availability of potassium (K), magnesium (Mg) and phosphorus (P) and
soil phosphatase activities in the topsoil were measured in spring of the year of planting (initial) and
under 4 years-old stocks (one year after the first 3-year cutting cycle). The initial plant availability of
the nutrients significantly differed between the sites and the two sampling dates at both sites. The
plant availability of K and Mg was optimal to high at both sites and sampling dates, but rather low
for P (after 4 years ≤5 mg P 100 g−1 soil). The plant-available P and K content in soil significantly
decreased within the 4 years of willow growth at both sites. The acid and alkaline phosphatase
activity in the soil of the German site (Rostock) was significantly lower after 4 years of willow growth,
but differed not significantly between the two sampling dates at the Swedish site (Uppsala). Higher
activity of acid phosphatase compared to alkaline phosphatase was recorded in the soils at both test
sites based on the site-specific soil pH (<7). The slight decrease of plant availability of P after 4 years
of Salix growth in pure culture differed not significantly between the different species. Mixed growth
did not decrease the plant availability of P within this period, although no significant difference in
the biomass production of pure and mixed growth was observed. This was valid at both sites, and
therefore, seems independent of the site-specific differences in soil and climate conditions. The gen-
eral validity of the assumptions should be tested also for other species mixtures and soil conditions in
the future before site-adapted growth designs can be recommended in biomass production of Salix.

Keywords: short rotation coppice; phosphatase activity; nutrient content; growth stages; biomass;
willow; Salix

1. Introduction

Short rotation coppices (SRCs) with poplar (Populus) and willows (Salix) species can
be established on many types of land, including marginal lands that are unsuitable for
agriculture [1,2]. SRCs offer a promising contribution to fuel wood supply, providing
an alternative to fossil fuels and other nonrenewable resources [3]. The harvest from
SRCs are usually used as feedstock in combined heat and power plants for energy genera-
tion [4,5]. Moreover, SRC plantations have ecological benefits compared to annual crops.
They improve the soil water retention, enhance biodiversity in comparison to agricultural
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monocultures, improve water quality, protect ground water, prevent soil erosion and it is a
low-input agricultural practice, thus implying low greenhouse gas emissions due to limited
applications of chemicals [6–10] SRCs have been investigated intensively for the last 20
years (reviewed by Rödl [11]). SRC are managed using agricultural techniques, including
high-density plantings and a regular cutting every 2 to 6 years without replanting [12]. The
choice of tree species for SRC is generally confined to fast-growing tree species, such as
those from the genera Populus and Salix [13]. In Europe, poplar and willow (Populus and
Salix) belong to the natural vegetation of the softwood floodplain forest [14,15]. Poplar is
typical for Western and Central European floodplains, where willow is more tolerant to
low temperatures and can grow further north and in continental climates in the east of
Europe [16].

Willows are deciduous trees or shrubs and comprise 330–500 species around the
world [17]. They adapt in cool climates and high altitudes or on wet soils [18]. Willows
require sufficient moisture supply during site establishment, while in later plantation
stages, they can adapt to dry environments with heat and drought stress [17]. Studies
have proven that willows have high tolerance to marginal or contaminated soils [6,8,19].
Willow SRCs are gaining increasing interest, because of their efficient and sustainable land
use in combination with a growing demand for biofuel resources [20]. In Sweden, willow
coppices are often used for phytoremediation where wastewaters or sewage sludge is
applied to plantations in order to reduce pollutants or excess nutrients in the water [21].

Previous studies have reported that the productivity in SRCs is determined mainly
by the soil fertility [22], soil pH (usually 5–7.5, but willow and poplar are tolerant to pH
outside this range) [23], climatic conditions, nutrient and water availability [24], plant
species and plantation density [25]. The need for fertilizers in SRCs is small compared to
conventional agricultural crops [26]. SRC yields can be maximized by establishing them
at fertile soils or by applying organic fertilizers, such as slurry, digested sewage sludge,
manure from biogas plants [27]. However, most of these products contain high levels of
nitrogen and phosphorus (P), which is risky for the leaching of nitrate and phosphate.
Many studies have shown that willows and poplars have high evapotranspiration rates and
are able to uptake large amounts of nutrients present in waste, thus allowing significant
wastewater disposal over the growing season [28]. Furthermore, some microorganisms,
mainly bacteria, are capable of converting phosphates (through solubilization and min-
eralization processes), and in turn supplying P to plants [29]. Soil enzymes such as acid
phosphatases and alkaline phosphatases aid in enzymatically mineralizing P hydrolyt-
ically [29]. These enzymes improve the P supply to plants and strengthen the activity
of many beneficial microorganisms in the adjacent soil [29]. Additionally, studies have
shown that phosphatases are involved in plant growth promotion, activity against plant
pathogens, waste remediation and metal recovery [30–33].

The cultivation area of SRCs is expected to increase in many European countries,
such as Sweden [27], Germany [34], Ireland [35] and England [25]. As the land under
SRC cultivation increases, information on the potential impact of SRC on soil quality and
nutrient use efficiency is needed. Early decreases in the nutrient availability under Salix
purpurea (cv. Hotel) within the first cutting cycle were described from a Canadian site by
Ens et al. [36].

Thus far, pure cultures of one Salix species are the common praxis, but mixed growth
was tested during the last years [37]. Species mixtures can be more efficient in the nutrient
mobilization [38], since they combine e.g., different microbial communities in the rhizo-
sphere [39]. However, the impact of mixed growth on the nutrient availability was scarcely
tested for Salix spp. thus far. We hypothesize that species mixtures of Salix can have a
higher nutrient mobilization and soil nutrient availability than pure stands by their higher
microbial diversity, and thereby, activity in the rhizosphere.

Therefore, the main aims of this study were: (i) to evaluate the impact of growth of
Salix species/varieties in pure and mixed cultures on the nutrient availability in the soil at
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two test sites with different soil and climate conditions; and (ii) to analyze the effects of
mixed vs. pure growth on soil enzymatic P mobilization by phosphatases.

2. Material and Methods
2.1. Study Sites and Soil Sampling

The SRCs selected for this study are among two of the three experimental field sites
of the ECOLINK-Salix project. The goal of this project is to investigate the relationship
between genotype diversity, genotype identity, productivity and ecosystem function [37].
The two SRC sites are located in Uppsala in Central Sweden (59◦49′ N 17◦39′ E) and Rostock
in Northern Germany (54◦02′ N 12◦05′ E). These two field sites with different climatic
and soil conditions were selected to test whether the effects of Salix species and mixture
are common or limited to defined conditions only. The dominating soil type at the site in
Uppsala is a Vertic Cambisol and was previously arable farmland. The area of 4147 m2 is
divided into 45 plots (92.16 m2 in size). In 2014, 6480 trees of four different species/varieties
were planted on this site. The species/variety pool of the trial in Uppsala includes four
different Salix varieties partly belonging to different species [37], of which the pure and
mixed culture for two of them was selected for the present study: Salix dasyclados var.
‘Loden’ (acronym L) and S. schwerinii × viminalis var. ‘Tora’ (T), based on their significant
physiological differences [37]. The mean annual precipitation sum between March and
October of 2014 to 2016 was 374 mm and the mean annual temperature between March and
October of 2014 to 2016 was 11.0 ◦C in Uppsala. Samples from the trial in Uppsala were
collected in an early stage (initial plantation year, 2014) and late plantation stage (after the
first cutting cycle, 2018) of the plantation.

The site in Northern Germany near Rostock was previously used as arable farmland
and is established on a Stagnic Cambisol. The area of 829 m2 is smaller than in Uppsala, due
to space and funding restrictions, which strongly compromised the trial size [37]. However,
the plot size remained the same as in Uppsala, resulting in nine plots in Rostock. As a
consequence of the smaller size of the trial area, the number of trees planted in 2014 was
reduced to 1296, comprising only two species/varieties of Salix [Tora (T) and Loden (L)]
instead of four [39,40]. The mean annual precipitation sum between March and October of
2014 to 2016 was lower in Rostock than Uppsala, with 281 mm, whereas the mean annual
temperature between March and October of 2014 to 2016 was higher at 13.3 ◦C. Samples
from the trial in Rostock were collected in an early stage (initial plantation year, 2014) and
late plantation stage (after the first cutting cycle, 2018) of the plantation.

2.2. Planting Design and Sample Collection

In preparation for the experiment, both sites were treated with Roundup (glyphosate,
4 L ha−1) in order to kill any existing weeds in the trial areas, which were subsequently
cultivated with a rotavator prior to planting [37]. The planting of the 18 cm long stem
cuttings was carried out manually [37]. All the cuttings were obtained from the same stock
and were soaked in water for two days before being planted in such a way that the tips of
the cuttings were flush with the surface [37]. In the beginning, the trial sites were weeded
by hand; later, the weeds were controlled by mowing between the rows of plants when
necessary [37]. No additional nutrient fertilizers were applied [37].

The planting set up on both the sites was a randomized block design with three
replicates (blocks). The blocks in Uppsala have 15 plots each (i.e., four species/varieties
and three replicates), whereas the blocks in Rostock consist of three plots [40]. The four
(Uppsala) or two (Rostock) species/varieties of Salix were planted in every possible combi-
nation. Thus, some plots were planted with only one variety (e.g., L or T) pure cultures,
some with mixtures of two varieties (e.g., LT) and, in Uppsala, even plots with three or
four varieties were planted [37].

The patterns in which the cuttings were planted differed according to the number of
species/varieties in the plots: if there were two species/varieties, they were planted in a
checker board pattern; if there were three or four species/varieties, their planting positions
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were randomized, although with the single restriction that no two individuals of the same
species/variety should be planted directly next to each other in one row [37]. Twelve rows
of twelve plants were fit into the 9.6 m × 9.6 m plots with every other row being set off [37].
This led to a hexagonal planting pattern with 0.8 m between every plant.

The selected two Salix species/varieties display contrasting characteristics (Weih and
Nordh, 2002). For example, S. schwerinii × viminalis var. ‘Tora’ (T) is generally high-
performing but less stress resistant, while S. dasyclados var. ‘Loden’ (L) is sturdier and more
stress-tolerant.

Soil samples were taken with a soil corer (3 cm diameter) down to 10 cm soil depth
with five replicates per plot in spring 2014 and 2018. The early plantation stage was defined
as the year of establishment of the short rotation coppice (initial, 2014). The late plantation
stage was defined as the year after the first cutting cycle (after four years of growth, 2018).

This soil depth was selected, since the highest fine root density of Salix spp. was
revealed in this range [41], and therefore, the highest soil ecological impacts were assumed
at this depth. For the soil chemical analyses, soil was sieved <2 mm. Soil phosphatases
were measured in fresh wet soil. All other soil chemical properties were measured in
air-dried soil.

2.3. Biochemical Analyses of Soil

The activity of acid and alkaline phosphatases in the soil were determined colorimetri-
cally according to [42]. The enzyme activities were expressed as µg p nitrophenol (pNP) g−1

soil h−1 released from the pre-given substrate solution (p-nitrophenyl-phosphate) within
one hour of incubation in modified universal buffer with pH 6.5 (for acid phosphatases)
and pH 11 (for alkaline phosphatases) in April 2014 and April 2018.

2.4. Chemical Analyses of Soil

The total carbon (TC) and total nitrogen (TN) concentrations of soil samples were
determined by dry combustion using a VARIO EL analyzer (Vario EL Fa. Foss Heraeus,
Hanau, Germany). The concentration of SOC was valued by deducting the separately
determined inorganic C (dissolution with HCl and volumetric CO2-determination) from
the concentration of TC.

The soil pH was measured in a 0.01 M CaCl2 solution using a soil:solution ratio of w/v
1/2.5. Double lactate-extractable P (Pdl), Mg (Mgdl) and K (Kdl) were considered to be the
plant-available P fractions (e.g., [43]) and were determined by extracting P, Mg and K from
12 g soil with 150 mL lactate solution (C6H10CaO6 * H2O + 10 N HCl) according to [44].
Concentrations of P, Mg and K were determined with inductively coupled plasma-optical
emission spectroscopy (ICP-OES, Optima 8300, Perkin Elmer, Waltham, MA, USA) at
wavelengths of 214.914 nm, 285.213 nm and 766.490 nm, respectively.

2.5. Biomass Measurements

During the late winter of 2016/2017, i.e., three growing seasons after planting, here
representing the “late plantation stage”, all individual shoots within a central measurement
area of 8.0 m × 3.2 m of each plot were cut at 0.1 m above ground and weighed in fresh
condition (fresh weight). A stratified sample of 30 shoots per species/variety was done
among the plants situated outside the central measurement area of all pure culture plots
to determine the relationships between fresh and dry weights of shoots separately for
all species/varieties. The dry weights (biomasses) of the stratified sample shoots were
determined after oven-drying at 70 ◦C for 96 h, and the species/variety specific regressions
between the fresh and dry weights of the stratified samples were used to estimate the
biomasses of all individual shoots sampled within the central measurement area of all
plots [37].
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2.6. Statistical Analyses

The effect of the site, the growth design and their interactions on the soil properties
were analyzed by two-way ANOVA using the software PAST [45]. Statistical analysis was
performed using the Statistica software package (version 13.0, StatSoft, Tulsa). Principal
Component Analysis (PCA) was performed using R package. The samples used in the
PCA were attributes (mean values) measured in two test sites (Rostock and Uppsala), two
plantation stages (early and late) and three species identity and culture conditions (‘Loden’
pure culture, ‘Tora’ pure culture and a mixture of ‘Loden’ and ‘Tora’). The attributes
analyzed in the present study were: alkaline phosphatase activity, acidic phosphatase
activity, willow biomass and plant-available K, Mg and P content in the soil.

3. Results
3.1. Plant-Available Nutrient Contents (K, Mg and P) in the Soil

The initial plant-available concentrations of K and Mg in the soil differed significantly
between the two test sites and between the early and late plantation stage per test site
(Table 1). The plant-available concentration of P was low and at the same level at both test
sites (Figure 1). The plant-available concentrations of P and K in soil significantly decreased
with the progressing willow growth (initial vs. 4 years of growth) at the test site Rostock
(Figure 1 and Table 1).

Table 1. Nutrient contents (K, Mg and P) in mg/100 g soil in in sampling sites (a) Rostock and (b) Uppsala initally and
after 4 years for each species identity and cultivation condition (Loden, Tora and their mixture). The biomass of the willow
species was measured after harvest (kg dry matter per plot).

(a) Rostock

Species Initial After 4 Years Biomass (First
Harvest)

K (mg/100 g) Mg (mg/100 g) P (mg/100 g) K (mg/100 g) Mg (mg/100 g) P (mg/100 g) (kg dry
matter/plot)

Loden [L] 13.4 ± 6.1 25.2 ± 9.5 6.8 ± 1.6 A 10 ± 2.2 20.4 ± 3.8 4.4 ± 0.01 B 16.14 ± 4.94
Tora [T] 32.9 ± 10.7 A 27.5 ± 5.9 5.8 ± 0.9 A 10.7 ± 3 B 22.0 ± 0.3 4 ± 0.1 B 30.71 ± 11.94

Loden, Tora [LT] 23.5 ± 14.3 21.4 ± 9.4 5.2 ± 1.9 10.2 ± 3.6 21.1 ± 4.3 4.4 ± 1.1 19.57 ± 5.21

(b) Uppsala

Species Initial After 4 Years Biomass (First
Harvest)

K (mg/100 g) Mg (mg/100 g) P (mg/100 g) K (mg/100 g) Mg (mg/100 g) P (mg/100 g) (kg dry
matter/plot)

Loden [L] 17.6 ± 3.3 25.9 ± 1.6 B 5.1 ± 0.3 A 22.2 ± 2 * 32.1 ± 1.8 A* 4.3 ± 0.2 B 11.19 ± 5.14
Tora [T] 16.6 ± 2 27.7 ± 3.3 4.5 ± 0.6 19.9 ± 3.6 * 28.8 ± 3.3 * 3.6 ± 0.4 13.67 ± 2.89

Loden, Tora [LT] 17.8 ± 4.1 30.8 ± 12.3 6.0 ± 2.4 23.6 ± 4.6 * 27.9 ± 6.9 5.0 ± 1.8 13.76 ± 4.74

Soil properties were compared by site, growth stages (early and late plantation stage) and species (plots: L—Loden, T—Tora and LT—
mixture). Values are means ± SDs (n = 3). The significant differences with p < 0.05 are marked by the following symbols: *—differences
between sites, small letters—differences between species within one site, capital letters—differences between growth stages within one site.

Conversely, the amount of plant-available Mg in Uppsala soils increased from early to
late plantation stages mainly under Loden (Figure 1). The plant-available concentration
of K at the test site Uppsala was significantly higher than at the test site Rostock (see
Tables 1 and 2). Likewise, the plant-available concentration of Mg in soil was higher in
pure culture (Loden and Tora) in Uppsala in comparison to Rostock after 4 years of growth.
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Figure 1. Nutrient levels increase/decrease between the years 2014 and 2018 in the soil at the two
sites (Rostock and Uppsala). Small letters represent significant differences between the Salix species
or the growth design on the same sampling site and capital letters represent the significant difference
between sampling sites.

Table 2. Results of the two-way analysis of variance (ANOVA) on the effect of site, the growth design
(with different host plant diversity; pure vs. mixture) and their interactions (site × growth design)
on soil properties under Salix in spring 2014 (initial) and spring 2018 (after 4 years of growth).

Parameter Site Initial 4 Years Growth Design Initial
4 Years

Site × Growth Design
Initial 4 Years

Plant-available P
content

p 0.304 0.950 0.603 0.249 0.335 0.590
F 1.15 0.004 0.53 1.56 1.20 0.335

Plant-available Mg
content

p 0.092 <0.001 0.612 0.747 0.101 0.495
F 3.36 20.48 0.51 0.29 2.79 0.74

Plant-available K
content

p 0.020 <0.001 0.053 0.702 0.039 0.536
F 7.15 606.01 3.79 3.94 4.28 7.13

Alkaline
phosphatase activity

p 0.378 <0.001 0.928 0.065 0.344 0.184
F 0.84 95.30 0.07 3.45 1.17 1.95

Acid phosphatase
activity

p 0.200 <0.001 0.016 0.513 0.147 0.297
F 1.84 198.20 5.92 0.71 2.26 1.34

3.2. Acid and Alkaline Phosphatase Activity in the Soil

The site and the growth design affected the activities of acid and alkaline phosphatases
significantly (Table 2). The alkaline phosphatase activity in the soil Rostock was signifi-
cantly higher at the early plantation stages, and a significance between species (mainly in
Loden) was observed (Figure 2). In the late plantation stage, the soils showed very low
activity, specifically in the soil under Loden and under the mixture. Initially, under Loden,
significantly higher alkaline phosphatase activity in the soil was revealed at the test site
Rostock (Figure 2), while after 4 years under Tora and Loden, significantly higher activities
were measured than under the mixture at the test site Uppsala.
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The activity of acid phosphatases significantly increased in the early plantation stages
of willow species than in the late plantation stages in Rostock (Figure 2). The highest
activity in soil was observed in plots with the mixed culture plots (LT) in comparison to the
plots with monocultures Tora and Loden. No significant differences were observed among
the monocultures and mixed culture plots in the early nor in the late plantation stages
in Uppsala. Only plots with Loden displayed a statistical significance, with the highest
activity in the late plantation stage. Overall, the acid phosphatase activity was the lowest
at the late plantation stages of species in Rostock. On average, the activity in the early
plantation stage was approximately 320 µg p-nitrophenol g−1 DM h−1, whereas in the late
plantation stage, it lowered to an average of approximately 130 µg p-nitrophenol g−1 DM
h−1. A significantly high phosphatase activity was seen in the late plantation stages of
willow species in Uppsala. Similarly, this activity was the lowest in Rostock.

Overall, a significantly higher acid phosphatase production was recorded at both the
investigated sites compared to alkaline phosphatase production (Figure 2).
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Figure 2. The alkaline phosphatase and acid phosphatase activity [µg p-nitrophenol g−1 DM h−1] in soils obtained from
Rostock and Uppsala. The data present comparisons between two sites, Rostock (on the left site) and Uppsala (on the right),
between growth stages (initial and after 4 years) and species (plots: L—Loden, T—Tora and LT—mixture). Values are means
± SDs (n = 3). The significant differences with p < 0.05 are marked by the following symbols: small letters—differences
between species within one site, capital letters—differences between initial and after four years. DM—dry matter.

Regardless of the tested parameters, approximately 55% of the total variance was
explained by the first two components in the PCA analysis (Figure 3). The PCA analysis
revealed that the samples were differentiated mainly based on the test sites, i.e., Rostock
and Uppsala. A positive tendency towards the increase in willow biomass production was
observed for Rostock samples with higher acid and alkaline phosphatase activity.
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4. Discussion

Short rotation coppices (SRCs) generate crops used in renewable energy generation in
Europe. The success of SRC establishment can be assessed by studying the adaptability
of crops by monitoring their growth, climate and site conditions. Factors such as climate,
soil nutrient availability, plant species and growth design may significantly influence plant
nutrient cycling and overall biomass production. This study investigated the Ecolink
SALIX SRC plantations located in Germany (Rostock) and Sweden (Uppsala). Both test
sites were maintained in a similar way and planted with same two Salix species and
their mixture. We analyzed the effect of the growth design on the plant availability and
hydrolytic mobilization of P at the year of planting and after 4 years of growth, including
the first harvest. The test cultivars Loden and Tora were selected for our experiment
because they are both phenotypically and genotypically very distinct Salix species. Loden
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is rather slow-growing but more stress-tolerant, while Tora is generally high-performing
and less stress-tolerant [37].

The initial concentrations of plant-available nutrients (Mg, K and P) at both test sites
in the present study were high compared to the recommended level for arable crops [44]
for Mg and K, but below the recommended level (10–18 mg P/100 g soil) for an optimal P
supply. The plant-available concentration of Mg in the soils of Rostock and Uppsala was
even higher than the recommended value of >19, i.e., to 32 mg/100 g soil for an optimal
plant supply [44]. Moreover, the soil of the test site Rostock displayed high initial levels of
plant-available K concentrations (see Table 1).

Overall, the biomass production at the test site Rostock was higher than at the test
site Uppsala; however, no significant differences were observed between species and pure
vs. mixed culture plots [37]. The biomass production was not correlated with the plant-
availability of one of the tested nutrients (Mg, K, P); however, a correlation between the
phosphatase activities and the biomass production was indicated (see Figure 3).

In agreement with Ens et al. [36], we measured significantly decreased plant-available
P concentrations in the soil under the pure stands after the first cutting period, and a
significant site effect on the P cycling (phosphatase activities, see Table 2) was observed.
However, significant differences were observed for soil nutrient concentrations (mainly P
and K) between the initial stage early and after four years of growth at both test sites (see
Table 1). The acid and alkaline phosphatase activities decreased strongly from the initial
level to the 4-year growth stage, which might be caused by the former grassland vegetation
with a higher fine root density [46].

A general effect of the species and the growth design on the phosphatase activity
under Salix is in agreement with the results of the mycorrhizosphere observation by Baum
et al. [47]. However, only two Salix species were investigated in the present study due to the
limitation of available plant variants at the test site Rostock in Germany (only Loden and
Tora were present). Increased number of plant species and a higher amount of diversity
in the mixtures (three or more species) might have increased the validity of the present
information. Furthermore, a joint impact of the P and N supply might be assumed [36] and
was not investigated in the present study.

The initial nutrient surplus at the arable test sites in Sweden and Germany agrees
with results of former investigations of SRC [48] and underlines no need for fertilization
in the first cutting period at such sites. This is because formerly arable farmland was
usually regularly fertilized, which often results in high nutrient contents [49]. The nutrient
concentrations in the soil changed significantly within the first four years (see Table 1).
The cultivar Loden, which was included in the present study, is frequently reported with
great potential in nutrient acquisition from soil, especially nitrogen and increased biomass
production when paired with other Salix species [40]. The analysis of the P content in
soil of both the sampling sites showed a significant decrease from early plantation to
late plantation stage, which might suggest that Loden is efficient in P uptake. Since both
experimental sites were not fertilized after willows were planted, most of the P present is in
organic or low soluble form, which is not easily accessible to plants. P depletion in Uppsala
and Rostock was also paired with a significant increase and decrease of acid phosphatase
activity, respectively (see Figures 1 and 2). This inconsistency might suggest that acid
phosphatase activity is not strongly connected with P supply in soil, but may be connected
with other factors. Study performed by Criquet et al. [50] revealed that increased leaf litter
moisture is positively correlated with acid phosphatase activity. Additionally, experiments
performed in three forest ecosystems in China showed that increased precipitation during
the dry season had a positive effect on enzyme activity [51]. The cultivar Tora showed
slightly fewer prominent differences from the initial nutrient availability to the level after
the first cutting cycle; only in Rostock site it differed in both P and Mg between these two
sampling dates. Although P depletion was not as severe as for Loden, the plant-available
Mg content decreased by almost two-fold compared to the initial content.
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Of note, differences were observed in willow biomass production at the two test
sites, which may be due to the varying nutrient concentrations in soils. Most of the plant-
available nutrient concentrations (Mg and P) were decreased in the soil within the first
cutting period, although the level of K varied at both the test site and growth stages. The
PCA analysis revealed that biomass was positively correlated with P and K during the
early plantation stage and negatively with late plantation stage concentration of P and
K (Figure 3). The correlation was prominent, although we observed K depletion in one
experimental site and an increase in the other site. Willows are known to efficiently uptake
organic P when paired with ectomycorrhizal fungi [52]. This suggests that the presence
of these two compounds during early plantation stages is key to reaching higher biomass
production efficiency in later plantation stages. Additionally, the K content was in direct
correlation with alkaline and acid phosphatase activity in the early and late plantation
stages, respectively, thus indicating that changes in phosphatase activity are not bound
to soil P concentration but to other, more complex sets of factors. High correlation of
plant-available K with phosphatase activity is probably connected with its important
role as a co-factor of many enzymes. Tabaldi et al. [53] investigated the effect of various
metals on Cucumis sativus L., e.g., Zn, K and Na. As a result, they observed increased acid
phosphatase activity in higher presence of K ions.

Acid phosphatase activity was about three-fold higher than alkaline phosphatase.
According to measurements performed in our previous study, pH on both sampling site
is around 6 (measurements done at 2018 and 2019) [39], which promotes the activity of
acid phosphatases. pH in which acid phosphatase is active is between 4.5–6, whereas for
alkaline, this is 8–11 [54]. Additionally, the pH value in SRCs is known to drop slowly
with time, which further promotes the activity of acid over alkaline phosphatase [55].
Another very important factor in acid phosphatase activity is the presence of arbuscular
and ectomycorrhizal fungi. Baum et al. [47] pointed out the impact of both mycorrhiza
types on various factors, including acid phosphatase activity. Loden was mostly colonized
by ectomycorrhizal fungi and showed higher acid phosphatase activity in pure cultures,
while Tora was colonized by arbuscular mycorrhizal fungi with slightly lower activity.
Additionally, they reported that mixed growth of Salix possessed higher phosphatase
activity than monocultures [47]. The abovementioned factors contribute to increased P
mobilization and were in agreement with the insignificant decrease of the plant-available P
concentrations in the soil under mixed growth of Salix species within the first cutting cycle
in the present study.

5. Conclusions

The site impacts are the main controls of the changes in the concentrations of plant-
available nutrients under Salix. The changes of the plant availability of P within one
cutting cycle are generally low, independently of the site and growth design. Mixed
growth of Salix species promotes the activity of alkaline phosphatases in P-deficient soil
conditions. The impact of the growth design on the nutrient cycling differs significantly
and site-specifically in the direction and amplitude. The future challenge will be to select a
site-specific optimized growth design.
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Abstract: Black Locust/Robinia can play an important role in land reclamation due to its pronounced
nitrogen fixation capability, fast initial growth and relative high drought tolerance. Hence, we set up
a trial to test 12 Black Locust clones and three provenances growing on sandy overburden material
within the open cast lignite mine Welzow-Süd (South Brandenburg) in March 2014. Since then, biomass
growth of the Black Locust trees was examined and physiological performance was studied on several
occasions using chlorophyll a fluorescence and Dualex® measuring technique. Plant physiological
measurements revealed differences in photosynthetic vitality (PIABS), although the PIABS values
followed a similar pattern and sequences across the plot. While the genotypes Fra3 and Roy show
the highest photosynthetic vitality, the clones Rog and Rob display the lowest PIABS mean values.
Chlorophyll and phenol content as well as the nutrition supply of the test trees vary depending on
their origin and site conditions. The annual biomass growth rate corresponds to photosynthetic
vitality and both depend on weather conditions during the growing season. After six years, the
growing biomass amounts to 14.7 Mg d.m. ha−1 for clone Rob and 44.8 Mg d.m. ha−1 for clone Fra3,
i.e., 2.5 to 7.5 Mg d.m. ha−1 year−1. Our data demonstrate a good correlation between biophysical
parameters and biomass growth. We, thus, infer that physiological measuring methods can be
combined to strengthen predictions regarding the physiological performance of Black Locust origins.

Keywords: Robinia pseudoacacia L.; photosynthetic vitality; chlorophyll and phenol content; nutrition
supply; dry matter yield; land reclamation

1. Introduction

Black Locust (Robinia pseudoacacia L.)—once introduced to central Europe on the
strength of its remarkable flowering—has established itself as a common tree species. Since
the time of its introduction, the prolific Robinia has demonstrated its remarkable ability
to spread [1,2], though it often remains neglected by silviculture. Current estimates sug-
gest that Black Locust covers 34,000 hectares of German forest cultivation area, with over
two thirds of this area situated in the north-east German lowlands [3]. Black Locust is
considered a fast-growing tree species and stands out due to its superior wood charac-
teristics which make it suitable for wide-ranging and high-quality usage. Furthermore,
in times of climate change, Robinia is gaining in importance by virtue of its outstanding
tolerance to drought and heat [4] as well as its good adaptability to climate change. Hence,
Black Locust is predestined to contribute to the sustainable productivity of forests, even
during critical weather situations such as drought and frost. In addition, Robinia plays
an important role in the rehabilitation/reclamation of nutrient-poor lignite mining and
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abandoned land on account of its ability to fix atmospheric nitrogen. Black Locust stands
currently cover 4.9% (i.e., 102 hectares) of the total reclamation area managed by the lignite
mining company LEAG.

The declared aim of breeding Black Locust genotypes is to provide vital plus trees prior
to material utilisation. However, to date, Robinia breeding initiatives have predominantly
focused on external characteristics such as the stem form and improving the biomass
growth performance. Nonetheless, criteria such as plants’ physiological performance
and tolerance to abiotic stressors are becoming increasingly decisive for the successful
establishment of forest stands as well as for short rotation coppices in agriculture. Despite
this, surprisingly little is known about the physiological performance of the Black Locust
clones and the Black Locust provenances available on the market, and the research on
cultivating Robinia genotypes which meet both criteria—high biomass growth as well as
promising stress tolerance—is still in its infancy [5]. There is evidence showing significant
genetic variation with regard to drought tolerance [6–9].

Within the framework of the FastWOOD subprojects 6 and 7, we investigated biomass
growth as well as individual physiological performance of different Black Locust origins
(i.e., clones and provenances). Our goal was to determine specific reaction patterns of
promising origins to abiotic stressors. We used so-called biomarkers as major indicators to
identify and classify Robinia clones and provenances with regard to their climate adaptabil-
ity [8,10]. We relied on an experimental blend consisting of plot experiments [10] as well as
field trials [8] to test selected Black Locust origins. In this context, we applied physiological
marker techniques to reveal the individual adaptive capacity of the Robinia clones and
provenances to drought, nutrient deficiencies and late frost.

Given that Robinia clones and provenances differ in their physiological performance
and stress tolerance, insights into a genotype’s suitability for cultivation in short coppice
rotations and on forest land are valuable. The earlier a measurement procedure can deliver
reliable results predicting the physiological performance, the faster research into relevant
tree breeding can progress. Hence, our hypothesis is that there is a relationship between
biophysical parameters and biomass growth which can be used to deliver physiological
performance predictions of different Robinia origins at an early stage.

2. Materials and Methods
2.1. Experimental Site

Our test plot (51◦36′49′′ N, 14◦14′05′′ E) is situated in the northern part of Welzow-Süd
open-cast lignite mining site, in the south of the Federal State of Brandenburg (Germany),
Figure 1. Our experimental plot covers 0.4 hectares in total. We also run a weather station
approximately 5 km east of our experimental plot which records standard meteorological
data (i.e., precipitation, temperature, etc.).

Figure 1. Map and aerial image showing our test plot in the north of lignite surface mine Welzow-Süd,
photo taken on 12 April 2018.
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2.2. Soil Conditions

The test area, situated in the northern part of the lignite mining pit Welzow-Süd, has
been undergoing rehabilitation since 2012. Investigations on local dump soil substrate by
Hanschke [11] revealed the prevalence of two different dumped materials:

(1) Loamy Sand with few gravels;
(2) Loamy Sand with few gravels and finely divided lignite material.

Note that the evaluation of the post-mining soil substrate by Hanschke [11] was carried
out prior to lime application on our test site. Both dump substrates units are characterised
by low pH value, low nutrition level and low water holding capacity [11], Table 1.

Table 1. Soil chemical composition of two identified mining substrates [11] related to the Robinia
clonal test plot.

10% HCl Extraction

Substrate
No.

pH
(CaCl2)

Ctot
[%]

Ntot
[%] C/N Stot

[%]
CaCO3
[%]

CaO
[mg kg−1]

MgO
[mg kg−1]

K2O
[mg kg−1]

P2O5
[mg kg−1]

1 3.8 0.62 0.016 38.8 0.07 <0.1 865 443 430 94
2 4.1 2.07 0.027 76.7 0.04 <0.1 1617 753 634 144

Ctot: total carbon content; Ntot: total nitrogen content; Stot: total sulphur content; C/N: C/N ratio, total carbon
content divided by total nitrogen content.

2.3. Test Design

The trial was designed to investigate 12 selected clones of Black Locust along with
3 provenances (Table 2). The original plus trees of the clones (ortets) were selected on the
basis of their outstanding stem form and growth performance in 1990 [12]. The trial was
established with one-year-old plants from tissue culture (clones) and provenances in spring
2014. All plants were cut after planting 5–7 cm above ground. Potential competitive shoots
were removed during the first growing season. A complete randomised subplot design
was used with 12 replications and 9 trees per plot. The spacing was 1.5 m by 1.5 m.

Table 2. Experimental set up for testing different Black Locust clones and provenances. The back-
ground colour is highlighting the 10 test units actually investigated in the study (10 of 15 in total).

No. Name Test Unit Origin Remarks

1 Bendida Ben Bulgaria selection by company Lignum
2 Tangra Tan Bulgaria selection by company Lignum
3 Fraport 1 Fra1 Hesse (GER) identical to “Nyrségi”
4 Fraport 2 Fra2 Hesse (GER) identical to “Jázkiséri”
5 Fraport 3 Fra3 Hesse (GER)
6 Langen Lan Forest district Langen (GER)
7 Habichtborn Hab Arboretum Habichtborn (GER) clone “Appalachia 4183”
8 Robert Rob Brandenburg (GER) Forest Hasenholz
9 Roger Rog Brandenburg (GER) Forest Hasenholz
10 Romy Rom Brandenburg (GER) Forest Buckow
11 Rowena Row Brandenburg (GER) Forest Bollersdorf
12 Roy Roy Brandenburg (GER) Forest Waldsieversdorf
15 Kiskunsagi Kis Hungary origin: seed stocks
22 Schöneiche Schö Brandenburg (GER) origin: seed stocks
23 Cuci Cuc Romania origin: seed stocks

However, in order to reduce costs and delay we only examine 7 clones and the
3 provenances in this study (grey shaded in Table 2). Five of the investigated clones have
their origins in the Federal State of Brandenburg (Rob, Rog, Romy, Row and Roy, respectively)
and two in the Federal State of Hesse (Fra3, Lan).
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According to the principle described in [8], we picked five out of nine test plants per
patch for biophysical measurement (Figure 2).

Figure 2. Test design, comprising 4 (B, F, G, L) out of a total of 12 test subplots. Per test unit, 5 out of
9 Robinia test plants were used in our investigations (see [8]).

2.4. Chlorophyll a Fluorescence Measurements and JIP-Test

A portable Plant Efficiency Analyser (Pocket PEA, Hansatech, King’s Lynn, UK) was
used to non-invasively measure chlorophyll fluorescence on the leaves’ surface of Black
Locust test plants in order to assess their physiological status (i.e., vitality). Lange et al. [13]
successfully employed this methodology to determine plant physiological effects of differ-
ent soil ameliorants applied to young sessile oaks (Quercus petraea (Matt.) Liebl.) growing
on a uranium tailings dump in Schlema (Ore Mountains, Germany). Before taking the actual
measurement, leaves of the test plants were dark-adapted for at least one hour before
the chlorophyll a fluorescence measurements were performed. The fast phase fluores-
cence transients were quantified by means of the JIP-test [14,15] and using the Biolyzer
software [15]. The JIP-test, developed and tested under both laboratory and practical
conditions, is well accepted amongst experts to detect, describe and quantify the dynamic
capacities of the photosynthetic sample. It has been widely and successfully used for
the investigation of photosystem II behaviour in various photosynthetic organisms under
different stress conditions and enables the study of synergistic and antagonistic effects of
different co-stressors [10,13,16–18].

In order to quantify and compare the individual physiological performance of the
Robinia test trees both under normal and stress conditions we chose to use the Performance
Index (PIABS) as the JIP-test parameter. PIABS is a multiparametric expression which incor-
porates the independent parameters contributing to photosynthesis, namely absorption
(RC/ABS), the quantum efficiency of trapping (ϕPo/(1 − ϕPo)) and efficiency of conver-
sion of trapped excitation energy to electron transport (ψo/(1 − ψo)), see Strasser et al. [19].
The Performance index (PIABS) is presented below on absorption basis, Equation (1) [19]:

PIABS =
γRC

1− γRC
· ϕPo
1−ϕPo

· ψo
1−ψo

=
RC

ABS
· ϕPo
1−ϕPo

· ψo
1−ψo

(1)
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where γRC is the fraction of reaction center chlorophylls relative to the total chlorophyll:
γRC = ChlRC/Chltotal. Since Chltot = Chlantenna + ChlRC, we get: γRC/(1 − γRC ) =
ChlRC/Chlantenna = RC/ABS.

2.5. Dualex® Scientific+TM for Determining Chlorophyll and Flavonols in Leaves

According to the manufacturer’s specification, the Dualex® Scientific+TM system was
developed on the basis of research conducted by the CNRS (Centre national de la recherche
scientifique, Paris, France) and Force-A (University of Paris-Sud, Orsay, France). Using a
photometric measurement principle, the Dualex® is able to perform a non-destructive and
rapid measurement of the chlorophyll content in leaves as well as flavonol and anthocyanin
contents in the epidermis with sufficient accuracy and in real time [20]. There is some
evidence that polyphenols, especially antioxidative flavonols such as anthocyanin, are
reliable indicators for plants’ vitality. Under abiotic stress and/or as a result of nutrition
deficiency, biosynthesis of chlorophyll decreases whereas the production of secondary plant
substances such as flavonols increases [21]. The Nitrogen Balance Index (NBI), calculated
from the ratio of chlorophyll content and flavonol concentration, indicates the nitrogen
supply status of the tested plant [22,23]. Ultimately, an efficient and field-suited optical
sensor is available to screen large datasets of leaf samples in a relatively short period
of time.

2.6. Biophysical Measurements

Throughout the growing seasons in 2015 and 2016, we carried out in vivo chlorophyll
a fluorescence and Dualex® measurements (usually five measurements per tree) on five out
of nine test plants from seven different Robinia clones and three provenances located in the
subplots B, F, G and L (Figure 2). Altogether, physiological test results were collected for
200 Black Locust trees over seven measuring dates.

2.7. Plants’ Leaf Analysis

After sampling at the beginning of August 2015 and 2016, the leaf tissue was analysed
to determine the (N, P, K, Ca, Mg and S) content. Leaves were dried at 80 ◦C for 48 h and
then finely ground using a vibrating sample mill. The total nitrogen content was derived
by combustion according to the Dumas principle using an element analyser. The other
major elements (K, Ca, Mg, P, S) were measured with an inductively coupled plasma atomic
emission spectrometer (ICP-AES). Prior to ICP-AES measurement, dried leaf powder was
digested in a microwave pressure digestion system with HNO3. Determination methods
are listed in Table 3.

Table 3. Determination methods used for leaf sample analysis.

Parameter Test Method Detection Limit Dimension

Sample preparation VDLUFA Bd.III 2.1.1 (1983)
Sample preparation VDLUFA Bd. III 2.2.1–2.2.4 (1976)

Ntot DIN ISO 13878 (1998-11) 0.005 %
Ctot DIN ISO 10694 (1996-08) 0.02 %

Nitric acid pressure
digestion (microwave) EPA Method 3052 (1996-12)

Ca DIN EN ISO 11885 (E22, 2009-09) 0.01 g kg−1

Mg DIN EN ISO 11885 (E22, 2009-09) 0.002 g kg−1

K DIN EN ISO 11885 (E22, 2009-09) 0.01 g kg−1

P DIN EN ISO 11885 (E22, 2009-09) 0.005 g kg−1

Water/moisture content VDLUFA Bd. III 3.1 (1976) 0.1 %

2.8. Biomass Growth Measurements

Towards the end of the particular growing season, we recorded plant height and diam-
eter at breast height (i.e., 1.3 m above ground level) for 200 test specimens. Subsequently,
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we calculated the mean annual height and diameter growth of the clones and provenances.
In addition, we estimated the individual biomass growth rate (aboveground annual woody
biomass) using an allometric equation [24–26]. The biometric investigations focusing on
265 Black Locust test trees in the joint project FastWOOD resulted in the allometric equation
(Equation (2)) which is tailored toward young Robinia forests on reclamation sites [27,28].

BMdry matter [kg] = 0.00059909·d1.3
2.356 (2)

2.9. Quality Assessment

Parallel to growth measurements, the stem form and crown formation were also
evaluated. The number of trees with multiple stems, forks and/or ramicorns was assessed
as well as trees with stem and bark injuries, and branch and crown fractures.

3. Results and Discussions
3.1. Weather Conditions from 2014–2019

Weather recordings from the time period 2014–2019 presented in Table 4 help to
characterise the growth conditions for our Robinia test plants.

Table 4. Monthly sum of rainfall [mm] and average air temperature [◦C] throughout the years
2014–2019. Data recorded at FIB weather station Welzow, Brandenburg, Germany. The background
colour is a stylistic instruments.

Precipitation [mm] Air Temperature [◦C]

2014 2015 2016 2017 2018 2019 2014 2015 2016 2017 2018 2019

January 18.4 60.6 40.4 23.6 40.9 56.3 0.8 2.8 −0.3 −2.4 3.2 0.6
February 13.5 5.2 46.3 32.4 4.7 30.6 4.6 1.3 3.6 2.0 −2.6 3.5

March 24.9 38.0 30.6 37.8 27.1 47.2 7.4 5.7 4.3 6.9 1.4 7.0
April 20.1 28.9 35.6 24.2 31.3 12.3 11.3 8.9 8.5 7.9 13.5 10.4
May 102.3 23.9 29.3 29.0 31.6 61.0 13.3 13.5 14.8 14.7 16.7 12.3
June 41.5 57.2 97.9 106.4 11.5 7.6 17.0 16.3 18.6 18.5 19.0 22.5
July 100.7 62.2 84.9 112.3 33.0 36.9 20.7 20.1 19.2 19.0 20.7 20.0

August 124.9 21.6 39.3 74.4 26.8 24.9 17.1 22.1 17.9 19.0 21.4 20.5
September 79.6 68.7 8.2 27.0 35.0 31.3 15.6 14.0 16.8 13.3 16.0 14.8

October 55.8 42.2 71.0 64.2 20.5 34.3 12.0 8.0 8.6 11.7 11.1 11.2
November 6.5 68.2 35.4 47.3 13.6 20.6 6.7 7.6 3.6 5.5 5.4 6.2
December 36.6 16.8 39.6 41.7 69.1 26.9 2.6 6.6 2.1 2.9 4.3 4.2

Year (Jan–Dec) 624.8 493.5 558.5 620.3 345.1 389.9 10.8 10.6 9.8 9.9 10.9 11.1
Veg. (Apr–Oct) 524.9 304.7 366.2 437.5 189.7 208.3 15.3 14.7 14.9 14.9 16.9 15.9

As shown in Table 4, the total precipitation was considerably lower in 2018 and 2019
than in the years from 2014 to 2017, especially during the vegetation period (Apr–Oct).
Indeed, the average precipitation during the vegetation period in 2018 and 2019 was,
respectively, 219 mm (−53.5%) and 200 mm (−49.0%) lower than the 2014–2017 average.
Compared to the average air temperature in the years 2014–2017, the mean air temperature
also increased by 2◦ K (growth year 2018) and by 1◦ K (2019). Therefore, in 2018, the young
Black Locust trees were faced with the most extreme conditions since their planting in
March 2014.

3.2. Chlorophyll a Fluorescence and Photosynthetic Vitality

Results determined from the measurements taken during growth season 2015 and
2016 are presented in the following section. PIABS, a significant JIP-test parameter which
enables the quantification of plants’ vitality status at a specific time point, will be addressed
in greater detail. PIABS average values vary across the Black Locust test units, but follow
similar sequences and patterns over time (Figures 3 and 4). After starting on a relative low
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level in June of both of the test years, average PIABS values of all the test trees were found
to have increased on subsequent occasions.

Figure 3. PIABS mean values and standard deviation of Black Locust clones and provenances during
the growth season 2015 at clonal test plot Welzow.

Figure 4. PIABS mean values and standard deviation of Black Locust clones and provenances during
the growth season 2016 at clonal test plot Welzow.
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As shown, individual PIABS mean values of each particular Robinia clone and prove-
nance remain more or less the same in their relationship to each other, independent of
measuring date and time. The highest average PIABS values were observed in the test
clones Fra3 and Roy. Test trees of Rog and Rob clones show the lowest PIABS mean values,
indicating a weak photosynthetic vitality and low physiological performance.

3.3. Chlorophyll and Phenol Content

In addition to the chlorophyll a fluorescence described above, we also performed
Dualex® measurements on exactly the same Robinia leaves. The results of these measure-
ments enable us to check for correlations between parameters originating from different
measuring methods. Table 5 contains average values of chlorophyll, flavonol and an-
thocyanin as well as the above-mentioned NBI collected over 7 measuring dates in 2015
and 2016.

Table 5. Mean values of Dualex® parameter determined on Robinia leaves of different clones and
provenances at clonal test plot Welzow in 2015 and 2016.

Chlorophyll [µg cm−2] Flavonol [µg cm−2] Anthocyanin [µg cm−2] NBI

2015 2016 2015 2016 2015 2016 2015 2016

Row
Avg 37.6 34.3 1.58 1.22 0.025 0.004 24.1 28.6
SD 2.8 3.6 0.14 0.20 0.017 0.004 2.9 3.7

Roy Avg 37.5 35.3 1.56 1.22 0.031 0.008 24.3 29.5
SD 2.9 3.8 0.10 0.20 0.016 0.009 2.6 4.3

Rob
Avg 37.0 37.2 1.68 1.49 0.049 0.023 22.2 25.7
SD 3.5 3.1 0.13 0.25 0.017 0.023 2.5 4.4

Rog Avg 34.8 33.8 1.70 1.35 0.050 0.016 20.6 25.9
SD 2.5 3.8 0.12 0.27 0.023 0.017 2.2 4.2

Romy Avg 39.5 38.3 1.71 1.48 0.025 0.007 23.1 26.5
SD 2.2 4.0 0.08 0.26 0.015 0.011 1.6 3.5

Schö
Avg 37.8 37.3 1.58 1.26 0.032 0.004 24.2 30.3
SD 3.3 3.7 0.12 0.20 0.018 0.008 2.8 4.0

Fra3
Avg 35.5 32.5 1.56 1.33 0.038 0.017 23.0 25.3
SD 2.1 2.9 0.13 0.25 0.017 0.019 2.8 3.5

Lan
Avg 40.5 38.0 1.40 1.09 0.017 0.005 29.3 36.0
SD 3.5 4.5 0.11 0.20 0.012 0.008 4.1 6.4

Kis
Avg 38.0 35.3 1.53 1.11 0.026 0.003 25.1 32.6
SD 5.0 5.1 0.12 0.18 0.027 0.006 4.3 4.7

Cuc
Avg 38.2 36.8 1.63 1.31 0.033 0.010 23.7 29.3
SD 3.6 4.3 0.13 0.25 0.018 0.013 3.2 6.5

All Avg 37.6 35.9 1.59 1.29 0.033 0.010 24.0 29.0
SD 1.7 1.9 0.09 0.13 0.011 0.007 2.3 3.4

When comparing the data collected in 2015 and in 2016, it becomes apparent that both
the mean chlorophyll content as well as average flavonol and anthocyanin concentrations
were higher in 2015, although the average NBI was found to be lower in 2015. The increase
in the plant’s own secondary substances in the leaves during growing season 2015 and the
decrease in NBI can likely be attributed to the weather conditions (relatively dry and warm
August 2015, Table 4).

3.4. Plant Nutrition

As mentioned above, the NBI indicates the nitrogen supply status of the test plant.
The nutrient supply of test trees belonging to Robinia clones and provenances Row, Roy,
Fra3, Lan, Kis and Cuc is therefore discussed in the next section (Table 6).
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Table 6. Results of the determination of plant nutrients in the leaf tissue of Robinia test trees taken
on 10 August 2015 and 10 August 2016 at clonal test plot Welzow. The font colour and italics are
stylistic instruments.

Ntot
[w.-%]

P
[w.-%]

K
[w.-%]

Ca
[w.-%]

Mg
[w.-%]

Stot
[w.-%]

2015 2016 2015 2016 2015 2016 2015 2016 2015 2016 2015 2016

Row 2.87 3.76 0.12 0.15 1.34 1.35 2.38 1.84 0.24 0.16 0.18 0.19
Roy 3.29 3.70 0.15 0.17 1.25 1.18 1.95 1.55 0.19 0.13 0.20 0.21
Fra3 2.67 3.14 0.11 0.14 0.98 1.22 3.33 2.17 0.30 0.17 0.18 0.21
Lan 3.02 3.97 0.12 0.18 1.33 1.35 2.08 1.40 0.27 0.15 0.19 0.23
Kis 3.21 3.93 0.14 0.17 1.35 1.35 2.02 1.74 0.21 0.15 0.21 0.21

Cuci 3.16 3.55 0.13 0.16 1.26 1.17 2.13 1.76 0.27 0.15 0.25 0.23
Mean 3.04 3.67 0.13 0.16 1.25 1.27 2.32 1.74 0.25 0.15 0.20 0.21

SD 0.23 0.30 0.01 0.02 0.14 0.09 0.52 0.27 0.04 0.01 0.03 0.02

The data presented in Table 6 indicate that with a few exceptions, the uptake of
nitrogen, phosphor, potassium and sulphur in Robinia leaves was slightly higher during
the growing season in 2016 than in 2015. In contrast, calcium and magnesium contents
were found to have decreased from 2015 to 2016, regardless of plant origin. Test trees of Kis
and Roy displayed the highest N and P concentrations (valid for 2015), whereas Fra3 and
Row exhibited the highest Ca and Mg contents in general.

Bearing in mind that the growing season in 2015 was warmer and drier than in 2016
(Table 4), it is highly likely that drought, monitored in late summer 2015, limited nitrogen
fixation and resulted in lower N and P content in the Robinia leaf tissue.

Our measured leaf nutrient concentrations correspond closely with previously pub-
lished data, e.g., [29,30]. Heinsdorf [30] investigated nutrient uptake and nutrient supply
of a seven-year-old Black Locust stand growing on a former open cast lignite mining site
in East Germany and reported the follow leaf analysis data (mean values): Ntot 3.64%,
Nsoluable 0.92%, P 0.18%, K 1.19% and Mg 0.16%. Our findings also showed a K-to-Ca-
antagonism, as reported by Heinsdorf [30], where high K concentrations in Robinia leaves
correspond to low Ca concentrations (Figure 5).

Figure 5. Bivariate scatter plot illustrating the K-to-Ca-antagonism, i.e., a negative relationship
between K and Ca concentration in leaves of Black Locust trees growing on clonal test plot Welzow.

Furthermore, we examined our data for a systematic relationship between Dualex®-
derived NBI values and Ntot content as well as NBI and the P concentration, respectively
(Figure 6).
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Figure 6. Regression analysis between NBI and N content (left) and between NBI and P concentration
(right) in Robinia leaves.

The regression analyses show a good correlation between the NBI, determined using
the Dualex®, and Ntot content in Robinia leaves as well as NBI and P concentration,
respectively (Figure 6). Hence, Dualex® measurements offer a more cost-effective and
time-efficient method for determining the nutrient status of plants.

3.5. Biomass Growth

As already mentioned in the previous section, PIABS mean values vary depending
on the origin of the plant sampled. Generally, it can be stated that higher PIABS values,
indicating greater efficiency in primary photosynthetic processes, are likely to result in
greater plant growth. Clear and significant differences can be observed between the clones
and provenances with regard to the mean annual height growth (Figure 7).

Figure 7. Plant height growth through the years 2014–2019 of ten Robinia test units. Note that one
bar usually comprised 20 Robinia test trees per origin and per year.
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Clones Fra3 and Row demonstrated the best height growth (mean values) after six years
of growth (Ø 772 cm and Ø 738 cm, respectively). In contrast, the clone Rob has the lowest
performance (Ø 474 cm).

After the first growing season, Robinia test trees gained a height increment of 144 cm
(averaged over all trees). Despite the relatively dry year that followed (2015), the trees
nonetheless produced 110 cm growth on average. To date, even the 2018 and 2019 growing
seasons, namely the driest and hottest vegetation periods, resulted in a minimum average
height increment of 59 cm (2018) and 30 cm (2019).

Furthermore, we examined biomass formation during the growth periods of 2014 to
2019 (Figure 8). Annual biomass growth rates vary depending on the weather conditions
during the growing season and corresponding to origin. After six years, the mean biomass
yield averaged over all tested Robinia clones and provenances was 28.20 Mg d.m. ha−1,
whereas the mean annual increment was 4.70 Mg d.m. ha−1 year−1.

Figure 8. Biomass growth [Mg dry matter ha−1] through the years 2014–2019 of different Robinia test
units; data given in small boxes represent individual average increment of biomass [Mg dry matter
ha−1] in 6 years of time.

Similar to their performance in height growth, the clones Fra3 and Row achieved the
highest mean biomass growth values (7.47 Mg d.m. ha−1 year−1 and 5.79 Mg d.m. ha−1 year−1,
respectively) whilst the low-performing clone Rob yielded only 2.45 Mg d.m. ha−1 year−1.
The differences in biomass yield between the test units were statistically significant.

3.6. Quality Assessment

A quality assessment of all the test trees revealed a frequent occurrence of crooked
stem forms and unfavourable crown formation. Altogether, 66.1% of all trees tested showed
multiple stem formation with varying severity between individuals. Only 30% of the test
trees belonging to clone Romy were found to have forks, whereas more than two thirds
(83.3%) of the plants of the provenance Kis exhibited forks. These findings raise the
question of whether it is possible to generate a sufficient number of straight-boled trunks
for material utilisation.
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4. Discussion

Our results show that the drought, monitored in late summer 2015, is very likely
to have caused limitations of nitrogen fixation and resulted in lower N and P content in
the Robinia leaves’ tissue (Table 6). Such findings have been confirmed by other authors.
Mantovani et al. [31], for example, studied carbon allocation, nodulation, and biological
nitrogen fixation of two-year-old Black Locust (Robinia pseudoacacia L.) saplings under soil
water limitation. The authors used stable isotopic composition of C (δ 13C) and N (δ 15N)
of the leaves to investigate adverse effects of drought as well as to identify the portion N
accrued from the atmosphere by biological nitrogen fixation. They also found that drought
stress significantly reduces total aboveground biomass production of the test plants as well
as increases the nodule biomass of Black Locust in order to maintain biological nitrogen
fixation and counteract the lower soil nitrogen availability.

Regarding adaptation to climate change, Mantovani et al. [32] showed that Black
Locust plants can adapt to prolonged drought conditions by lessening water loss through
both reduced transpiration and leaf size. However, under well-watered conditions, Robinia
does not regulate its transpiration. It, therefore, cannot be considered a water-saving tree
species. Veste and Kriebitzsch [7] carried out pot experiments in order to evaluate the
growth and ecophysiological performance of Black Locust under drought stress. They
demonstrated that when Black Locust is exposed to drought, it drastically reduces leaf
area in order to minimise transpiration. Moreover, their test plants showed different
adaptations and a high plasticity of the ecophysiological processes to cope with long-term
drought stress and high temperatures, which also enables them to grow in drier regions [7].
Bhusal et al. [33] have shown that drought resistance is indicated by leaf mass per area,
photosynthetic rate, leaf water potential and further factors. While drought resistance
was not concretely explored in this study, it opens avenues to combine our results with
investigations into drought response of Black Locust origins in the future.

Furthermore, Seserman et al. [34] pointed out that tree yields in Black Locust short
rotation coppices were positively impacted by air temperature increase and negatively by
decreasing precipitation.

The reduction in biomass growth of Black Locust during the drought years (Figure 8)
is in accordance with previous studies [34,35]. Hence, Mantovani et al. [35] investigated
spatial and temporal variation of drought impact on Black Locust’s water status and growth.
They conducted their study at two different sites: one site with fertile agricultural soil
(site 1) and a reclaimed post-mining site with heterogeneous unstructured soil (site 2).
They found that stem growth was drastically reduced during a period of summer drought,
particularly in the post-mining area, as a result of the adverse edaphic conditions (below
the critical pre-dawn water potential value of −0.5 MPa). However, the trees could cope
with the extreme soil and weather conditions in the post-mining site without perishing.

Our biomass growth rates are in range with average annual values gained from
other sites in the Lusatian post-mining area reported by Knoche et al. [28]. The lat-
ter reported biomass yields after six growth years for study site Drebkau 1 = 37.7 Mg
d.m. ha−1 (Ø 6.3 Mg d.m. ha−1 year−1) and for site Drebkau 2 = 40.7 Mg d.m. ha−1

(Ø 6.8 Mg d.m. ha−1 year−1) as well as 19.3 Mg d.m. ha−1 (Ø 3.2 Mg d.m. ha−1 year−1)
for site Senftenberg.

To give a comprehensive evaluation of all clones and provenances studied, plant
physiological performance, biomass growth and quality data were individually evaluated
and ranked (Table 7). Note that parameters given in the table are not weighted and deep
balanced but may nonetheless assist in identifying the best Robinia plant material for land
users in post-mining areas.
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Table 7. Ranking of major plant-physiological, biomass growth and quality parameters of ten Black
Locust clones and provenances. The background colour is a stylistic instrument.

Row Roy Rob Rog Romy Schö Fra3 Lan Kis Cuc
PIABS—photosynthetic vitality 5 2 10 9 3 6 1 8 4 7

Chlorophyll content 8 7 5 9 2 3 10 1 6 4
Phenol content 3 4 10 9 6 5 6 1 2 6

Nutrition supply (only N, P, K) 4 2 - - - - 6 3 1 5
NBI—Nitrogen Balance Index 6 4 9 10 7 3 8 1 2 5

Height growth (2014–2019) 2 6 10 3 9 4 1 8 5 7
Height increment (2018–2019) 1 2 9 5 8 3 4 10 6 7

Total biomass formation
(2014–2019) 2 8 10 3 4 6 1 9 5 7

Biomass increment (2018–2019) 2 7 10 3 4 5 1 9 8 6
Multiple stem formation 2019 3 6 5 2 1 6 6 9 10 4
Evaluation stem quality 2019 7 3 9 5 2 4 1 8 10 5

Final Rank 1 5 10 6 4 2 2 9 7 8

5. Conclusions

Our study reveals pronounced differences in the physiological performance, biomass
growth and stem quality of the Black Locust clones and provenances studied. Under
the challenging climatic and edaphic conditions of our test site—considering photosyn-
thetic vitality, chlorophyll and phenol content, nutrition state, biomass growth and stem
quality—Robinia genotypes Rowena, Fra3 and Romy as well as the Brandenburg prove-
nance Schöneiche show the most promise with regard to growth performance, especially for
cultivation in short coppice rotation and on forest land.

Biophysical measurements using the Pocket PEA and Dualex®, especially when com-
bined and used in parallel, are reliable indicators for detecting abiotic stress already in an
early stage. We were able to show that while mean PIABS values vary across Black Locust
test units, they still follow similar sequences/patterns. We found correlations between bio-
physical parameters resulting from chlorophyll a fluorescence and Dualex® measurements.
Correlation analysis revealed good accordance of Dualex®-derived NBI (Nitrogen Balance
Index) and Ntot content as well as P content, detected in Robinia leaves. Hence, using
Dualex® measurements can provide insights into the nutrient status (especially nitrogen)
of plants in a cost and time efficient manner.

We conclude that biophysical measurements have the potential to shorten otherwise
long-lasting research plans in tree breeding. In addition, biophysical measurements enable
the early assessment of the physiological performance and stress tolerance of different
Robinia clones and provenances.

Author Contributions: Conceptualization, C.A.L., D.K. and V.S.; methodology, C.A.L. and S.L.;
validation, D.K., C.A.L. and V.S.; formal analysis, C.A.L., R.H. and S.L.; investigation, D.K., C.A.L.
and V.S.; resources, V.S., S.L. and C.A.L.; data curation, C.A.L., S.L. and R.H.; writing—original draft
preparation, C.A.L.; writing—review and editing, D.K., R.H., C.A.L. and V.S.; visualization, C.A.L.,
S.L. and R.H.; supervision, D.K.; project administration, D.K.; funding acquisition, V.S. and D.K. All
authors have read and agreed to the published version of the manuscript.

Funding: This work was kindly funded by the German Fachagentur für Nachwachsende Rohstoffe
with support by the Federal Ministry of Food and Agriculture (joint project FastWOOD, Project No.
22001014). We would also like to thank the mining company LEAG for financial support of perennial
data acquisition.

Data Availability Statement: The raw data sets generated during the time period 2014–2019 are
available from the corresponding author on reasonable request.

79



Forests 2022, 13, 315

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1. Kleinbauer, I.; Dullinger, S.; Peterseil, J.; Essl, F. Climate change might drive the invasive tree Robinia pseudoacacia into nature

reserves and endangered habitats. Biol. Conserv. 2010, 143, 382–390. [CrossRef]
2. Meyer-Münzer, B.; Grotehusmann, H.; Vor, T. Robinie (Robinia pseudoacacia L.). In Potenziale und Risiken eingeführter Bau-

marten —Baumartenportraits mit naturschutzfachlicher Bewertung; Vor, T., Spellmann, H., Bolte, A., Ammer, C., Eds.; Göttinger
Forstwissenschaften, Universitätsverlag Göttingen: Göttingen, Germany, 2015; Volume 7, pp. 277–296.

3. Knoche, D.; Lange, C.; Engel, J. Entwicklung von innovativen Bewirtschaftungsverfahren für Robinienbestände (Robinia
pseudoacacia L.). In FastWOOD II: Züchtung schnellwachsender Baumarten für die Produktion nachwachsender Rohstoffe im
Kurzumtrieb—Erkenntnisse aus 6 Jahren FastWOOD; Thünen Report; Liesebach, M., Ed.; Johann Heinrich von Thünen-Institut:
Braunschweig, Germany, 2015; Volume 26, pp. 71–84.

4. Roloff, A.; Grundmann, B. Waldbaumarten und ihre Verwendung im Klimawandel. Arch. Forstwes. Landsch. Ökol. 2008,
42, 97–109.

5. Schneck, V. Robinie—Züchtungsansätze und Begründungsverfahren. In Proceedings of the Beiträge—Agrarholz 2010, Symposium:
Berlin, Germany, 18–19 May 2010; Deutschland/Bundesministerium für Ernährung, Landwirtschaft und Verbraucherschutz, Ed.;
BMELV: Bonn, Germany, 2010; pp. 1–8. Available online: https://literatur.thuenen.de/digbib_extern/dn054837.pdf (accessed on
12 January 2022).

6. Guse, T.; Schneck, V.; Liesebach, M.; von Wuehlisch, G. Improving growth performance and drought tolerance of
Robinia pseudoacacia L.—Analysis of seedlings of European progenies. Indian J. Ecol. 2011, 38, 95–98.

7. Veste, M.; Kriebitzsch, W.U. Einfluss von Trockenstress auf Photosynthese, Transpiration und Wachstum junger Robinien
(Robinia pseudoacacia L.). Forstarchiv 2013, 84, 35–42.

8. Löffler, S.; Lange, C.; Kätzel, R. Der kleine Unterschied macht’s—Klonprüfung zur Trockenstresstoleranz von Robinien (Ergebnisse
des FNR-Projektes—FastWOOD 3). Eberswalder Forstl. Schr. 2017, 64, 37–44.

9. Lange, C.A.; Knoche, D.; Schneck, V.; Anders, A. Die Robinie—Anbauversuch unter schwierigen Bedingungen. AFZ-DerWald
2021, 2, 24–29.

10. Lange, C.A.; Knoche, D.; Hanschke, R. Biophysikalische Untersuchungen zur Stresstoleranz von Robinien unterschiedlicher
Herkunft. In Wasser—Lebensgrundlage für Landschaften. 25 Jahre FIB e.V.; Haubold-Rosar, M., Knoche, D., Hildmann, C., Eds.;
Shaker: Düren, Germany, 2020; Volume 3, pp. 167–178.

11. Hanschke, L. Bodengeologischer Kartierungsbericht. Tagebaubereich Welzow/Süd Fläche WW 0 70—H 52. Kartierungsbericht des Büros für
Planung, Beratung und Standorterkundung; Vattenfall Europe Mining AG: Turnow-Preilack, Germany, 2011.

12. Naujoks, G.; Schneck, V.; Hutter, I.; Grotkass, C. Die Mikrovermehrung ausgelesener Elite-Robinienklone—Eine große Chance für
erfolgreichen Robinienanbau. Forst Holz 2005, 60, 458–460.

13. Lange, C.A.; Böcker, L.; Katzur, J. Revegetation of a uranium mine dump by using fertilizer treated sessile oaks. Int. J.
Phytoremediation 2011, 13, 18–34. [CrossRef]

14. Strasser, B.J.; Strasser, R.J. Measuring fast fluorescence transients to address environmental questions: The JIP-test. In Photosynthe-
sis: From Light to Biosphere; Mathis, P., Ed.; Kluwer Academic Publisher: Alphen aan den Rijn, The Netherlands, 1995; Volume 5,
pp. 977–980.

15. Strasser, R.J.; Srivastava, A.; Tsimilli-Michael, M. Analysis of the chlorophyll a fluorescence transient. In Chlorophyll Fluorescence A
Signature of Photosynthesis, Advances in Photosynthesis and Respiration; Papageorgiou, G., Govindjee, Eds.; Springer: Dordrecht, The
Netherlands, 2004; Volume 19, pp. 321–362.

16. Lange, C.A.; Weissflog, L.; Strasser, R.J.; Krueger, G.H.J.; Pfennigsdorff, A. Phytotoxic effects of trichloroacetic acid on Scots pine
and birch determined by chl a fluorescence and the JIP-test. S. Afr. J. Bot. 2004, 70, 683–694. [CrossRef]

17. Smit, M.F.; van Heerden, P.D.R.; Pienaar, J.J.; Weissflog, L.; Strasser, R.J.; Krüger, G.H.J. Effect of trifluoroacetate, a persis-
tent degradation product of fluorinated hydrocarbons, on Phaseolus vulgaris and Zea mays. Plant Physiol. Biochem. 2009,
47, 623–634. [CrossRef]

18. Lange, C.A.; Kotte, K.; Smit, M.; van Deventer, P.W.; van Rensburg, L. Effects of different soil ameliorants on Karee trees (Searsia
lancea) growing on mine tailings dump soil—Part I: Pot trials. Int. J. Phytoremediat. 2012, 14, 908–924. [CrossRef] [PubMed]

19. Strasser, R.J.; Srivastava, A.; Tsimilli-Michael, M. Screening the vitality and phytosynthetic activity of plants by fluorescence
transient. In Crop Improvement for Food Security; Behl, R.K., Punia, M.S., Lather, B.P.S., Eds.; SSARM: Hisar, India, 1999; pp. 72–115.

20. Goulas, Y.; Cerovic, Z.G.; Cartelat, A.; MOYA, I. Dualex: A new instrument for field measurements of epidermal ultraviolet
absorbance by chlorophyll fluorescence. Appl. Opt. 2004, 43, 4488–4496. [CrossRef] [PubMed]

21. Blackmer, T.M.; Schepers, J.S. Use of a chlorophyll meter to monitor N status and schedule fertigation of corn. J. Prod. Agric. 1995,
8, 56–60. [CrossRef]

22. Meyer, S.; Cerovic, Z.G.; Goulas, Y.; Montpied, P.; Desmotes-Mainard, S.; Bidel, L.; Moya, I.; Dreyer, E. Relationships between
optically assessed polyphenols and chlorophyll content and the dry mass per leaf area of woody plants: A signature of the carbon
and nitrogen balance within leaf? Plant Cell Environ. 2006, 29, 1338–1348. [CrossRef]

80



Forests 2022, 13, 315

23. Tremblay, N.; Bélec, C.; Jenni, S.; Fortier, E.; Mellgren, R. The Dualex—A new tool to determine nitrogen sufficiency in broccoli.
Acta Hort. 2009, 824, 121–132. [CrossRef]

24. Ketterings, Q.M.; Coe, R.; van Noordwijk, M.; Ambagu, Y.; Palm, C.A. Reducing uncertainty in the use of allometric biomass
equations for predicting above-ground tree biomass in mixed secondary forests. For. Ecol. Manag. 2001, 146, 199–209. [CrossRef]

25. Röhle, H.; Hartmann, K.-U.; Steinke, C.; Murach, D. Leistungsvermögen und Leistungserfassung von Kurzumtriebsbeständen. In
Anbau und Nutzung von Bäumen auf landwirtschaftlichen Flächen; Reeg, T., Bemmann, A., Emmann, A., Konold, W., Murach, D.,
Spiecker, H., Eds.; Wiley-VCH: Weinheim, Germany, 2009; pp. 41–55.

26. Carl, C.; Biber, P.; Landgraf, D.; Buras, A.; Pretzsch, H. Allometric models to predict aboveground woody biomass of black
locust (Robinia pseudoacacia L.) in short rotation coppice in previous mining and agricultural areas in Germany. Forests 2017,
8, 328. [CrossRef]

27. Knoche, D.; Lange, C. Verbundvorhaben: Züchtung schnell wachsender Baumarten der Gattungen Populus, Robinia und Salix für
die Produktion nachwachsender Rohstoffe im Kurzumtrieb (FastWOOD III). Teilvorhaben 7: Frühdiagnose der ökophysiologischen Leis-
tungsfähigkeit von Robinien (Robinia pseudoacacia L.) heimischer Bestände (FIB-Forschungsinstitut für Bergbaufolgelandschaften e.V.);
Förderkennzeichen 22001014, Schlussbericht 2018; FIB-Forschungsinstitut für Bergbaufolgelandschaften e.V.: Finsterwalde,
Germany, 2018; pp. 1–109. [CrossRef]

28. Knoche, D.; Lange, C.; Engel, J. Short-rotation management of black locust (Robinia pseudoacacia L.) in the federal state of
Brandenburg, Germany. In Novel Methods and Results of Landscape Research in Europe, Central Asia and Siberia; Sychev, V.G., Mueller,
L., Eds.; Landscape Planning, Management and Rehabilitation: FGBNU “VNII agrochimii”: Moscow, Russia, 2018; Volume 5,
pp. 101–104.

29. Kanzler, M.; Böhm, C.; Freese, D. Impact of P fertilisation on the growth performance of black locust (Robinia pseudoacacia L.) in a
lignite post-mining area in Germany. Ann. For. Res. 2015, 58, 39–54. [CrossRef]

30. Heinsdorf, D. Ergebnisse eines Nährstoffmangelversuches zur Robinie (Robinia pseudoacacia L.) auf Kipprohboden. Beiträge
Forstwirtsch. 1987, 21, 13–17.

31. Mantovani, D.; Veste, M.; Boldt-Burisch, K.; Fritsch, S.; Koning, L.; Freese, D. Carbon allocation, nodulation, and biological
nitrogen fixation of black locust (Robinia pseudoacacia L.) under soil water limitation. Ann. For. Res. 2015, 58, 259–274. [CrossRef]

32. Mantovani, D.; Veste, M.; Freese, D. Black locust (Robinia pseudoacacia L.) ecophysiological and morphological adaptations to
drought and their consequence on biomass production and water use efficiency. N. Z. J. For. Sci. 2014, 44, 29. [CrossRef]

33. Bhusal, N.; Lee, M.; Lee, H.; Adhikari, A.; Han, A.R.; Han, A.; Kim, H.S. Evaluation of morphological, physiological, and
biochemical traits for assessing drought resistance in eleven tree species. Sci. Total Environ. 2021, 779, 146466. [CrossRef] [PubMed]

34. Seserman, D.-M.; Pohle, I.; Veste, M.; Freese, D. Simulating Climate Change Impacts on Hybrid-Poplar and Black Locust Short
Rotation Coppices. Forests 2018, 9, 419. [CrossRef]

35. Mantovani, D.; Veste, M.; Böhm, C.; Vignudelli, M.; Freese, D. Spatial and temporal variation of drought impact on black locust
(Robinia pseudoacacia L.) water status and growth. iForest 2015, 8, 743–747. [CrossRef]

81





Article

Soil Carbon Modelling in Salix Biomass Plantations: Variety
Determines Carbon Sequestration and Climate Impacts

Saurav Kalita 1 , Hanna Karlsson Potter 1, Martin Weih 2 , Christel Baum 3,* , Åke Nordberg 1

and Per-Anders Hansson 1

Citation: Kalita, S.; Karlsson Potter,

H.; Weih, M.; Baum, C.; Nordberg, Å.;

Hansson, P.-A. Soil Carbon Modelling

in Salix Biomass Plantations: Variety

Determines Carbon Sequestration

and Climate Impacts. Forests 2021, 12,

1529. https://doi.org/10.3390/

f12111529

Academic Editor: Dirk Landgraf

Received: 20 September 2021

Accepted: 4 November 2021

Published: 6 November 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Energy and Technology, Swedish University of Agricultural Sciences, 750 07 Uppsala, Sweden;
saurav.kalita@slu.se (S.K.); hanna.e.karlsson@slu.se (H.K.P.); ake.nordberg@slu.se (Å.N.);
per-anders.hansson@slu.se (P.-A.H.)

2 Department of Crop Production Ecology, Swedish University of Agricultural Sciences,
750 07 Uppsala, Sweden; martin.weih@slu.se

3 Soil Science, Faculty of Agricultural and Environmental Sciences, University of Rostock,
18051 Rostock, Germany

* Correspondence: christel.baum@uni-rostock.de; Tel.: +49-381-498-3100; Fax: +49-381-498-3122

Abstract: Short-rotation coppice (SRC) Salix plantations have the potential to provide fast-growing
biomass feedstock with significant soil and climate mitigation benefits. Salix varieties exhibit sig-
nificant variation in their physiological traits, growth patterns and soil ecology—but the effects
of these variations have rarely been studied from a systems perspective. This study analyses the
influence of variety on soil organic carbon (SOC) dynamics and climate impacts from Salix culti-
vation for heat production for a Swedish site with specific conditions. Soil carbon modelling was
combined with a life cycle assessment (LCA) approach to quantify SOC sequestration and climate
impacts over a 50-year period. The analysis used data from a Swedish field trial of six Salix varieties
grown under fertilized and unfertilized treatments on Vertic Cambisols during 2001–2018. The Salix
systems were compared with a reference case where heat is produced from natural gas and green
fallow was the land use alternative. Climate impacts were determined using time-dependent LCA
methodology—on a land-use (per hectare) and delivered energy unit (per MJheat) basis. All Salix
varieties and treatments increased SOC, but the magnitude depended on the variety. Fertilization led
to lower carbon sequestration than the equivalent unfertilized case. There was no clear relationship
between biomass yield and SOC increase. In comparison with reference cases, all Salix varieties had
significant potential for climate change mitigation. From a land-use perspective, high yield was the
most important determining factor, followed by SOC sequestration, therefore high-yielding fertilized
varieties such as ‘Tordis’, ‘Tora’ and ‘Björn’ performed best. On an energy-delivered basis, SOC
sequestration potential was the determining factor for the climate change mitigation effect, with
unfertilized ‘Jorr’ and ‘Loden’ outperforming the other varieties. These results show that Salix variety
has a strong influence on SOC sequestration potential, biomass yield, growth pattern, response to
fertilization and, ultimately, climate impact.

Keywords: biomass production; life cycle assessment; climate impact; soil organic carbon; Salix;
willow; short rotation coppice; genotypic difference

1. Introduction

It has been established that the current atmospheric concentrations of three major
greenhouse gases (GHGs)—carbon dioxide (CO2), methane (CH4) and nitrous oxide (N2O),
are at the highest levels estimated for the past 800,000 years [1]. Most of this increase has
happened post 1750, which was the beginning of the Industrial Revolution. The most
alarming trend is that the decadal rate of increase in atmospheric CO2 was highest in
2002–2011 since direct measurements began in 1958 [2]. There is consensus among the
scientific community that the principal cause of this rapid increase is use of fossil fuels and
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land use change associated with the start of the Industrial Age. The increased atmospheric
concentration of GHGs has enhanced radiative forcing, leading to higher average global
temperatures and climate change.

Countries and organizations worldwide have set certain regulations and targets to
limit the increase in average global temperatures to avoid the negative impacts of climate
change. The European Commission has set targets to cut GHG emissions by at least 40%
below 1990 levels and to increase renewable energy share to at least 32% by 2030 [3]. The
long-term strategy is to reach a climate-neutral EU by 2050 [4]. Sweden has made an
ambitious commitment to phase out all GHG emissions completely by 2045 [5,6]. The
climate crisis induced by increased GHG emissions has led to a quest for different strategies
to mitigate the problem. Bioenergy from sustainable biomass can be part of a viable climate
mitigation strategy by replacing fossil fuels for heat and electricity generation. At the global
scale biomass accounted for 9% of renewable electricity generation and 96% of renewable
heat generation in 2018 [7].

The cultivation of plant species such as Salix (willow) and Populus (poplar) in short-
rotation coppice (SRC) systems has emerged as an interesting approach to sustainably
produce renewable biomass [8,9]. Salix SRC systems are characterized by short growth
cycles of 2–5 years, after which the stems are harvested, and shoots regrow from the stumps
left in the soil [10]. SRC plantations can have a positive effect on soil organic carbon (SOC)
sequestration, because of the addition of large amounts of root and leaf litter to the soil,
which are better incorporated into the soil due to minimal soil disturbance compared
with annual crops [11]. Salix propagates easily via cuttings and is well suited to growth
in temperate and Arctic climatological conditions. Commercial plantations of Salix are
gaining interest worldwide for use as a biomass crop, with the largest cultivated areas
(as of 2015) in China and Argentina, followed by North America and Europe [12]. There is
high interest in European countries such as Sweden, where commercial Salix plantations
were established in the 1990s, with policies proposed to increase energy crop cultivation to
40,000 hectares by 2030 [13].

In Sweden, the area under SRC plantations reached a peak of about 18,000 hectares
in the mid-1990s, which decreased to about 12,000 hectares by 2015 [14,15]. This was
attributed to a combination of factors such as poor management, inefficient policy and low
prices—which meant that the practical results did not meet the high expectations [16,17].
New varieties and better management practices adapted to Swedish conditions have
emerged in the past two decades. These, combined with the ambitious Swedish emission
reduction targets, make SRC Salix an interesting prospect for biomass feedstock in the
Swedish context.

The SOC sequestration potential of SRC plantations is gaining attention among re-
searchers for its climate mitigation effects. Multiple studies [18–22] have found that
SRC Salix systems sequester more carbon than conventional cropping systems. However,
the SOC sequestration of Salix established on grasslands is more uncertain and can be
lower [23,24]. The magnitude and potential for SOC change depend on previous land
use, soil and climate conditions [18,24,25]. This, combined with the different soil profile
depths considered in different studies leads to variation in reported SOC stock change
rates. Long-term field data, and especially those on belowground biomass production
rates, are necessary to validate and improve the accuracy of SOC sequestration estimates
for SRC Salix plantations under different growth and soil conditions.

Biomass for bioenergy utilization can be considered carbon neutral as CO2 emitted
from its conversion phase is recaptured by new growth. However, there is a need to assess
the climate impact in a system perspective including changes in SOC and land use, and
impacts from site preparation, production of inputs, machinery operations, transports and
energy conversion. Quantification of the potential effects and impacts of biomass use over
spatial and temporal horizons is needed to ensure its sustainability.
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There are several tools for environmental impact evaluation, and one of the most
commonly used is Life Cycle Assessment (LCA). LCA is a well-established and standard-
ized tool for estimation of potential environmental impacts from a product or service
over its whole lifespan. The LCA methodology was originally designed for industrial
processes and products but has been expanded in recent decades to evaluate and com-
pare agricultural, forestry and bioenergy processes and products [26,27]. In the context of
bioenergy production system evaluation, LCA helps by expanding the perspective beyond
the production system itself. This is important as the environmental consequences of a
bioenergy production system frequently depend more on the impacts on other parts of
the value chain than on the production system itself. Thus, the broad system perspective
makes LCA a suitable tool for planning of bioenergy systems and policymaking, especially
in the context of the potential effects of bioenergy production systems on climate change
mitigation. However, when modelling large and often complicated systems in LCA studies,
parts of the data are often more uncertain and some subjective aspects may be handled
in order to reach the broad system perspectives [28,29]. These limitations are not unique
to LCA, and similar problems occur even in other methods for environmental systems
analysis. The decisions on data quality requirements play an important role in the results
of the assessment. Ambitions about completeness of data must be balanced against avail-
ability of resources and workload. These are intrinsic and accepted aspects of LCA studies,
as long as the relevance, data quality and relevant major assumptions are appropriately
described [30]. The LCA methodology is constantly evolving as understanding of climate
and environmental impacts develops.

The most common climate impact metric used in LCA is global warming potential
(GWP100), which is based on radiative forcing and captures the integrated impacts over a
single time horizon of 100 years [31]. It does not capture the effect of timing and persistence
of GHG fluxes and temporal changes in SOC [32]. It does not represent the actual impacts
on ecosystems such as temperature change, sea level change or biodiversity loss.

Using a time-dependent method can counter this by expressing the climate metric
as a function of time. Several studies have developed such alternative methods and
applied them in LCA to capture the emissions and fluxes of carbon flows between the
atmosphere, biomass and soil [17,32–34]. An absolute time-dependent climate metric such
as the absolute global temperature change potential (∆Ts) developed by Ericsson et al. [35]
represents the impact on global mean surface temperature from emission or removal of a
GHG at a particular point in time. This can aid in better understanding of climate impacts of
bioenergy as biomass systems capture and emit carbon at different points in time. Several LCA
studies have assessed Salix cultivation for bioenergy utilization [17,32,33,36–40]. However,
studies looking at the magnitude of impact of differences between Salix varieties on the
overall bioenergy system are rare.

Differences between Salix varieties can have a significant impact on physiological
traits, biomass quality, growth patterns and soil ecology. Weih and Nordh [41] showed
that key traits and shoot biomass production are variety-specific and that there is a need
to account for these variety differences at the field level. Adegbidi et al. [42] found that
biomass production, nutrient use efficiency and nutrient removal are strongly influenced by
variety in Salix plantations. Cunniff et al. [43] observed significant differences in allocation
between aboveground and belowground biomass in different varieties and at different
locations in the UK. Data from Salix field trials in Sweden have demonstrated that the
effects of fertilization on soil ecology are also affected by variety [44]. Salix varieties have
been found to differ significantly in their response to fertilization and in carbon storage
potential in shoots and soil [44].
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Despite of the many plant-and field-scale reports indicating significant impacts of
Salix varieties on plant traits that potentially affect their environmental performance, there
is a lack of systems-scale research (such as LCAs) accounting for these differences. Thus,
there is a need to address the differences between Salix varieties regarding the impact on
soil carbon sequestration and climate impact when assessing bioenergy systems in a life
cycle perspective

This study aimed to analyze the effects of Salix variety and fertilization treatment on
SOC dynamics, and subsequent effects on climate impacts of Salix cultivation for bioenergy
on a commercial scale, with a 50-year time horizon. A field trial established in 2001 is the
source of the harvest and SOC data for the selected Salix varieties in this study [44,45].
Unfortunately, root biomass data over time from field-grown trees were not available from
the trials used here, and we therefore used indirect methods to estimate root biomass
allocation over time from published reports using pot and lysimeter experiments, in which
root biomass can be assessed more easily. Other data are either taken from literature and
studies on Salix systems where available, or based on assumptions derived from other
biomass systems.

Specific objectives of the study were to:

1. Estimate the potential for soil carbon sequestration for the selected Salix varieties
under the specific site conditions of Vertic Cambisols by using soil carbon modelling;

2. Assess the climate impact from utilizing Salix grown on existing fallow land as
feedstock in an incineration plant using two metrics—GWP100 and a time-dependent
climate metric (∆Ts);

3. Calculate the energy balance and performance (in terms of energy ratio) for the
selected Salix varieties.

It is expected that quantification of the magnitude of varietal effects will highlight
the importance of their inclusion in systems analysis studies of bioenergy. The intention
was to provide a basis for comparison of Salix varieties in terms of energy and climate
performance, which can aid in the consideration of optimal Salix variety selection for a
particular purpose, e.g., maximized carbon sequestration potential.

We believe that studies like this investigation will motivate the need for variety-
and location-specific root and belowground data to make realistic, accurate and detailed
assessments of the environmental performance of bioenergy systems.

2. Materials and Methods

The effect of Salix variety on the climate impact and energy performance of a Salix-
biomass production system under Swedish conditions (Uppsala region) was analyzed using
LCA methodology. Two functional units (FU) of 1 MJ of heat and 1 hectare of land were
chosen to describe the two different functions of the system—generation of heat and use of
land as a resource for mitigating climate impacts. The energy FU compares the relative impact
of using the Salix varieties as an energy source, while the land FU unit compares the different
impacts from a land use perspective considering land as a restricted resource.

The climate impact calculation considers three major GHGs (CO2, N2O and CH4)
and is expressed in terms of two metrics—global warming potential (GWP100) and a time-
dependent climate impact (∆Ts) as defined in [35], with a one-year time step. The flux of
carbon in the soil due to addition and decomposition of biomass was modelled with the
carbon model ICBM developed by Andrén and Kätterer [46]. Annual net flux of the selected
GHGs was estimated for each source and sink, and the associated emission impulses were
based on the timing of the emissions.

86



Forests 2021, 12, 1529

2.1. Plant Material, Field Trial and Data Collection

The analysis was based on data collected from a field trial during the period 2001−2017 at
Pustnäs, near Uppsala in central Sweden by Weih and Nordh [45]. The following six commercial
Salix varieties were part of the study: ‘Björn’ (Salix schwerinii E. Wolf. × S. viminalis L.), ‘Gudrun’
(S. burjatica Nasarow × S. dasyclados Wimm.), ‘Jorr’ (S. viminalis), ‘Loden’ (S. dasyclados),
‘Tora’ (S. schwerinii × S. viminalis) and ‘Tordis’ ((S. schwerinii × S. viminalis) × S. viminalis).
There were two experimental treatments—fertilized (approx. 100 kg N, 14 kg P, 47 kg K ha−1 yr−1) and
unfertilized. Plots were 6.75 m × 7.00 m in size and contained 84 plants each, corresponding
to a planting density of about 18,000 plants per hectare. Each variety and treatment had
four replicate plots. The dominating soil type was a vertic cambisol with a sandy loam as
topsoil (0–20 cm soil depth) with 66% sand, 16% silt and 18% clay. Initial SOC content at
0–10 cm soil depth was 11.1 g kg−1, with a bulk density of 1.3 g cm−3. Further details of
the field trial can be found in Weih and Nordh [45].

After establishment of the plantation in 2001, the plantation was managed in three-year
cutting cycles with shoots harvested during winter in 2004, 2007, 2010, 2013 and 2016. Mean
air temperature during the growing season (April to October) in the years relevant to this
study was 12.5 ◦C, and the corresponding mean annual precipitation sum was 841 mm [44].

For the present analysis, the average yield for the first harvest (2004) and for subse-
quent harvests (average value for 2007–2016 harvests) were calculated. The first yield after
planting is usually lower, as the plant root system is still establishing. The shoot growth
and biomass yield figures after the field measurement period (post-2017) were assumed to
follow the average values calculated from the field trial data. Table 1 presents the average
harvest values from the field study used as input to the modelling work.

Table 1. Average harvested biomass yield (dry weight, DW) and standard deviation (SD) of the six
commercial Salix varieties grown under two fertilization regimes in central Sweden from 2001 to
2018. F0 and F+ refer to the unfertilized and fertilized treatment, respectively.

Variety and
Treatment

1st Harvest 2nd–5th Harvest

Average
(DW Mg ha−1) SD Average

(DW Mg ha−1) SD

Björn F0 7.4 3.8 31.9 8.3
Björn F+ 15.5 4.3 42.7 16.0

Gudrun F0 8.8 4.1 20.8 5.9
Gudrun F+ 11.6 1.2 20.6 5.2

Jorr F0 4.5 1.3 14.4 7.6
Jorr F+ 16.9 0.9 36.9 6.0

Loden F0 3.9 1.2 14.4 4.1
Loden F+ 10.4 4.9 18.3 10.2
Tora F0 6.7 4.7 18.2 8.7
Tora F+ 16.6 6.1 38.3 11.1

Tordis F0 10.8 5.1 28.5 13.0
Tordis F+ 19.8 6.4 48.5 9.0

The field site was ploughed shortly before planting of the Salix stem cuttings. The soil
in each plot was sampled (five replicates per plot) with a soil corer (3 cm diameter), to a
depth of 10 cm in spring 2001 and to a depth of 20 cm in 2018. The initial soil sampling
was performed prior to laying out the plots. The field site is characterized by a flat surface
without relief-promoted erosion, which contributed to the lack of significant differences in
soil properties between the different plots. An additional follow-up soil sampling in 2002
showed no significant differences in the bulk density and SOC content among the plots.
As such, the ploughing did not cause a measurable difference between the first (2001) and
second year (2002). The SOC content in the 0–10 cm layer was recorded and is reported by
Baum et al. [44], who provide full details of the soil sampling and analysis procedures.
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As the plough depth was about 25 cm during the year of establishment of the field
trial, the topsoil (0–20 cm soil depth) was assumed to be homogenous and to have similar
characteristics. Hence, the initial SOC stock in the 10–20 cm soil layer in 2001 was assumed
similar to that in the 0–10 cm soil layer. The bulk density in 2018 had not changed sig-
nificantly from the initial value of 1.3 g cm−3, which can be expected as consequence of
combined lack of loosening by tillage under the perennial crops, but improved aeration
of the soil by increased SOC content. The SOC stock in the 10–20 cm soil layer from 2018
was analyzed following the same methodology as was described by Baum et al. [44] for the
0–10 cm soil layer. The resulting SOC stocks in the 0–10 cm, 10–20 cm and 0–20 cm layers
in 2001 and 2018 are displayed in Table 2. The reduction in SOC content in the 10–20 cm
layer for some of the Salix varieties is not unexpected under SRC as evidenced by similar
results reported by Kahle et al. [47].

Table 2. Soil organic carbon stock (Mg ha−1) in the 0–10 and 10–20 cm soil layers measured in field trials on six Salix
varieties at Pustnäs, Sweden, in 2001 (pre-establishment) and in 2018. F0 and F+ refer to the unfertilized and fertilized
treatments respectively.

Variety and
Treatment

Soil Carbon Stock 2001
(Mg ha−1)

Soil Carbon Stock 2018
(Mg ha−1)

Increase in
SOC Stock
(Mg ha−1)

0–10 cm 10–20 cm 0–20 cm 0–10 cm 10–20 cm 0–20 cm 0–20 cm

Björn F0 14.4 14.4 28.9 24.3 15.3 39.7 10.8
Björn F+ 14.4 14.4 28.9 20.9 12.1 33.0 4.2

Gudrun F0 14.4 14.4 28.9 22.3 21.3 43.6 14.7
Gudrun F+ 14.4 14.4 28.9 21.9 12.8 34.8 5.9

Jorr F0 14.4 14.4 28.9 31.7 18.6 50.3 21.5
Jorr F+ 14.4 14.4 28.9 27.5 14.3 41.8 12.9

Loden F0 14.4 14.4 28.9 26.8 17.3 44.2 15.3
Loden F+ 14.4 14.4 28.9 20.5 12.7 33.2 4.4
Tora F0 14.4 14.4 28.9 25.4 16.1 41.6 12.7
Tora F+ 14.4 14.4 28.9 25.8 14.2 40.0 11.2

Tordis F0 14.4 14.4 28.9 26.9 16.9 43.9 15.0
Tordis F+ 14.4 14.4 28.9 23.9 14.6 38.5 9.6

2.2. System Boundaries

The system studied comprised the steps from preparation of the field site for Salix
cultivation to production of heat in a boiler in a heating plant (Figure 1). Energy flows
and emissions from field operations, production of inputs, biomass transportation and
thermochemical conversion were included within the system boundaries. Downstream
losses and emissions after production of heat and ash at the incineration plant were
considered as outside the system boundaries. Belowground changes and biomass inputs
(from leaf, stumps, fine roots and coarse roots) to 20 cm depth were within the system
boundaries as the SOC values from the field studies were determined with accuracy within
the 0–20 cm soil layer. Highest litter input from fine roots and leaf litter are within this soil
profile [48]. As the SOC changes in the sub-20-cm-profile are not part of the study system,
a higher total carbon sequestration in the complete soil profile can be assumed.
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Figure 1. System boundaries (dotted lines) showing the processes considered within the study. Greenhouse gas and energy
fluxes associated with the processes within the system boundaries were included in the analysis.

2.3. Field Operations and Management

The SRC Salix system followed a typical three-year cutting cycle, with the Salix
harvested and chipped on-site at the end of every third growth cycle. The Salix then regrew
from the stumps left in the field. According to current practical recommendations [49], one
rotation period was assumed to last 25 years, after which the stumps would be broken up
and removed and a new rotation would be established with new cuttings. The study period
for the system was set to 50 years, which resulted in two rotation cycles. Technologies
and management practices were assumed unchanged during this period. The data and
assumptions used to calculate energy and emissions associated with the production of
inputs and processes can be found in the Supplementary Material (Tables S6 and S7).

The harvest period for SRC systems is usually during winter months because the biomass
is drier, the plant is dormant and the hard frozen soil provides a higher machinery carrying
capacity [49,50]. It was assumed that the conventional method of harvesting and direct chip-
ping was followed. Thereafter, the chips were transported to a heating plant for production of
heat. The average road transportation distance was set as 40 km in this study.

2.4. Thermochemical Conversion

The higher heating value (HHV) of the Salix chips was considered to be 19.9 GJ/Mg
DM (dry and ash-free), based on which the lower heating value (LHV) adjusted for moisture
content was calculated [51,52]. The average storage period of the chips was 30 days, during
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which 3% dry matter loss occurred. The heating plant produces heat from biomass incineration
and is equipped with flue gas condensation, which raises the overall efficiency. The energy
efficiency for heat and flue gas condensation is 84% and 10% respectively (LHV basis), which
gives an overall energy efficiency of 94%. The ash produced from biomass incineration was
assumed to be transported by road for an average distance of 100 km. Calculation of ash
quantities was on ash content of 3% in the Salix biomass [53]. The downstream processing
and end-use of the ash were deemed outside the system boundaries.

2.5. Reference System

The reference energy system in this study was a fossil fuel-based energy generation
system. A natural-gas-powered incineration plant supplied heat equivalent to the amount
generated in the same year from the SRC Salix system. The alternative land use scenario
was green fallow. The modelled SOC increase and use of fossil fuel for topping the
land annually were included in the LCA. Assumptions concerning emissions and energy
modelling are included in the Supplementary Material (Table S8).

2.6. Energy Performance Indicator

Energy performance was quantified by the indicator energy ratio (ER), which is the
ratio between the delivered usable energy (thermal energy in this case) and the total
primary energy input to the system [54,55]:

ER =
Delivered energy (Eout)

Energy Inputs (Ein)
(1)

The delivered energy (Eout) is the energy produced (as heat) from the heating plant.
Energy inputs (Ein) is the sum of all primary energy inputs associated with field processes
and management, machinery operation, and production of inputs (fertilizers, pesticides and
cuttings). Ein excludes the energy contained in the Salix biomass produced by cultivation.

This means that the losses in the thermochemical conversion process are excluded,
but they indirectly reduce the delivered energy (Eout). The ER metric is dimensionless and
describes the useful energy produced per unit of energy consumed.

2.7. Mineral Fertiliser

Addition of nitrogen in the form of mineral fertilizers and biomass entering the soil
lead to direct and indirect emissions of N2O. The amount of fertilizer was set according to
the levels used in the field studies, where all fertilized treatment plots received 100 kg N,
14 kg P, 47 kg K per hectare annually, excluding the year of establishment [44].

The direct (N2Odirect) and indirect (N2Oindirect) emissions were calculated as:

N2Odirect = EFN ·
(

Napplied + Nlitter + Nroots

)
·44
28

(2)

N2Oindirect = Napplied·(FA·EFD + Nleached·EFL)·
44
28

(3)

where Napplied is the nitrogen applied by mineral fertilizer, Nlitter and Nroots is the nitrogen
contained in aboveground litter and roots respectively, and Nleached is the nitrogen lost
by leaching. EFN, EFD and EFL are emission factors for direct emissions from applied
nitrogen, indirect emissions from volatilization and re-deposition, and leaching respec-
tively. FA represents the fraction of applied nitrogen emitted as ammonia. The fraction 44

28
converts nitrogen to N2O. The emissions are calculated using default parameter values
from IPCC [56], and are presented in Table A1, Appendix A. The same methodology was
followed to calculate emissions from the fallow reference case.

N2O emissions from biomass residues were based on the nitrogen content in Salix
leaf litter reported for the selected varieties by Weih and Nordh [41] (details in Table S4 in
Supplementary Material) and for stems as 0.43% (of total solids) [41]. Root nitrogen content
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was calculated from a dataset by Manzoni et al [57]. The estimated mean nitrogen content
of roots from plants with low and high fertilization was 0.83% and 1.76% (of total solids)
respectively (Table S5 in Supplementary Material). There are few studies on nitrogen
content between different plant components, especially among different Salix varieties.

2.8. Soil Carbon

Soil carbon balances were calculated using the regional Introductory Carbon Balance
Model (ICBMr) [46,58]. While the field trials provide measured SOC change for the first
17 years, the soil carbon modelling was used to estimate the SOC sequestration over the
study period of 50 years. The model calculates the carbon flux based on variable annual
inputs and regional differences. The ICBM model compartmentalizes the soil carbon into
two pools, a young pool (Y) and an old pool (O), and the dynamics are governed by five
parameters (i, ky, ko, h and re). The annual carbon input, denoted i, enters the young pool
primarily in the form of leaf litter and dead roots. Both the young and old carbon pools
undergo decomposition according to first-order kinetics as determined by decay constants
ky and ko, respectively. The humification coefficient h denotes the fraction of the young pool
that enters the old pool, while the remainder returns to the atmosphere as CO2 emissions.
The variable re represents the effect of external factors (mostly climatic and edaphic) on
the decomposition rates. The initial calibration of the model was carried out using data
from the Ultuna long-term field trial [59]. The ICBM parameters from the long-term trials
are the basis of the parameters used in our study for SOC modelling as the long-term field
trials are in the same region as our study.

The humification factor (h) varies depending on biomass quality and studies have
indicated that roots can contribute more to SOC than aboveground residues [60]. Salix fine
roots specifically have been shown to have higher turnover rates [48]. Therefore, the model
was modified to represent the two different input biomass types—aboveground inputs (ia)
and belowground inputs (ib), with separate humification coefficients (ha and hb). Hence, there
were two parallel young pools, a young pool representing the aboveground biomass input
(Ya) and a young pool representing the belowground input (Yb). Equations (4) and (5) were
used to calculate the SOC stock with an annual time step:

Y[a,b](t) =
(

Y[a,b]t−1
+ i[a,b]t−1

)
∗ exp−kyre (4)

O(t) =
(

Ot−1 −
(

ha .ky

(ko−ky)

(
Yat−1 + iat−1

)
+

hb .ky

(ko−ky)

(
Ybt−1 + ibt−1

)))
·exp−kore

+

(
ha .ky

(ko−ky)

(
Yat−1 + iat−1

)
+

hb .ky

(ko−ky)

(
Ybt−1 + ibt−1

))
·exp−kyre

(5)

The aboveground input, ia, consists of the leaf litter. The belowground input, ib, consists
of the yearly fine root turnover and the accumulated coarse roots and stumps broken up and
added to the soil after each 25-year rotation. The sum of the young and old pools represents
the total SOC content at the specific point in time. Based on Kätterer et al. [60], hb was
assumed to be 2.3 times the value of ha. The parameters were estimated from previous SOC
studies [17,33,35,38] on Salix using the same methodology. The parameter details of the ICBM
model are included in supplementary material (Tables S1 and S2).

2.9. Biomass Production Allocation

The standing biomass in Salix plants was divided into two major pools, aboveground
and underground. The aboveground pool consisted of the stems (S) and leaves (L), while
the underground pool consisted of the fine roots (F) and coarse roots (C). The stump
material was included in the coarse root pool. The biomass growth allocation for these
pools in a 3-year growing cycle are included in the Supplementary Material (Table S3). The
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ratio of 3-year accumulated net primary production (NPP) of aboveground biomass to
belowground biomass, denoted as η was calculated as:

η =
S + L
F + C

=
(1 + a)S
(1 + b)F

(6)

where S, L, F and C are the net production of stems, leaves, fine roots and coarse roots
(including stumps), respectively over the 3-year cutting cycle period, a is the ratio of leaves
to stems and b is the ratio of coarse roots to fine roots.

The differences in growth patterns between the various Salix varieties and treatments
can be expected to lead to variation in values of η between them. Thus, varying the ratio
η would lead to different input parameters (ia and ib), resulting in different SOC values
calculated by the ICBM model. This would lead to differences in biomass input between
the varieties and variations in SOC accumulation. The ratios a and b were determined from
lysimeter studies on Salix growth by Rytter [61] to be 0.244 and 0.238, respectively, and
are considered to remain unchanged between the different Salix varieties. Introduction of
the factor η was an attempt to represent the impact of genetic differences between Salix
varieties on plant growth and biomass allocation.

Rytter and Hansson [62] found that around 70% of total fine root biomass lies in the
upper 20 cm of the soil profile. Based on this, annual root biomass input in the 0–20 cm soil
layer was set to 70% of annual root NPP. For the equivalent green fallow reference case, the
root biomass was 60% of the root NPP in the 0–20 cm layer [63].

The ICBM model was used to calculate the SOC change in the 0–20 cm soil layer for
the 17-year period. The above-to-below ground accumulation ratio (η) was adjusted until
the calculated SOC values from the ICBM model matched the measured SOC values from
the field trials for all six varieties and treatments. The η values obtained by this method are
presented in Table 3.

Table 3. Ratio of aboveground to belowground biomass accumulation (η) over 3-years for the
different Salix varieties and treatments obtained from optimization of the ICBM soil carbon model
with field-based soil organic carbon measurements. F0 and F+ refer to the unfertilized and fertilized
treatments respectively.

Parameter Treatment Björn Gudrun Jorr Loden Tora Tordis

η F0 1.80 0.85 0.40 0.55 0.80 1.20
F+ 8.00 1.85 1.85 2.00 2.30 3.75

2.10. Climate Impact

In the normalized GWP100 metric, the cumulative warming potential of a GHG emis-
sion is represented relative to that of CO2 for a 100-year period [64] and expressed in
CO2-equivalents. The emissions of CO2, CH4 and N2O are multiplied by their respective
characterization factors and summed to arrive at the total GWP100. While this is a simpli-
fied and popular metric for representation of climate impacts, GWP100 does not capture
the effects of timing of the emissions and their absolute impacts on the ecosystem [30,54].

Absolute global temperature change potential (AGTP), also referred to as ∆Ts, is a
metric that takes into account the timing of emissions and represents the climate impact
as a change in temporal global mean surface temperature [65]. Using an absolute metric
like AGTP displays the climate impact from a GHG emission as change in temperature
(∆Ts), which approaches the actual physical effect on global temperature but increases
uncertainty. This time-dependent LCA methodology, developed by Ericsson et al. [35], was
used here as a climate impact indicator in addition to GWP100.

Emission of a GHG at a particular point in time leads to a change in its atmospheric
concentration which affects the radiative forcing (RF). This leads to a change in the energy
balance on Earth, which results in an increase or decrease in temperature represented as
∆Ts [35,56]. GHGs vary in their radiative efficiency and atmospheric residence time, e.g.,
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N2O and CH4 have atmospheric residence times of 12.1 and 12.4 years, respectively, while
CO2 stays in the atmosphere until it is absorbed by the ocean or biosphere [66]. The lifetime
of CO2 is modelled based on the Bern carbon cycle. The temperature response of a GHG
(AGTPx) is defined as:

AGTPx(H) =
∫ H

0
RFx(t)RT(H − t)dt

(
K kggas

−1
)

(7)

which represents the complex interaction between radiative forcing (RF) and the tempera-
ture response function (RT) caused by a unit change in RF due to a pulse emission of a GHG
‘x’ at a specific time interval (t), and ‘H’ is the timeframe of the study. The parameter RT
captures the change in temperature due to the change in RF because of emission or uptake
of a GHG (x) from the atmosphere at time interval (t). Integrating over the studied period
‘H’ gives the temperature response for a particular GHG (AGTPx) in terms of K kggas

−1.
The overall temperature response (∆Ts, measured in K) is the summation of the AGTP of
the individual GHG emissions over the study timeframe ‘H’. A detailed explanation of the
methodology is given in Ericsson et al. [35].

The time-dependent climate impact methodology requires the creation of an inventory
of GHG emissions and uptakes distributed over time of the study. Individual temperature
responses of each emission are calculated from this inventory. The total system response
(∆Ts) is obtained by summing the individual responses and can be plotted as the change in
temperature over time.

2.11. Sensitivity Analysis

Even with accurate data collection and standardized methods, uncertainties are un-
avoidable due to the multiple assumptions and variability involved in modelling and LCA
approaches. Sensitivity analysis makes it possible to understand how different factors
influence the final results of the analysis [67].

The setting of the system boundary to 20 cm of soil depth is a source of uncertainty.
This is a type of parameter uncertainty and model uncertainty, as change in depth of
soil profile changes the system boundaries of the model and related parameters such as
SOC values and inputs from BGB. To assess how a greater soil profile would influence
the SOC modelling and climate impacts from the different Salix varieties, a one-at-a-time
sensitivity analysis was performed. The system boundary was adjusted to include a soil
depth of 25 cm and related parameter of below ground input (ib) and initial and final
SOC values were changed, while other parameters in the analysis remained constant. The
average plough depth of 20–25 cm was the motivation for limiting the soil profile depth,
as the subsoil characteristics at the site (both before and after establishment of Salix) were
not known.

In soil carbon modelling, the average SOC stock in the 20–25 cm layer was estimated to
be half of the stock in the 10–20 cm layer for each of the varieties described in the previous
sections. The root biomass input for Salix and the reference fallow case was 80% and 65%
of the annual belowground NPP, respectively based on studies of root distribution for
Salix [48] and grasses [63,68]. The root distribution is subject to variability due to factors
such as soil and climate, and hence is a potential source of uncertainty.

3. Results
3.1. Energy Use and Efficiency

Regarding energy performance, the fertilized treatments of varieties ‘Tordis’, ‘Björn’,
‘Tora’ and ‘Jorr’ performed best in the ambient conditions, with ERs (GJout GJin

−1) of 28.2,
26.5, 25.1 and 24.7, respectively (Table 4). Among the unfertilized varieties, ‘Tordis’ and
‘Björn’ gave the best energy performance, with ERs of 47.7 and 48.2, respectively. Average
annual net heat output varied from 69 to 234 GJ ha−1 year−1 between the different Salix
varieties and treatments. Fertilized ‘Tordis’ had the highest primary energy input of all
the varieties as it had the highest yield levels, leading to high biomass and heat output
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(234 GJ ha−1 year−1). Fertilization of ‘Gudrun’ and ‘Loden’ did not lead to major improve-
ment in their yield over the unfertilized treatment, which resulted in relatively poor energy
performance of the fertilized treatment of these two varieties. Among the unfertilized
treatments, the variety ‘Björn’ had the highest annual heat output, 150 GJ ha−1 year−1.
The energy output from the heating plant is directly proportional to the biomass yield,
which was higher when the plots were fertilized. Hence, the energy outputs in the form of
heat were consistently higher for the fertilized treatment compared with the unfertilized
treatment. The primary energy input for the fertilized treatment of each variety was about
2.5–4.6 higher than in the equivalent non-fertilized treatment. Consequently, ERs for the
unfertilized cases was much higher than in the fertilized cases.

Table 4. Primary energy input, heat output, energy in biomass and energy ratio for the six SRC Salix varieties in fertilized
and unfertilized treatments during two rotation periods (years 0–50). F0 and F+ refer to the unfertilized and fertilized
treatments, respectively.

Variety and
Treatment

Energy in Biomass (GJ ha−1) Primary Energy Input (GJ ha−1) Net Heat Output
(GJ ha−1) Energy Ratio

(GJout GJin
−1)

Total Annual
Average Total Annual

Average Total Annual
Average

Björn F0 8245 165 156 3 7518 150 48.2
Björn F+ 11252 225 388 8 10259 205 26.5

Gudrun F0 5525 111 110 2 5038 101 46.0
Gudrun F+ 5562 111 290 6 5071 101 17.5

Jorr F0 3769 75 79 2 3437 69 43.3
Jorr F+ 9834 197 364 7 8967 179 24.7

Loden F0 3757 75 79 2 3426 69 43.2
Loden F+ 4956 99 280 6 4519 90 16.1
Tora F0 4789 96 97 2 4366 87 45.1
Tora F+ 10177 204 369 7 9279 186 25.1

Tordis F0 7526 151 144 3 6863 137 47.7
Tordis F+ 12859 257 415 8 11725 234 28.2

The contribution of the individual cultivation, transportation and handling processes
to the total primary energy input over the study period are described in Table 5. The
primary energy associated with pesticides, field preparation, production and planting of
seedlings, and stump removal were the same for all six Salix varieties and treatments, as
these processes are independent of variety type and fertilization. These are presented on a
per hectare basis. The processes of harvesting, chipping, forwarding and transportation are
directly proportional to the amount of shoot biomass produced, and hence are presented
on basis of per GJ of energy in biomass. Production and spreading of fertilizers were
the greatest contributor to primary energy input for fertilized cases, while it was zero for
non-fertilized cases.

Table 5. Primary energy inputs by process category associated with the bioenergy system of six Salix
varieties in fertilized and unfertilized treatments over the 50-year study period.

Process Energy (GJ ha−1) Unit

Pesticides a 4 GJ ha−1

Field preparation a 6 GJ ha−1

Planting & seedlings a 4 GJ ha−1

Stump removal a 1 GJ ha−1

Fertilizer b 0 or 180 GJ ha−1

Harvest & chipping c 7.33 × 10−3 GJ GJbiomass
−1

Forwarding (field transport) c 3.58 × 10−3 GJ GJbiomass
−1

Road transport c 6.22 × 10−3 GJ GJbiomass
−1

a Processes which are equal for all varieties. b Primary energy associated with fertilization is zero for the
unfertilized treatment. c These processes are proportional to the amount of biomass produced in the field.
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3.2. Soil Organic Carbon

Soil carbon modelling results showed that all varieties and treatments led to an
increase in SOC over the initial level in the topsoil (0–20 cm) during the study period
(50 years) consisting of two rotation periods (Table 6). The SOC stock calculated by the
ICBM model at the end of both the first rotation period (after 25 years) and second rotation
period (after 50 years) are shown in Table 6. Fertilized ‘Loden’ and ‘Björn’ showed the
lowest net increase in SOC during the 50-year period, 15.8 and 13.3 Mg ha−1, respectively.
These values were only slightly greater than the SOC increase for the fallow reference case
(9.5 Mg C ha−1).

Table 6. Initial, total and net soil organic carbon increase in the 0–20 cm soil layer after two rotation periods (50 years), as
calculated by the ICBM soil carbon model. F0 and F+ refer to the unfertilized and fertilized treatments, respectively.

Variety and
Treatment

Initial SOC
Stock (0–20 cm)

(Mg ha−1)

SOC Stock
after 25 Years

(0–20 cm)
(Mg ha−1)

Total SOC
Stock after 50

Years (0–20 cm)
(Mg ha−1)

Net SOC
Increase
(0–20 cm)

(Mg ha−1)

Annual SOC
Increase
(0–20 cm)

(Mg ha−1 yr−1)

Change in
SOC after

50 Years (%)

Björn F0 28.9 52.0 66.1 37.2 0.74 129
Björn F+ 28.9 37.2 42.2 13.3 0.27 46

Gudrun F0 28.9 60.4 79.4 50.5 1.01 175
Gudrun F+ 28.9 42.1 49.8 20.9 0.42 73

Jorr F0 28.9 74.6 102.4 73.6 1.47 255
Jorr F+ 28.9 56.7 73.7 44.9 0.90 155

Loden F0 28.9 61.1 80.4 51.5 1.03 178
Loden F+ 28.9 38.9 44.6 15.8 0.32 55
Tora F0 28.9 57.3 74.3 45.5 0.91 158
Tora F+ 28.9 52.3 66.6 37.7 0.75 131

Tordis F0 28.9 60.4 79.6 50.7 1.01 176
Tordis F+ 28.9 48.7 60.9 32.1 0.64 111
Reference-

Fallow 28.9 34.3 38.4 9.5 0.19 33

The carbon modelling results also showed that the unfertilized treatment for each
variety was able to sequester about 1.6 to 3.3 times more SOC than the fertilized case, except
for ‘Tora’. Both treatments of ‘Tora’ led to a similar increase in SOC stock in the topsoil.

The low-yielding variety ‘Jorr’ showed the greatest potential for net carbon seques-
tration, capturing 73.6 Mg C ha−1 and 44.9 Mg C ha−1 over 50 years in the unfertilized
and fertilized treatments, respectively. The variety ‘Gudrun’ had similar biomass yields
for both the fertilized and unfertilized treatments (Table 1), but net SOC increase in the
unfertilized case was almost double that in the fertilized case. ‘Björn’ had high biomass
yields, but the SOC increase was at the lower end of the spectrum. Thus, no clear correlation
between biomass yield and net SOC increase was established. These results indicate that
the impacts on SOC are variety-specific, and that fertilization in general leads to lower net
SOC increase.

3.3. Time-Dependent Climate Impact
3.3.1. Impact Per Hectare of Land (Including Substitution Effects)

All Salix varieties and treatments gave a negative temperature response (∆Ts) over the
study period, which equated to a lowering of the global mean temperature when substituting
reference fossil energy (natural gas) and reference land use (fallow) (Figure 2). There was
great variation in temperature response between the varieties, from −2.15 × 10−10 K ha−1 for
fertilized ‘Loden’ to −5.99 × 10−10 K ha−1 for fertilized ‘Tordis’. Fertilized ‘Tordis’, ‘Björn’,
‘Tora’ and ‘Jorr’ had the greatest negative ∆Ts per hectare of land, which is explained by
the high levels of yield combined with an increase in SOC stocks. These cases represent the
best use of land area under the study conditions for climate change mitigation.
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Although the unfertilized treatment of each variety had greater CO2 sequestration
potential, the increase in biomass output achieved by fertilization led to higher replacement
of fossil energy. As a result, fertilized cases had lower ∆Ts values. ‘Loden’ and ‘Gudrun’
were exceptions, as their fertilized cases showed a greater temperature response than the
unfertilized cases. These two varieties gained little to no improvement in their yield from
fertilization, so the additional energy and material input through fertilization led to a lower
climate mitigation potential.

3.3.2. Impact Per Unit of Heat Output (Including Substitution Effects)

A different picture emerges when the climate impacts from all cases were expressed
based on their function of delivering energy services (per MJheat) and replacing fossil-
generated heat (Figure 3). Unfertilized ‘Jorr’ showed the greatest climate mitigation effect
(−5.11 × 10−15 K MJ−1), while fertilized ‘Björn’ (−2.39 × 10−15 K MJ−1) had the lowest. The
non-fertilized varieties showed a greater negative temperature response (per MJheat) than
the fertilized varieties. This can be attributed to the higher primary energy demand for the
fertilized treatments, combined with the greater SOC increase for the unfertilized cases.

The unfertilized cases were more favorable for climate change mitigation on com-
paring when the climate impacts per unit of energy delivered (MJheat) by the biomass
systems. This is relevant when comparing energy generation systems and land is not a
restricted resource. Unfertilized ‘Jorr’ and ‘Loden’ were the best-performing varieties in
terms of potential for temperature reduction per unit of energy, although they had the
lowest biomass yield. Fertilized ‘Loden’, ‘Gudrun’ and ‘Björn’ had the lowest temperature
decrease (∆Ts per MJheat) over the study period. Those cases also had the lowest SOC
increase over the study period.
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3.4. Global Warming Potential

The life cycle impact assessment of the different varieties under the two fertilization
regimes showed varying climate impacts. A negative value of the GWP100 metric means
that there is a net reduction of atmospheric GHG concentration, leading to a climate
mitigation effect. In absolute terms (not including the effect of substituting the reference
case), unfertilized ‘Jorr’ had the lowest GWP100 (−333 Mg CO2-eq. ha−1), while fertilized
‘Björn’ had the highest total GWP100 (30 Mg CO2-eq. ha−1) (Table 7).

Among the fertilized varieties, ‘Björn’ and ‘Loden’ were the worst performing in terms
of climate mitigation effects per hectare over 50 years. These varieties had the lowest
increase in SOC among the fertilized varieties, which contributed to their poorer climate
performance. Fertilized ‘Tora’ and ‘Jorr’, which had the highest increase in SOC among
fertilized varieties, showed the greatest reduction in GWP, indicating the importance of
soil carbon sequestration for achieving a climate change-mitigating effect.

Considering the effects of substitution of a natural gas-based reference system for the
SRC Salix, all varieties showed a climate-mitigating effect during the study period. The
magnitude of the mitigation effect ranged from −312 Mg CO2-eq.ha−1 for fertilized ‘Loden’
to −858 Mg CO2-eq. ha−1 for fertilized ‘Tordis’. On considering the substitution effects,
the yield level influenced GWP. High yields contributed to a greater climate mitigation
effect, as seen for fertilized ‘Tordis’, ‘Björn’, ‘Jorr’ and ‘Tora’. This is a result of avoided
equivalent emissions from heat produced in the fossil reference system.
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Table 7. Global warming potential (GWP100) for the Salix cropping systems and fossil-powered reference system and effect
of substitution when Salix was assumed to replace the reference system. The GWP is expressed in both Mg CO2-eq per
hectare and g CO2-eq per MJ of heat during the 50-year study period. F0 and F+ refer to the unfertilized and fertilized
treatments, respectively. A positive value indicates emissions to atmosphere, and a negative value indicates reduction.

Variety and
Treatment

Global Warming Potential (GWP100)

SRC System a Reference System b Substitution Effect c

Mg ha−1 g MJ−1 Mg ha−1 g MJ−1 Mg ha−1 g MJ−1

Björn F0 −143 −19 514 68 −657 −87
Björn F+ 30 3 707 94 −677 −91

Gudrun F0 −220 −44 339 67 −558 −111
Gudrun F+ −31 −6 340 68 −372 −74

Jorr F0 −333 −97 225 65 −558 −162
Jorr F+ −114 −13 616 179 −730 −192

Loden F0 −231 −68 225 66 −456 −133
Loden F+ −10 −2 301 88 −312 −90
Tora F0 −198 −45 291 67 −489 −112
Tora F+ −84 −9 638 146 −722 −155

Tordis F0 −210 −31 467 68 −678 −99
Tordis F+ −47 −4 811 118 −858 −122

a Climate impact of SRC Salix system without substitution effect. b Climate impact of reference system—heat from natural gas and green
fallow land use. c Climate impact of SRC Salix system including substitution effects of reference system.

From the perspective of heat delivered with substitution effects, fertilized ‘Jorr’ had
the highest climate mitigation effect, −192 g CO2-eq.MJheat

−1 produced, while fertilized
‘Gudrun’ was at the other end of the spectrum, with −74 g CO2-eq.MJheat

−1 produced.
The contribution of the Salix production chain emissions, SOC sequestration and

substitution effects to the overall net GWP100 per hectare for the different Salix varieties
are presented in Figure 4. The production chain leads to GHG emissions while SOC
sequestration and substitution effects remove or replace GHG emissions. Emissions from
the production chain (field operations, transportation, fertilizer and soil emissions) are
higher for fertilized varieties due to fertilizer production and greater soil N2O emissions.
The substitution effects are the main contributor to the overall negative GWP100 for all
Salix varieties, except for unfertilized Loden and Jorr. These two varieties showed a greater
potential of SOC sequestration relative to harvest yields in comparison to the other Salix
varieties. Alternatively fertilized Gudrun and Loden have a higher GWP100 compared to
their unfertilized counterparts due to relatively lower improvement in yield.
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3.5. Sensitivity Analysis

The sensitivity analysis results for net SOC increase and climate impacts (GWP100)
from considering a soil depth of 25 cm, compared with the base case of 20 cm, are shown
in Table 8. Generally, a deeper soil layer gave a greater net SOC increase within the system
boundary, leading to a lower climate impact. Fertilized ‘Björn’, ‘Gudrun’ and ‘Loden’ were
exceptions to this, as the net SOC increase in the 0–25 cm layer was smaller than in the
0–20 cm layer. Consequently, the climate impacts for these three cases were also greater.

Table 8. Sensitivity analysis of soil organic carbon (SOC) sequestration and global warming potential (GWP100) for the six
Salix varieties in the fertilized and unfertilized treatments, when soil depth considered was increased from 20 to 25 cm. F0
and F+ refer to the unfertilized and fertilized treatments, respectively.

Variety and
Treatment

0–20 cm Soil Layer 0–25 cm Soil Layer

Net SOC
Increase

Annual SOC
Uptake GWP100 GWP100

Net SOC
Increase

Annual SOC
Uptake GWP100 GWP100

(Mg ha−1) (Mg ha−1 yr−1) (Mg ha−1) (g MJ−1) (Mg ha−1) (Mg ha−1 yr−1) (Mg ha−1) (g MJ−1)

Björn F0 37.2 0.74 −143 −19 40.1 0.80 −100 −13
Björn F+ 13.3 0.27 30 3 10.8 0.22 58 6

Gudrun F0 50.5 1.01 −220 −44 64.1 1.28 −193 −38
Gudrun F+ 20.9 0.42 −31 −6 19.7 0.39 9 2

Jorr F0 73.6 1.47 −333 −97 82.0 1.64 −258 −75
Jorr F+ 44.9 0.90 −114 −13 45.7 0.91 −55 −6

Loden F0 51.5 1.03 −231 −68 57.1 1.14 −175 −51
Loden F+ 15.8 0.32 −10 −2 13.9 0.28 26 6
Tora F0 45.5 0.91 −198 −45 50.1 1.00 −147 −34
Tora F+ 37.7 0.75 −84 −9 50.1 1.00 −34 −4

Tordis F0 50.7 1.01 −210 −31 58.2 1.16 −165 −24
Tordis F+ 32.1 0.64 −47 −4 33.6 0.67 −9 −1

Fertilized ‘Björn’, ‘Gudrun’ and ‘Loden’ showed the lowest SOC increase in field
measurements from 2001–2018, which led to lower SOC sequestration rates. On considering
a deeper soil layer, the starting SOC level prior to Salix establishment was also higher. In
absolute terms, the final SOC stock was greater with a deeper soil layer, but the net increase
was lower for these three cases when compared with a shallower (20 cm) layer. Thus, a
lower sequestration rate combined with a greater initial SOC level led to a smaller SOC
increase for these fertilized varieties with increased soil depth. Overall, the changes in SOC
stock and climate impacts were not highly influenced by considering a deeper soil layer of
25 cm.

4. Discussion

The analysis revealed that cultivation of the selected Salix varieties for bioenergy to
substitute equivalent fossil fuels (under the given environmental and site conditions) can
potentially mitigate climate change as it has a net cooling effect on global mean surface
temperature over a 50-year time horizon. Salix variety had a major influence on the climate
change mitigation potential. The Salix varieties in this study varied in some key factors
derived from measured field data (SOC sequestration, biomass yield and response to
fertilization) and these factors affected the overall climate impact between the different
varieties. The major contribution to the climate mitigation effect comes from substitution
of fossil fuels and SOC sequestration. While fossil fuel replacement is relatively easy to
estimate using harvest yields, estimation of SOC change over time is complicated as it is
subject to various environmental conditions and uncertainties.

The flue gas condensation technology assumed in the incineration plant with heat
recovery gives high energy efficiency, leading to a greater output of energy delivered which
puts the energy ratio in the higher range. This is a common technology in Swedish power
plants [64], although it might not be common in other countries. The conversion efficiency
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of the thermochemical processes selected in a study determines the amount of useful
energy production from the system and its subsequent ER. The ER in this study was within
the range 16.1–28.2 for fertilized Salix varieties and 43.2–48.2 for non-fertilized varieties.
Values of ER reported in the literature range from 16 to 79 in energy performance analysis
studies [69–76], which are indicative of different methods and assumptions considered in
individual studies.

The results in the present study indicate that Salix variety and fertilization regime
strongly affect the NPP distribution between aboveground and belowground biomass. The
ratio of NPP of annual aboveground biomass (AGB) to belowground biomass (BGB) in
our study was estimated at 0.4–1.8 for unfertilized treatments and 1.9–8.0 for fertilized
treatments (Table 3). The estimation of these values is based on the well-established
conception that variety and fertilization influence the production of BGB relative to AGB,
which leads to variation in SOC change.

Data on AGB and BGB production and allocation for Salix from some studies are
presented in Table 9. Heinsoo et al. [77] reported large differences in the magnitude of the
ratio between AGB and fine root production for fertilized and control plots in an Estonian
Salix plantation with two species (S. viminalis and S. dasyclados). This study reported a
significant reduction in annual production of fine root biomass under fertilization, while
AGB production was greatly improved. The AGB to BGB production ratio for S. viminalis
was 1.04–2.07 for lysimeter-grown Salix in sandy and clayey soils [61]. Rytter [78] found
significant differences in biomass allocation to fine-roots between N-limited and unlimited
growing conditions (for S. viminalis) but no change in annual turnover rates of fine roots.
These studies support the idea that fertilization can lead to lower BGB production that
leads to very different AGB to BGB ratios between unfertilized and fertilized treatments.

Table 9. Aboveground to Belowground biomass production and allocation ratios of Salix varieties reported under different
environmental conditions.

Study Description Value

Heinsoo et al., 2009 [77]

Ratio of aboveground to fine root annual production
S. viminalis control 1.16–1.09

S. viminalis fertilized 14.28–12.5
S. dasyclados control 2.85–1.51

S. dasyclados fertilized 20–16.67

Rytter, 2001 [61]

Ratio of total aboveground to belowground production
of S. viminalis L

Year 1 1.04–0.73
Year 2 1.73–2.07
Year 3 1.63–1.5

Rytter, 2013 [78]

Ratio of annual production of stem to fine root of
S. viminalis L

N limited 0.65
Unlimited 1.84

Pacaldo et al., 2013 [79]
Ratio of biomass allocation of Aboveground biomass

(Stem + Leaf) to Belowground biomass (FR + CR + stool)
of S. dasyclados

0.32–0.61

Pacaldo et al. [79] reported biomass allocation for a single Salix variety (S. dasyclados)
from two locations with different plantation ages and soil conditions; based on their data,
the AGB to BGB allocation ratio was 0.32–0.61. The ratio of annual production of AGB to
BGB in our study falls within the range of values reported for Salix in different studies, but
these figures need to be validated by further studies on belowground biomass to increase
accuracy in soil carbon modelling estimates.
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Salix roots are characterized by high growth and mortality rates [80] and are not bound
by seasonal patterns, with some growth and decay observed even during winter [61]. This
indicates that root production is relatively higher under a non-fertilized regime, which
combined with unchanged turnover rates would lead to higher belowground biomass
input to the soil compared with a fertilized treatment, which can lead to greater SOC stocks.

The few previous studies on how biomass growth and allocation differ between
Salix varieties [43,81,82] have shown that variety and growing environment can have
significant impacts on biomass allocation and growth patterns. Cunniff et al. [43] found
that belowground allocation differed up to 10% between Salix varieties and up to 94%
between locations. Furthermore, a study by Gregory et al. [81] found significant differences
in root density between Salix varieties, especially in the upper layers.

There is a scarcity of data on belowground biomass allocation and its variation between
Salix varieties and environmental conditions. Only a few studies measured the production
and turnover of roots (especially fine roots) as these analyses are time-consuming, labor-
intensive and expensive [83]. Furthermore, the estimation of root growth and number
can greatly vary due to the measurement method used [84]. A study including two Salix
varieties [85] has also shown differences in decomposition rates of fine root litters, which
further stresses the need for variety focused studies. This makes it difficult and complicated to
compare data on aboveground to belowground biomass accumulation from different sources,
as variations can occur owing to multiple factors. This is a source of variability in determining
especially belowground biomass growth and its contribution to SOC sequestration. There
is need for further research and standardization of methods to enable comparisons and
calibration of soil carbon models to make more reliable long-term predictions.

In spite of the uncertainties regarding the variety-related input variables for soil carbon
modelling, this investigation provides useful insights into the expected variety-related
SOC changes over a longer period of time and based on measured data of above ground
biomass and soil SOC over an 18-year period. While these uncertainties might affect all
investigated varieties in a similar way, they are likely to result mostly in an uncertain
absolute magnitude of SOC after a certain period of time, whereas the variety-specific
pattern of SOC change is expected to be more robust. Thus, we believe that the use of
Salix variety-specific data from the field study in this analysis is a clear improvement over
previous studies dealing with SOC modelling in Salix. The scaling and extrapolation of
soil carbon models is a challenge due to lack of long-term data and the complexity of SOC
sequestration mechanisms. Despite the challenges, such approaches with assumed data are
a necessary part of making sustainable management decisions. The accuracy of the models
and their predictions can be constantly adjusted by feedback of new measured data and
advancing knowledge of SOC.

The carbon modelling based on measured SOC levels from the measured field trial
data, showed that non-fertilization led to a greater increase in SOC compared with fer-
tilization of the same variety under the same soil conditions. A relationship between
shoot biomass yield and increase in SOC was expected from other studies, but was not
seen in our study, as greater yield did not correlate with more CO2 being sequestered
in the soil. For example, unfertilized ‘Jorr’ had one of the lowest shoot biomass yields
among all varieties investigated here, but showed the highest increase in SOC in the top
20 cm soil layer; while fertilized ‘Björn’, with high biomass output, had one of the lowest
increases in SOC stocks. This result questions the common assumption of higher shoot
biomass yield leading to a greater increase in SOC due to higher production of leaf and
root litter. While greater shoot biomass may lead to increased leaf litter production, root
litter production might show a differential pattern. Interestingly, Pappas et al. [86] found
that in boreal forests, aboveground biomass growth is decoupled from the carbon input to
the ecosystem, highlighting the significance of belowground carbon inputs independent
from aboveground growth. Also, Khan et al. [87] conclude that N-fertilization increases
harvests for crops but can have a negative effect on SOC sequestration.
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The SOC accumulation rate in our study was 0.24–1.29 Mg ha−1 yr−1 for the 0–20 cm
soil layer over 50 years. Direct comparisons of SOC changes reported in different studies are
difficult, because of variations in initial soil conditions, study period, growing conditions,
methodology and depth of soil profile considered in the study. The test site had a clay
content of 18%. This clay content promotes long-term carbon sequestration by stabilization
of SOC against decomposition [88]. SOC sequestration rates of 1.44–2.27 Mg ha−1 yr−1

for the top 30 cm soil layer have been reported for two Salix varieties during a 6-year
study period in the UK [81]. Other recent studies have recorded SOC sequestration rates of
1 Mg ha−1 yr−1 in the upper 10 cm in Italy [89] and high levels of 6.7–10.2 Mg ha−1 yr−1 in the
upper 60 cm in Belgium [90]. In a meta-analysis by Agostini et al. [18], SOC accumulation
rates in the range −0.06 to 3.57 Mg ha−1 yr−1 Mg ha−1 yr−1 were found for Salix. However,
the studies in the meta-analysis varied greatly in methodology, soil conditions and length
of study period, impeding comparisons. Greater accumulation rates have been reported
for Salix grown on former arable land compared with grassland [91]. The amount and rate
of SOC change are highly dependent on the previous land use, which consequently plays a
major role in the climate impact. In any case, the annual SOC accumulation rates in our
study clearly fall within the range reported from other sources. However, there is a need
for further investigation of root production, turnover and decay based on soil types, plant
variety, and nutrient regimes because the soil carbon change has an important effect in
determining the climate impacts and should therefore be included in systems studies

From a land use perspective, the climate impact was governed by the Salix biomass
yield. Higher biomass yields contributed to a greater replacement of fossil energy, thereby
contributing to a greater cooling effect. Exceptions to this were the varieties ‘Gudrun’
and ‘Loden’, which showed almost no improvement in yield from fertilization. Thus, for
optimum climate mitigation per unit land area, a high-yielding variety needs to be selected.
However, on comparing the varieties from the functional unit of energy output (per MJ of
energy output), the SOC sequestration potential played the major role in determining the
climate impact. In this regard, the unfertilized varieties with good yields and SOC seques-
tration potential offered greater potential cooling effects. Hence the basis of comparison
(land use or energy output) also plays an important role in the interpretation of climate
impact results.

A literature review by Djomo et al. [54] reported that LCAs of short-rotation bioenergy
crops often use very different system boundaries, impact indicators and conditions, which
makes comparisons between studies difficult. All scenarios analyzed in the present study
showed a GWP reduction potential of 95 to 237% compared with the fossil reference
system (Table 7). This is much higher than the 90–99% reduction potential presented in
the review by Djomo et al. [54], but only one study in that review had considered the
effects of soil carbon sequestration. The high yield levels for unfertilized Salix varieties
in the present study, combined with SOC sequestration, explain the much higher GWP
reduction potential estimated in our study. However, the soil is not an endless C sink
and increasing temperatures under climate change will accelerate the degradation of SOC,
thereby reducing the size of the sink. Thus, the SOC sequestration potential is expected to
decrease over time because of climate change. It is difficult to predict technological change
during a long period, so in this study the systems were assumed to remain static during the
50-year period. Assuming a constant level of cultivation of Salix at the same location, the
cooling effect from an increasing SOC pool will eventually decline, but the warming effect
due to GHG emissions from the production system will continue to increase over time. The
major sources of emissions are production of fertilizers and N2O soil emissions. From a
longer time perspective, these emissions will be of uppermost importance in improving
the climate performance of Salix production systems.

Default IPCC values for calculation of nitrogen leaching from mineral fertilizers were
used in this study, due to lack of site-specific data. Salix has been shown to have lower
nitrogen leaching rates than other crops [40,92], and thus the default values used here
might be on the higher side for Salix cultivation. In the field trials, all fertilized plots were
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enriched with the same quantity of mineral fertilizer, which might be higher or lower than
the optimal fertilization level of the plant. Fertilization studies can help to determine the
optimum fertilization by variety, which will greatly influence the emissions and energy
input of the fertilization phase and the AGB to BGB production ratio.

The scarcity of complete data that are site- and variety-specific for all aspects of the
Salix bioenergy production and decomposition poses some limitations. The SOC changes
and climate impacts from one study should not be directly extrapolated to other cases as
there are several factors (such as environmental conditions and previous land use) which
can lead to different results. The results of this study stress the importance of accounting
for variety and fertilization effects when estimating SOC changes and climate impacts
of Salix bioenergy systems. As such, these effects should not be ignored in planning for
bioenergy systems of the future. There is potential to develop varieties with high levels of
both shoot and root biomass with efficient fertilizer utilization, which would give a greater
climate mitigation benefit.

5. Conclusions

Soil carbon modelling based on Swedish field trial data showed that all Salix varieties
tested can potentially increase the SOC stock in the soil over a period of 50 years under given
soil conditions of vertic cambisols. Salix variety and fertilization treatment determined
the magnitude of CO2 sequestration. No clear relationship was found between biomass
yield and SOC sequestration potential across the varieties and soil type used in this study,
which indicates that belowground biomass accumulation and decomposition should not
be directly estimated from shoot yield alone. High production and turnover rate of fine
roots was estimated to be the major contributor to SOC inputs by Salix. Fertilization
led to an increase in biomass yield (and therefore energy output), but a decrease in SOC
sequestration potential, across all varieties.

The fertilized ‘Björn’ biomass systems showed a warming effect on the climate (pos-
itive GWP) without inclusion of substitution effects from replacing a natural gas-based
reference case. However, all varieties and treatments showed the potential to mitigate
climate change (negative GWP and ∆Ts) on inclusion of substitution effects. High-yielding
Salix varieties had the greatest potential to mitigate climate change when looking from
a land-use perspective. When comparing per energy unit, the SOC sequestration effects
become more prominent in determining the overall magnitude of the climate change mitiga-
tion potential of the different Salix varieties. System analysis approaches like LCA should
incorporate SOC effects, which can significantly affect the climate impacts of biomass
cultivation systems, as seen here for six Salix varieties.

Initial soil conditions are very important for biomass productivity because they in-
fluence the amount of leaf and root litter produced, which in turn influence the SOC
accumulation rate. Hence, previous land use needs careful consideration when evaluating
climate impacts. Results in previous studies, combined with our findings, show that there
is some uncertainty about SOC sequestration rates, which makes it important to research
belowground biomass production, including varietal and location effects.

The results from this study highlight the effects of variety on SOC sequestration,
biomass yield, response to fertilization and, ultimately, climate impact. This shows the
importance of selecting the appropriate variety of Salix and management practices based
on the desired outcome from the bioenergy system.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/f12111529/s1, Table S1: Parameters used to model SOC changes in ICBM. Table S2: Initial
values of aboveground (Ya) and belowground (Yb) young pool, and old pool (O) used in the ICBM
calculation. Table S3: Values used to calculate the biomass allocation between the different pools
(stems, leaves, fine roots and coarse roots) at stages of growth as a percentage of their 3-year net
primary production. Table S4: The nitrogen content in leaf litter was calculated according to the
abscission leaf N content by variety and fertilization as reported by Weih and Nordh, 2002. Table S5:
The nitrogen (N) content of roots was calculated from the dataset by Manzoni et al., 2021. Table S6:
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Energy input and emissions associated with production of pesticides, cutting, fertilizer and fossil
fuels. Table S7: Data used to estimate emissions and energy usage for operations in the biomass
procurement chain. Table S8: Data used to model emissions and energy for the reference case.
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Appendix A

Table A1. Default parameters used in Equations (2) and (3) to calculate N2O emissions as described
in IPCC 2019 [56].

Parameter Description Value Unit

EFN Direct emissions from applied N 0.01 kg N2O-N kg−1 N

EFD
N2O emissions from volatilization and

re-deposition 0.010 kg N2O-N kg−1 NH3-N

EFL N2O emissions from N leaching 0.011 kg N2O-N kg−1 N leached

FA
Fraction of applied N lost as ammonia

(for ammonia-N based fertilizer) 0.05 kg NH3-N + NOx-N kg−1

applied N
Nleached Fraction of N lost by leaching 0.24 Kg N kg−1 applied N
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Abstract: Plantations have many advantages when compared to natural or semi-natural forests,
such as shortening production cycles, the production of wood with specific characteristics, and
near-market production concentrations. The intensive development of this form of industrial wood
production is practiced all over the world. The wood industry in Poland struggles in recent years,
with a large shortage of wood. The deficit of wood has been accumulated for several years and is
steadily increasing. One of the possibilities to change this trend can be development of fast-growing
trees plantations. The main aim of this study was to determine the potential of land in Poland, which
could be used for the cultivation of fast-growing trees plantations. The analyses took into account
the area and marginal agricultural land. The potential plantation land areas were determined for
poplar cultivar “Hybrid 275” and European larch (Larix decidua Mill.). The results show a possibility
to generate a considerable area that can be developed into plantations of fast-growing trees in Poland.
According to the analyses carried out for the purpose of this study, with only 5% use of the sown area
and 5% use of forest lands, as well as the boscage (wooded land and bushy land), it is possible to
obtain approximately 0.6 MM ha of land for fast-growing tree plantations. In the case of planting 50%
of these lands with larch and 50% with poplar, and if a 50% capacity of the plantation is assumed, it
will be possible to obtain nearly 6 MM m3 of wood per year.

Keywords: capacity; European larch; fast-growing trees; plantations; plantation area; poplar cultivar
“Hybrid 275”; sown area

1. Introduction

According to the European Panel Federation (EPF), in recent years, there has been
rapid growth in the development of European wood sectors. In 2019, in Poland, 11.7 MM m3

of wood-based panels were produced, which made an 18% share in the UE market; there-
fore, Poland has become the second (after Germany)-largest manufacturer in Europe [1].
The strategic value of wood in Poland is confirmed by the fact that the industry based on
the processing of this raw material is one of the pillars of the Polish economy. The market
share of the forestry-based industry in GDP (gross domestic product) is ca. 1.7% and is
higher than in the EU (about 1%) [2]. Despite that, the wood-based panels sector still faces
serious challenges, especially a limited availability of raw wood. Since 2012, a shortage of
wood has been observed for the wood-based panels industry in Poland, reaching 20%, and
the trend is maintained [3]. Raw material shortages are now a widespread problem in the
world. It is estimated that the wood deficiency would reach 200 MM m3 and 300 MM m3

in 2025 and 2030, respectively [4]. This is an apparent confirmation of the thesis about the
strategic importance of wood as a raw material [5].

One of the possibilities to reduce the shortage of raw material can be creating an outer
wood production ecosystem or a sub-ecosystem within forest ecosystems consisting of
plantations of fast-growing trees. Already, over one-third of the global wood production
comes from plantations [6]. There are different directions of using wood from plantations.
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Initially, the leading direction was the establishment of plantations with the possibility
of obtaining wood mainly for energy purposes. There are many local, national and inter-
national initiatives to support the development of renewable energy sources [7]. In the
past decades, the most important tree species grown in European short-rotation coppices
intended as a renewable energy source were willow, poplar and, to a lesser extent, aspen
and robinia [8,9]. European commercial willow plantations were mainly located in Swe-
den, the UK, Poland and Germany [7,8,10,11]. In Poland, they covered a small area of
approx. 6800 ha in 2008 [8] and approx. 5515 ha in 2011 [12]. A steady decrease of willow
plantations in recent years in Sweden was observed too [13]. It should be noted that, in
Poland, willow wood from plantation crops was grown mainly for energy purposes [12].

The growing deficit of wood, mainly in the wood-based panels sector, forced a change
in the policy of establishing and running fast-growing tree plantations. Species intended for
this type of purpose should be characterized by appropriate dimensional and qualitative
characteristics [14]. Moreover, it was found that, in Poland, among the species of fast-
growing trees, the best prognoses are: poplar (mainly the cultivar “Hybrid 275”) and
European larch (Larix decidua Mill.) [15,16]. When relatively dense spacing (3 × 3 m) is
used, a very high annual increment is obtained—in the case of larch, up to 14 m3 × ha−1,
and poplars even up to 25 m3 × ha−1—while, usually, it is 14–20 m3 × ha−1 [16].

Warmbier et al., [17] pointed to the limited possibilities of using willow wood for the
production of wood-based panels. Willow wood can be mainly dedicated for use only for
core layers of particleboards, and replacing pine particles 25–30% with willow particles
in the core layer of three-layer particleboards allows obtaining materials with properties
that meet the requirements of the appropriate standards [18,19]. The wood of willow
clones has an approx. 25% higher density than the wood of poplar clones. The use of
wood of willow clones for the production of wood-based materials (especially with lower
densities) is recommended to a lesser extent. This is due to the technological aspects and
the anticipation of obtaining lower-strength parameters of boards made of higher-density
wood, because, during pressing, particles from woods of higher density are less susceptible
to compression [20–25]. In turn, the usefulness of plantation poplar and larch wood for the
production of wood-based panels was confirmed by the published research results [26,27].
This was also evidenced by the implementation of technology and production of this type
of material on an industrial scale in Europe (production based on plantation poplar wood).

Plantation development is a very important aspect for the Polish wood industry,
especially for the manufacturers of wood-based panels. One of the most important facts
justifying the establishment of plantations is the European context of strategic value of
wood in the industry. According to the European Commission, wood is also considered an
important source of raw materials for emerging bio-based industries [28]. Similar solutions
to those already put in place by one of the leading manufacturers of wood pulp and paper
can be successfully adopted by the manufacturers of wood-based panels who require large
quantities of medium-size wood. Apart from the large corporations, State Forests National
Forest Holding (SFN FH)—the main manager of Polish forests, as well as one of the leading
manufacturers of wood—-should undertake the production of commercial wood from
plantations, which would be in compliance with the global tendency to ease the pressure on
natural forests. Plantations of fast-growing trees managed only by SFN FH utilize a small
area that currently amounts to 2547.94 ha (equivalent of 0.03% of total forest land) [29].

The formation of forests on former agricultural land can be the result of a natural
secondary progression. Recently, particularly in Europe, that is the result of intentional
afforestation. This was the effect of promotion by the European Parliament and of the
Council the Regulation (EU) No 1305/2013 [28]. The Regulation established a community
aid scheme for forestry measures in agriculture, with the general aim of transforming agri-
cultural lands into forested areas. Parallel to this, due to the increase in the world’s demand
on wood, extensive research on harvesting wood from fast-growing trees plantations is
being carried out [30]. The current trends concern mainly wood harvested from genetically
modified trees (GMO) [31–34]. As a result of the insufficient recognition of genetically mod-
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ified materials, ethical aspects and legislation shortages, the wide utilization of wood from
genetically modified trees in Europe is presently ineffective [35–38]. Insufficient knowledge
in the area of genetically modified species, especially in the utilitarian context, imposes the
development of new research directions. Experienced foresters are exceptionally helpful
in the breeding of fast-growing trees. The advantages of plantations are not only high
productivity but, also, the availability and easy access to highly concentrated and deployed
resource of raw materials for the wood industry [39–42].

Plantations of fast-growing trees on agricultural lands have a positive effect on the
structure of the soil due to the lack of regular heavy agrotechnical treatment. In a longer
perspective, the content of carbon and nitrogen in the soil will increase. This is an additional
argument for locating plantations of fast-growing trees on low-class lands for a period
of time and subsequently returning to cultivating agricultural crops after resources from
the plantation are collected. The periodical usage of agricultural land for plantations of
fast-growing trees facilitates the regeneration of overexploited land by improving the soil
fertility and, consequently, boosts crop growth. This is due to the factors such as [16]:
(I) by penetrating the ground, tree roots crumble the lower layer of soil, (II) the intensity of
mineral fertilizing is decreased thanks to plants using nutrients that return into the soil
with falling leaves, (III) the organic matter from the forest litter increases the humus layer,
and (IV) plantations protect soil against excessive evaporation and erosion.

Agroforestry as a form of plantation of fast-growing trees is widely known and used
in Western Europe, Asia and South America. Plantations as such are established on spaces
larger than standard plantations, where agricultural and meadow plants are primarily
cultivated within the first few years [43]. It is beneficial, as the crop residues left in the
rows on the fields additionally fertilize the soil. Moreover, agroforestry may be a link
between agricultural plant cultivation and tree plantations. It is estimated that the average
annual gain from a poplar plantation in Poland is comparable to that from the production
of oil-yielding rape or wheat. Moreover, the production cycles become shorter thanks
to advancements in science and technology [44]. Fast-growing trees on agricultural land
can achieve high biomass yields with a relatively low input of nitrogen fertilizer and are
regarded as efficient nitrogen users [8,45]. Dimitrou and Rutz [7] indicated a number
of other, nonproduction benefits resulting from the cultivation of short rotation woody
crops (SRC or SRWC). The authors report that this type of coppices helps to improve the
water quality; enhance biodiversity; provide ecosystem services, i.e., hunting, beekeeping,
water supply and fire protection; mitigate animal diseases between farms; prevent erosion;
reduce artificial input materials, i.e., fertilizers and pesticides, and mitigate climate change
due to carbon storage.

Recently, in Poland, there has been a noticeable increase of the fallowing and set-
aside process on agricultural land where the conditions for agricultural productions are
unfavorable. Such land accounts for approximately 10% of the agricultural land [46]. This
is caused mainly by a low availability of agricultural production areas, which results
from unfavorable natural environment and soil quality [47]. Such land is located in areas
where a combination of factors such as unfavorable conditions for agricultural production
and unfavorable landscape features (eroded land, steppe formation, rocky ground and
moorland) occur. The usefulness of agricultural land is also limited by the anthropogenic
influence (land degraded and devastated due to careless human activity). The vicinity of
factories, express roads and motorways is an additional factor that adds to the negative
agricultural conditions. Agricultural land with unfavorable conditions for agricultural
production as the above can be a potential area for plantations of fast-growing trees.

Collecting and processing data on forestry plantations is a common practice intro-
duced in many countries around the world [48–50]. However, due to the lack of unam-
biguous criteria for classifying certain areas into the category of “forest plantation”, it
is difficult. The data should be derived from statistically designed inventories of forest
plantations or statistics for planted areas reported by planting agencies or appearing in
national reports. However, it often comes from many sources, e.g., nursery production,
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seedling distribution, estimates derived from agencies, industries and nongovernmental
organizations participating in planting programs [51]. For this reason, each study in this
area should be treated as a valuable source of information.

The main purpose of the study was to provide suggestions on the potential possibilities
of meeting the demand for raw materials, which is considered to be the main problem
of the wood industry. As part of the work, the areas available for the establishment of
plantations of fast-growing trees were determined, taking into account the potential to
generate wood resources as raw materials for the production of wood-based panels. The
knowledge in this area is crucial to meet the needs of the wood industry— more, the wood-
based panels industry in Poland is highly competitive. The potential plantation land areas
were determined for poplar cultivar “Hybrid 275” and European larch. This work is an
original study in terms of the definition of potential areas in Poland for forestry plantation.

2. Materials and Methods

In the first part of the work, the current data on the area and stock (taking into
account age classes) of fast-growing trees: poplar cultivar “Hybrid 275” and European
larch (Larix decidua Mill.) were presented. The data were prepared based on the State
Forests Information System (SILP) [29]. The results of the study were presented in the form
of maps prepared on the basis of Central Codification Information (COT) obtained from
the Department of State Forestry Informatics (ZILP). The COT consists of SILP subsystem
tables, excluding the planning system. The selections were made as follows:

1. Fast-growing tree plantations (in SILP, a specific separation is marked), with a poplar
or larch in the main layer with a total share of at least 50%.

2. Area lists include the entire surface of the plantation areas that were not reduced by
any fraction of a dominant species in the main layer.

3. The thickness of the selected species and not the entire plantation was specified in the
thickness records.

The second stage of the research was carried out on the basis of data from the Central
Statistical Office of Poland [46,52], and the Agency for Restructuring and Modernisation of
Agriculture (ARMA) [53] consisted of an analysis of the structure of agricultural areas in
Poland and the average area of agricultural holdings with a division into voivodeships. The
adopted size of the assumptions resulted from the willingness to present the possibilities of
developing agricultural land with a small and, at the same time, rational use of these areas
without significantly limiting their area and importance. According to Zabielski [44], a
single plantation should have a minimum area of 5 ha. A plantation area cannot be too small
if all the cultivation and maintenance are mechanized with the use of special equipment to
be cost-effective. Baum et al., [8] reported that the more diverse the surrounding landscape,
the more species are able to be established in the plantation. Smaller plantations with
longer-edged habitats facilitate species immigration from the surroundings better than
larger plantations. Small plantations may increase the regional diversity.

For the purpose of this stage, the following were assumed:

1. The plantation-grown species for the wood industry are poplar cultivar “Hybrid 275”
and European larch (Larix decidua Mill.).

2. An analysis of the division of the surveying area and land use in 2016 refers to the
specification presented in the characteristics of the agricultural holdings [46].

3. The land shares to be dedicated to plantations:

� not less than 5% and not more than 10% of the sown areas, permanent crop
areas and forest land and

� not less than 5% and not more than 30% of the areas of fallow land, wasteland
and other land.
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In the third stage, after indicating a potential area for plantation, the available
amounts of alternative raw materials for the wood industry were determined based on the
following assumptions:

1. Potential plantation land will be allotted completely for the cultivation of fast-growing
trees; assuming a 100% production capacity of 14 m3 × ha−1 (annually) for larch and
25 m3 × ha−1 (annually) for the poplar cultivar “Hybrid 275” and 50% production
capacity from the plantation [16], the production cycle should take 40 years in the
case of European larch and 25 years in case of the poplar cultivar “Hybrid 275”).

2. Total cover of the plantation with European larch, total cover of the plantation with
poplar cultivar “Hybrid 275”, 50% cover with larch and 50% cover with poplar.

Such extensive research dealing with the potential area for forest plantation has never
been undertaken before. In the study, the potential areas in Poland for forestry plantations
with the available amounts of raw materials were linked.

3. Results and Discussion
3.1. The Area and Stock of Raw Material from Plantation of Poplar Cultivar “Hybrid 275” and
Larch (Larix decidua Mill.) in Poland—Current State

The data obtained from the State Forest Information System were imposed on the
cartograms presented in Figure 1. The species dominating on the plantations of fast-
growing trees in Poland are poplar and larch, which reach up to 80.29% of the overall
plantation area [29]. In general, Poland is characterized by a low share of the poplar and
larch plantations in the total forest areas (0.026%). The plantations with poplar as the
dominant species or poplar single-species plantations (in the first stage of tree stands) are
cultivated on 1156.05 ha, while plantations with larch as the dominant species or larch
single-species plantations (in the first stage of tree stands) cover 889.7 ha. The highest share
of the larch plantation is in Radom RDLP, which is reflected by the natural distribution of
this species in Poland, excluding mountainous areas, while poplar plantations occupy the
largest area in RDLP Gdańsk and Lublin, which means in the regions with the suitable soils
conditions for this species. A nearly complete lack of fourth age class plantations seems to
be understandable due to the purpose of the plantations of fast-growing trees characterized
by short production cycles. In turn, the lack of plantations in mountain areas is associated
with limiting climatic conditions. The total stock on plantations of fast-growing poplar
trees (taking into account all age classes) was estimated at about 280,000 m3, of which
most are in the third age class, i.e., 190,000 m3, whereas the total stock on plantations
of fast-growing larch trees (taking into account all age classes) was estimated at about
160,000 m3, of which most are in the second age class, i.e., 120,000 m3. In 2015, the annual
shortage of raw wood only for the wood-based composites industry in Poland, reached the
level of around 7.7–11.4 MM m3 [54]. On the basis of the presented data, it can be clearly
stated that the acreage of fast-growing trees (poplar and larch) in Poland is insufficient
to eliminate the deficit of wood to a large extent. Therefore, there is a need to increase
plantation areas in Poland.
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Figure 1. Arrangement of fast-growing tree plantations: (A,B) larch and (C,D) poplar in the regional 
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sizes of the bars are linear. The symbols of the regional names of the LPs are explained in Abbrevi-
ations. In addition to the legend: On the left, cartographic explanations (colours RDLP: shades of 
brown-surface and green-stock). On the right-hand side, explanations for the carto diagrams (the 
colours of the bars and their sizes). Abbreviations: RDLP-Regional Directorates of the State Forests; 
BLK-RDLP in Białystok; GDK-RDLP in Gdańsk; KKW-RDLP in Kraków; KSO-RDLP in Krosno; 
KWE-RDLP in Katowice; LBN-RDLP in Lublin; LDZ-RDLP in Łódź; OTN-RDLP in Olsztyn; PLA-
RDLP in Piła; PZN-RDLP in Poznań; RDM-RDLP in Radom; SZK-RDLP in Szczecinek; SZN-RDLP 
in Szczecin; TRN-RDLP in Toruń; WCW-RDLP in Wrocław; WRA-RDLP in Warszawa; ZGA-RDLP 
in Zielona Góra. 
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3.2. The Assessment of the Potential Area of Land for Plantations of Fast-Growing Trees in Poland

According to the Statistical Yearbook of Agriculture of the Central Statistical Office of
Poland [46], in 2016, there were 14.5 MM ha of agricultural land, nearly 99.1% of which
was in good agricultural condition. Of the above-mentioned land, plantations may be
established on sown areas or fallow lands. Additionally areas used for permanent crops
and permanent meadows can be partially prepared for plantations. A potential area for
the plantations of fast-growing trees may also partially consist of forest land, as well as of
woody and bushy land. The total area of this type of land was 944,031 ha in 2016 (Table 1).
The data concerning the agricultural land and the number of agricultural farms did not
include agricultural landowners who do not perform agricultural activity and owners of
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less than 1 ha of agricultural land who perform agricultural activities on a small scale [46].
Taking into consideration the geodesic area of the country, its utilization and the above
assumptions, the potential area of land for plantations of fast-growing trees was shown
in Table 1. Assuming only 5% use of the sown area, it is theoretically possible to obtain,
respectively, 531,999 ha of land for plantations of fast-growing trees. If the utilized area
constitutes 5% of the sown area and 5% of the fallow land, permanent meadows, forest land
and woody and bushy land and wasteland and other land, a potential area for plantations
of fast-growing trees may even reach almost 0.77 MM ha. If the target assumptions are
reached, i.e., the land allotted to plantations of fast-growing trees constitutes 10% of the
sown area, permanent meadows and forest land and 30% of the fallow land, uncultivated
and other land and a potential area for plantations may reach approximately 1.52 MM ha.
Xu and Mola-Yudego [13] analyzed the evolution and location of fast-growing plantations
in Sweden for 30 years (for the period 1986–2017). The authors pointed out that willow
tends to be planted on higher-productivity agricultural areas and poplar on less-productive
lands. On this basis, it can be assumed that establishing poplar plantations on less fertile
soils is an opportunity to change the management of the available land. According to
the National Agricultural Census, since 2010, 300,000 farmers did not declare agricultural
activity on their own farms, which theoretically constituted 447,000 hectares of uncultivated
land potentially available for plantations [52]. However, these data do not fully reflect the
situation in this kind of agricultural farm. Some of the agricultural areas (of the agricultural
farms) were leased by the owners of other agricultural farms without an official contract.
According to the data collected for the National Agricultural Census [52], the highest
number of agricultural farms that do not carry out agricultural activities was in Śląskie
Voivodeship (31.7%), Lubuskie Voivodeship (24.4%) and Małopolskie Voivodeship (20.4%),
while the lowest number of such holdings was in Lubelskie Voivodeship (8.0%).

Table 1. The potential area of land for the plantation of fast-growing trees in Poland [46].

Land Type The Area (ha)

The Use of Land for Plantations
of Fast-Growing Trees in Poland (%)

5 10 20 30

The Area (ha)

I. Agricultural land area 14,543,282 - - - -
1. In good agricultural condition 14,405,650 - - - -

sown area 10,639,984 531,999 1,063,998 - -
fallow land 165,627 8281 16,563 33,125 49,688

permanent crops 393,457 19,673 39,346 - -
kitchen gardens 31,084 - - - -

permanent meadows 2,698,018 134,901 269,802 - -
permanent pastures 477,479 - - - -

2. Others 137,632 6882 13,763 27,526 41,290
II. Forest land as well as woody and bushy land 944,031 47,202 94,403 - -

III. Wasteland 748,884 37,444 74,888 149,777 224,665

Total 16,236,196 786,382 1,572,763 210,428 315,643

According to the adopted assumptions, the minimum area for plantation should be
5 ha [44]. An analysis of the data presented in Table 2 leads to a conclusion that agricul-
tural farms meeting the expectations of an average area lower than 5 ha are located in
Małopolskie and Podkarpackie Voivodeships. An observation can be made that Małopol-
skie Voivodeship characterizes the smallest average area of agricultural land per farm,
i.e., 4.16 ha [53]. This is due to the fact that only one out of five agricultural farms in this
voivodeship does not carry out any agricultural activities; it can be assumed that this is
a region where small-sized areas are concentrated. Upon the merger of such lands, they
will form an area large enough to be used for the plantation of fast-growing trees. This
direction is in line with foreign trends. The need for the cultivation of different tree species
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in small-scale units is indicated [55]. In Sweden, there is a trend towards preferring smaller
plantations (below 1 ha) versus large ones (above 10 ha) [13].

Table 2. Average area of land in an agricultural farm in 2020 in Poland [53].

Voivodships * Average Area of Land in an Agricultural Farm (ha)

Małopolskie 4.16
Podkarpackie 4.94

Świętokrzyskie 5.88
Lubelskie 7.98
Łódzkie 7.98
Śląskie 8.14

Mazowieckie 8.77
Podlaskie 12.55

Wielkopolskie 14.09
Kujawsko-Pomorskie 16.58

Dolnośląskie 17.29
Opolskie 19.16

Pomorskie 19.62
Lubuskie 22.29

Warmińsko-Mazurskie 23.25
Zachodniopomorskie 31.75

* Poland is divided administratively into 16 voivodeships.

It is clear that plantations located on agricultural lands are the most efficient-speaking
in terms of production [16]. However, as such locations are limited and utilized for more
demanding crops, it is necessary in Poland to reach for low-quality, devastated and de-
graded soil. Such land is collectively referred to as marginal land. These areas at a low
cost (cost of soil type and quality verification) can be adopted and serve as plantations
of fast-growing trees. Marginal lands are lands currently in agricultural use or classified
in the agricultural land records as not suitable for the production of healthy food, due to
unfavorable environmental and anthropogenic conditions, are qualified for a different use
form. In Poland, the area of marginal lands reaches 2.3 MM ha, which is equivalent to 16%
of the agricultural lands. Approximately 1.7-MM ha (90%) of those lands are very light, dry
and barren sandy areas. The marginal lands include the unfertile parts of agricultural lands
where production is not cost-effective due to unfavorable environmental conditions and
erosion. These lands are located in Małopolskie Voivodeship and Podkarpackie Voivode-
ship and amount to 370,000 hectares. The lands of various quality class but chemically
polluted account for 140,000 hectares, and degraded or mechanically transformed lands
that lack humus accumulate to 50,000 hectares. Furthermore, the marginal lands include
lands with unfavorable environmental territorial conditions. This group includes cultivated
areas difficult to access or difficult to cultivate mechanically [56].

As an illustration of a recultivation process of devastated soil in Poland, a forestation
of a part of a dumping ground in an open pit sulfur mine in Piaseczno near Tarnobrzeg City
can be set as an example [57]. Between 1967 and 1969, black locust was planted in a space
of 1.2 m × 0.6 m on the slopes with unfavorable soil and untreatable agrotechnical (average
slope of 60%) ravines. The tree stands were not fertilized or cut. In 2009, the 42-year-old tree
stands were tested. It was calculated that the annual stand increment was 5.9 m3 × ha−1

on the north slope, 4.8 m3 × ha−1 on the southeast and 3.6 m3 × ha−1 on the south slope.
These numbers are not high; however, the single purpose of planting black locust was,
first and foremost, soil reclamation. The wood produced was a byproduct of the process.
On the other hand, in such extremely unfavorable soil, the average annual increment of
4.8 m3 × ha−1 can be considered as a relatively high value, compared to the black locust
average production capacity of 7.06 m3 × ha−1 per year [57]. Hybrid poplar 275 is a cultivar
with low requirements for soil quality conditions capable of adapting to soils of different
types. In Poland, there is a long tradition of growing poplar cultivar “Hybrid 275” (as a
clone obtained from the S. Tacamahaca species cross P. maximowiczii × P. trichocarpa) [42,58].
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Therefore, it can be treated as the most appropriate mean in the process of the reclamation
of lands offering annual increments higher than black locust. Moreover, poplar has the
ability to accumulate substantial amounts of cadmium, zinc, lead and copper. Thus,
in the areas polluted with heavy metals, poplar may be used for bioremediation of the
environment [59].

The predicted values are vectors of probabilities of transitions to alternative land
uses and the transition of land uses and forest management type conditional on the
biophysical and socioeconomic factors. Regardless of the data presented, it may have
some limitations. The potential of plantation crops of fast-growing trees in agriculture
depends on the availability of the lands, climate conditions and water supply, as well
as the quality of soils [12]. However, plantations can contribute to the enhancement
of biodiversity in intensively used landscapes with low habitat heterogeneity [55]. In
addition, some recommendations have been already developed to further improve the
habitat function of fast-growing tree plantations and to increase their contributions to
farmland biodiversity, especially to plant species diversity (phytodiversity). This includes
the cultivation of different tree species in small-scale units; the sectional harvesting of trees
in order to establish a mosaic of different growth stages side by side and the integration
of accompanying structures such as headlands, clearings or rides to provide additional
open habitat elements. The knowledge in this area can be used to promote phytodiversity
in agricultural landscapes, as they contain relatively high species numbers (of mainly
common and adaptable species) and support distinct plant communities that differ from
other farmland habitats.

The presented results are related with Polish lands. Due to the fact that the Polish
wood sector is important for all the European region, the information in that area is nec-
essary. In the other regions of Europe (or the world), due to different forms of land and
forest ownership, as well as regulations, there are no applications to obtain the results. The
specificities of the regions require analyses at the regional level. For example, research
determining potential areas for the establishment of commercial forest plantations were
performed for Mexico for Tabebuia rosea (Bertol.) DC. by using geographic information
systems [60]. A land suitability evaluation was evaluated for two forest plantations, includ-
ing oak (Quercus robur L.) and pine (Pinus sylvestris L.) in the northeast of Iran [61]. The
study area involved an area of about 394 km2 with a total mainstream length of 35 km. The
relatively small area allowed for the assessment of the potential area for trees plantation,
taking into account the climate, soil and terrain data. Similar research was conducted for
the southern part of the USA [62]. Land resources potentially available for pine planta-
tions were determined using matrices of land and forest-type changes conditional on the
biophysical and socioeconomic factors and applying them to the available land and forest
resources to forecast the dynamics of pine plantations [62].

3.3. The Assessment of Potentially Available Quantities of Alternative Raw Material for the
Wood Industry

The estimated increment of poplar and larch on sown and forest lands is shown in
Table 3. The calculations assume 5% use of the sown lands (i.e., 531,999 ha) and 5% of the
forest land (i.e., 47,202 ha) and 100% coverage of the land with the poplar plantation, with
the average increase in the tree stand thickness for the poplar about 25 m3 × ha−1. In the
case of 50% capacity of the poplar plantation, the annual wood production is estimated
as 7 MM m3. In the case of planting 50% of the land with larch and 50% with poplar, an
assumed 50% capacity of the plantation should produce 5.63 MM m3 of wood per year.

From the data presented in Table 3, it was concluded that, when plantations cover 5%
of sown areas and 5% of forest areas, the annual increase in large-sized wood may be from
8.11 MM m3 (100% coverage with larch) to 14.48 MM m3 (100% coverage with poplar).
Considering the fact that, in 2015, the annual shortage of wood only for the wood-based
panels industry reached the level of around 7.7–11.4 MM m3 [33] by using the indicated
areas, it will be possible to significantly reduce the deficit of raw wood material in Poland.

117



Forests 2021, 12, 1360

Table 3. Data on the potential wood base from sown land and forest land.

Annual Increase in the Tree Stand Thickness

Cultivation Type/Plantation Coverage Level

100% of Larch 100% of Poplar
50% of Larch

and 50% of Poplar

from Sown Land (MM m3 per year)

14 (m3 × ha−1) 7.45 - 3.72
25 (m3 × ha−1) - 13.30 6.65

For 50% capacity (MM m3) 3.72 6.65 5.17

from Forest Land (MM m3 per year)

14 (m3 × ha−1) 0.66 - 0.33
25 (m3 × ha−1) - 1.18 0.59

For 50% capacity (MM m3) 0.33 0.59 0.46

Lindegaard et al., [63] indicated that, with the intensification of the activities aimed
at increasing the plantation areas of rapidly growing trees in Europe so far, each region
has developed a number of recommendations for policymakers, public authorities and
government agencies to support the development, production and use of biomass obtained
from these types of crops for applications for energy and industrial purposes. It was pointed
out that each region has many similarities regarding the restrictions on establishing and
running fast-growing tree plantations. There is a need to educate farmers and policymakers
about the multifunctional benefits of fast-growing tree plantations. In order to develop
the market for planting fast-growing trees, more financial support is needed from regional
and/or national authorities. Introducing targeted subsidies as an encouragement for
growers could solve the problem of the lack of local supply chains. Haughton et al., [64]
stated that promoting the plantation of fast-growing trees on agricultural land is important
to increasing the landscape diversity and improving the ecosystem functions. Overall,
fast-growing tree plantations are viewed positively by farmers to a limited extent, unless
they receive the same benefits, subsidies and support that are offered to renewable energy
providers. The relevant issue in this aspect also supports bureaucratic procedures at
the regional and national levels. The role of scientists is also crucial in ensuring that
there is clear and concrete evidence that planting fast-growing trees produces a range of
environmental and socioeconomic benefits.

4. Conclusions

A constant supply of raw wood for the Polish market is a crucial matter for the Polish
wood industry. Establishing fast-growing tree plantations would make it possible to obtain
a supplementary source of lignocellulosic raw materials for wood-based panels production.
Unlike traditional forestry based on natural or semi-natural forests, plantations offer a
number of advantages, such as relatively short production cycles, as well as a possibility of
producing raw material that meet specific requirements (for particular clients). Such wood
may be produced in large quantities only thanks to plantations of vegetatively reproduced
progeny from properly selected species. Moreover, the production of plantation woody raw
materials may be located near end customers. Such and many other benefits have led to a
noticeable worldwide development of this form of commercial wood production. In order
to maintain a leading position in the Polish industry for the production of wood-based
panels in the world, Poland must implement deep changes not only in the process of
plantations creation but, also, in the legislation area, emphasizing how strategic creating a
secondary source of raw materials is.

The analyzed data evidenced that the research conducted in Poland for several decades
showing that the species with the highest productivity in plantations are poplar (mainly the
cultivar “Hybrid 275”) and, also, European larch (less popular in other European countries).
Based on the presented research results, it can be concluded that, using only 5% of the
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sown area or 5% of the forest land and woody and bushy land, it is theoretically possible to
obtain, respectively, 531,999 or 47,202 hectares of land for plantations of fast-growing trees.
In the case of planting 50% of these lands with larch and 50% with poplar, at a 50% capacity
of the plantation, it will be possible to obtain nearly 6 MM m3 of wood per year. When
the land allotted to plantations of fast-growing trees constitutes 10% of the sown area,
permanent meadows and forest land and 30% fallow land, uncultivated and other land, the
potential area for plantations may reach approximately 1.52 MM ha. It was concluded that,
using an estimated plantation area covering only 5% of the sown areas and 5% of the forest
areas, the annual increase in large-sized wood may be from 8.11 MM m3 (100% coverage
with larch) to 14.48 MM m3 (100% coverage with poplar).

From a practical point of view, based on the obtained results, it can be said that, in
Poland, plantations can be established on sown lands; forest lands and, partially, on areas
under cultivation, permanent meadows and on fallow and idle lands. Plantations can be
established by large companies through land leases, by farmers on their own lands and,
also, by SFN FH on lands transformed by agricultural activity placed at their disposal
under the provisions of the National Programme for the Augmentation of Forest Cover.
Taking that into consideration, another conclusion can be made that such research plays a
part in ensuring there is clear and concrete evidence in the field of the environmental and
socioeconomic benefits of the cultivation of fast-growing tree plantations. Such a quantity
of potential of the raw material makes it possible to eliminate the wood deficit existing in
Poland as a crucial global producer of wood-based materials.
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19. Warmbier, K.; Wilczyński, A.; Danecki, L. Particle size dependent properties of three-layer particleboards with the core layer

made from willow (Salix viminalis). Ann. Wars. Univ. Life Sci. SGGW For. Wood Technol. 2010, 71, 405–409.
20. Suchsland, O.; Woodson, G.E. Fiberboard Manufacturing Practices in the United States; Forest Products Research Society USDA

Forest Service: Madison, WI, USA, 1991.
21. Chen, T.Y.; Wu, J.P. Studies on the manufacturing of particleboard from fast-growing tree species (IV-1)—Effect of particleboard

density on the properties of the PMDI and UF glue bonded particleboard. For. Prod. Ind. 1993, 12, 72–88.
22. Medved, S. Impact of wood species used in surface layer on density distribution of particleboard. Drewno 2007, 50, 17–26.
23. Irle, M.; Barbu, M.C. Chapter 1 Wood-based panels technology. In Wood-Based Panels. An introduction for Specialists; Thoemen, H.,

Irle, M., Sernek, M., Eds.; Brunel University Press: London, UK, 2010; pp. 1–94.
24. Habibi, M.R.; Hosseinkhani, H.; Mahdavi, S.; Sepidehdam, J. Effect of wood species on particleboard properties. Iran. J. Wood Pap.

Sci. Res. 2011, 26, 58–71.
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Abstract: In recent years, the impact of short-rotation coppice (SRC) on biodiversity has been a regular
subject of research and ecological guidelines have been developed to make biomass cultivation on SRC
more compatible with biodiversity concerns. However, since these guidelines are only implemented
voluntarily by farmers, there are barely any SRC that are managed according to ecological guidelines.
Consequently, knowledge about their importance for farmland biodiversity and about the impact of
different measures for increasing biodiversity remains scarce. Therefore, three experimental SRC,
which are managed according to ecological guidelines and thus include stands of different tree
species (varieties of poplar (Populus) and willow (Salix), rowan (Sorbus aucuparia), silver birch (Betula
pendula)) and different growth-stages within the same site, were investigated with regard to their
importance as habitat for vascular plants. Species numbers and species composition were compared
with the following habitat types: afforestations (AFO), young (HE-Y) and old hedges (HE-O), field
margins (FM) and arable land (AL). Furthermore, different stand types (i.e., stands with different tree
species and growth-stages, headlands, clearings) within these SRC were surveyed and compared.
Species numbers of SRC were similar to HE-Y, AFO and FM and significantly higher than in AL and
HE-O. The composition of plant communities in SRC differed considerably from the other farmland
habitats, especially from AL, HE-O and FM. Within the SRC, most stand types had similar species
numbers. Only the non-harvested poplar stands were particularly species-poor. Harvesting led to
increased species numbers. This increase was significant for the poplar stands but only moderate
for the willow stands. With regard to their species composition, the different stand types differed
considerably in many cases. We conclude that SRC, which are managed according to ecological
guidelines, can be an additional measure to promote phytodiversity in agricultural landscapes as
they contain relatively high species numbers (of mainly common and adaptable species) and support
distinct plant communities that differ from other farmland habitats. Therefore, measures such as the
cultivation of different tree species or sectional harvesting could be offered as agri-environmental
schemes to further increase the ecological sustainability of biomass production on SRC.

Keywords: woody biomass crops; bioenergy; biodiversity; species richness; flora; vascular plants

1. Introduction

The decline of biodiversity is progressing rapidly. Thereby, this negative development
is particularly evident in agricultural landscapes and even species that were formerly
common and widespread are now affected [1–6]. A major reason for the decline in biodi-
versity is an increase in intensive agricultural use [7], for example, through the increasing
cultivation of biomass crops [8–14]. However, biomass cultivation also offers opportunities
to promote farmland biodiversity, since extensively managed perennial biomass crops,
such as short-rotation coppice (SRC), can provide new habitats for wildlife and plants in
agricultural landscapes [15–18]. SRC are biomass crops that consist of fast-growing trees
(mostly cultivated varieties of poplar (Populus) or willow (Salix)), which are harvested in
short cycles in order to use their wood for energy purposes [19].
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In previous studies on the biodiversity of these woody crops, their importance as
habitat for vascular plants was a frequent subject of investigation [20,21]. Thereby, SRC
were found to be more species-rich than conventional arable crops [22,23] and clearly
differed from arable land and forests with regard to their plant species composition [24–26].
Studies on the development of plant communities within SRC have shown dynamic
changes with increasing age of the plantation and within rotation cycles [27–30] as well as
differences in species numbers and species composition between plantations with different
tree species or varieties [23,31,32].

From these results, it was concluded that SRC can contribute to the enhancement of
biodiversity in intensively used landscapes with low habitat heterogeneity [33]. In addition,
recommendations were developed to further improve the habitat function of SRC and to
increase their contribution to farmland biodiversity, especially to plant species diversity
(“phytodiversity”). The proposed measures aim to increase the structural diversity of these
woody biomass crops. This includes the cultivation of different tree species in small-scale
units, sectional harvesting of trees in order to establish a mosaic of different growth-stages
side by side and the integration of accompanying structures such as headlands, clearings
or rides to provide additional open habitat elements within SRC [cf. [15,27,34]]. Currently,
these measures can only be implemented by farmers on a voluntary basis and there is
no regular financial compensation (e.g., agri-environmental schemes) for the associated
management effort or yield losses [cf. [35]]. Therefore, SRC managed according to ecological
guidelines are quite rare. Consequently, there are no studies available that evaluate their
importance as habitats for vascular plants and that examine and directly compare the
effects of the different measures on one and the same plantation (i.e., on the same site
with similar conditions with regard to plantation age, land use history or adjacent habitats,
which are all factors that can have a strong influence on the composition of the recent
vegetation of SRC [27,30,36]).

Therefore, in this study, we want to determine the importance of appropriately man-
aged SRC as habitat for vascular plants on three experimental SRC, which are managed
according to the ecological guidelines mentioned above. Our aim is to evaluate how these
SRC perform in comparison to other farmland habitats with regard to their plant species
diversity and whether they can provide an additional value for phytodiversity in an in-
tensively used agricultural landscape. Furthermore, we want to evaluate the effects of the
different measures implemented within the investigated SRC. For this purpose, we want to
compare different stand types (i.e., stands with different tree species and growth-stages,
headlands, clearings) within our SRC study sites with regard to their species numbers and
species composition.

2. Materials and Methods
2.1. Study Area and Study Sites

Investigations were carried out in the municipality of Schapen (Emsland district,
Lower Saxony) in north-western Germany. The landscape in this rural region is dominated
by intensive agriculture (approx. 70%, predominantly arable land) and contains a relatively
low (14%) proportion of woodland [37]. The study area is located 30–40 m above sea
level. Mean annual precipitation accounts for 800 mm and mean annual temperature for
10 ◦C (long-term recordings from 1981–2010, Climate station Lingen, [38]). The region
is dominated by sandy soils such as Podzols, Gleyic Podzols and, in areas closer to the
groundwater, Gleysols, which developed from glacial sand deposits [39].

In addition to SRC managed according to ecological guidelines, five other farmland
habitat types were selected for the study. In addition to arable land (previous land use),
this includes a range of typical farmland habitats (afforestations, young and old hedges,
field margins), which are regularly implemented as measures to increase biodiversity in
agricultural landscapes (e.g., as agri-environmental schemes or greening measures in the
context of the Common Agricultural Policy of the European Union). Therefore, the study fo-
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cuses on the six following habitat types: short-rotation coppice (SRC), afforestations (AFO),
young (HE-Y) and old hedges (HE-O), field margins (FM) and arable land (AL) (Table 1).

Table 1. Surveyed habitat types and number of surveyed sites, stands and plots per type.

Habitat Type Area (ha) or
Length (m)

No. of Sites
(No. of
Stands)

No. of Plots
Per Site

No. of Plots
Per Habitat

Type

Short-rotation coppice (SRC) 2.0–2.2 ha 3 (38) 135, 195, 240 570
Afforestation (AFO) 0.9–3.4 ha 3 (13) 45, 105, 45 195
Hedge ‘young’ (HE-Y) 180–430 m 3 15 45
Hedge ‘old’ (HE-O) 110–230 m 6 15 90
Field margin (FM) 70–200 m 6 15 90
Arable land (maize) (AL) 1.6–6.0 ha 6 15 90

The three SRC sites, each about 2 ha in size, were established in spring 2011 and
2012, respectively, and were thus in their 8th or 9th growing season after establishment at
the time of the study (June 2019). These small-scale and structurally diverse plantations
are experimental sites which were established and are managed according to ecological
guidelines [cf. [15,27,34]] in order to increase their contribution to farmland biodiversity.
Therefore, different tree species and varieties were cultivated within the same site (see
Figure 1) and are managed without any use of fertilisers or pesticides. In addition to
varieties of poplar (Max 3, Hybride 275) and willow (Inger, Tordis), some native tree
species (rowan (Sorbus aucuparia) and silver birch (Betula pendula)) were also planted. The
trees were each planted in species-specific stands of 20 m width. Within the poplar and
willow stands, harvesting was carried out in sections, so that three different growth-stages
existed side by side at the time of the study: stands that were not harvested so far and
stands that had been harvested in February 2018 or in February 2019, respectively, i.e.,
regrowth in the first or second growing season after harvesting (Table 2, Figure 1).Forests 2021, 12, 646 4 of 21 

 

 

 
Figure 1. Aerial view on one of the three surveyed experimental SRC sites (site no. 3). The stands 
with different varieties of poplar and willow (in different growth-stages) and with different native 
tree species as well as the accompanying structures headland and clearing are clearly visible (Re-
cording date: June 2019). See Table 2 for abbreviations of the SRC stand types. 

We selected three sites of each habitat type SRC, AFO and HE-Y for the study, as 
only few (AFO) or no (SRC, HE-Y) other sites were available in the region and a random 
selection was therefore not possible. For the habitat types AL, HE-O and FM, the six 
study sites per type were randomly selected. Therefore, one site each for AL, HE-O and 
FM was randomly selected within a radius of 500 m around each of the three SRC and 
around each of the three AFO sites.  

In addition to the six different habitat types, various stand types within the SRC 
were investigated (Table 2, Figure 1). The SRC stand types included stands with different 
native tree species (BEP, SOA) and different tree varieties (PMAX, P275, WING, WTOR) 
typically grown on SRC in various growth-stages (-nh, -rg1, -rg2) as well as accompany-
ing structures such as headlands (HEAD) and clearings (CLEAR, areas > 500 m2 where 
trees failed to establish). The average size of the individual stands within the SRC was 
1510 ± 720 m2 (Range: 400–3850 m2). Each stand type was present once per site. Certain 
stand types were absent on individual SRC sites. Therefore, the number of replications 
per stand type was two or three (Table 2). Since the afforestations also contained different 
structures within the sites (besides tree stands there were also rides, clearings and mar-
gins), different stands were also investigated within the individual sites (Table 1). 

  

Figure 1. Aerial view on one of the three surveyed experimental SRC sites (site no. 3). The stands
with different varieties of poplar and willow (in different growth-stages) and with different native tree
species as well as the accompanying structures headland and clearing are clearly visible (Recording
date: June 2019). See Table 2 for abbreviations of the SRC stand types.

125



Forests 2021, 12, 646

Table 2. Characteristics of the surveyed SRC stand types.

SRC Stand Type Abbrev. No. of
Stands

Planting
Scheme

(stools/ha)

Stools/ha
(Incl.

Failures)
Tree Height (m)

Poplar ‘Max 3’
non-harvested PMAX-nh 3 2 × 0.5

(10,000)

12–15
2nd-year regrowth PMAX-rg2 3 6000–7500 3–5
1st-year regrowth PMAX-rg1 3 <0.5

Poplar ‘Hybride
275′

non-harvested P275-nh 2 2 × 0.5
(10,000)

12–15
2nd-year regrowth P275-rg2 2 5000–7500 2–3
1st-year regrowth P275-rg1 2 <0.5

Willow ‘Inger‘
non-harvested WING-nh 2 2 × 0.75 × 0.6

(12,000)

8–10
2nd-year regrowth WING-rg2 2 8000–10,000 2–3
1st-year regrowth WING-rg1 2 <0.5

Willow ‘Tordis‘
non-harvested WTOR-nh 2 2 × 0.75 × 0.6

(12,000)

8–10
2nd-year regrowth WTOR-rg2 2 8000–10,000 2–3
1st-year regrowth WTOR-rg1 2 <0.5

Sorbus aucuparia non-harvested SOA 3 2 × 0.5
(10,000) 8000–9000 2–5

Betula pendula non-harvested BEP 3 2 × 1 (5000) 1000–3000 8–12

Clearings CLEAR 3 – – –

Headlands HEAD 2 – – –

The three afforestations (AFO) were established at the end of 2012. At the time of
the study, they were in their 7th growing season since establishment. Hence, they were
similar in age to the SRC. Within the afforestations, the deciduous tree species Quercus robur,
Q. petraea, Betula pendula, Fagus sylvatica, Carpinus betulus and Acer pseudoplatanus were
planted in varying proportions per site. The habitat type young hedge (HE-Y) included
three hedge plantings of about 8 m width, also planted at the end of 2012, which directly
bordered on the three AFO. Old hedges (HE-O) were mature hedgerows that had already
been established decades or centuries ago in order to separate different fields from each
other. The old hedges studied were characterised by shrubs and trees that had last been
coppiced at least 10 to max. 50 years ago. The width of the hedges ranged from 4 to 10 m.
Due to the intensive agricultural use of the adjacent fields, the hedges did not have any
fringes, but bordered directly on intensively used arable land. Field margins (FM) were
1–3 m wide strips of herbaceous vegetation between two adjacent arable fields or at the
edge of a field between the field and a track. Arable land (AL) comprised arable fields
cultivated with maize (Zea mays), since maize represents the most commonly cultivated
crop in the region.

We selected three sites of each habitat type SRC, AFO and HE-Y for the study, as
only few (AFO) or no (SRC, HE-Y) other sites were available in the region and a random
selection was therefore not possible. For the habitat types AL, HE-O and FM, the six study
sites per type were randomly selected. Therefore, one site each for AL, HE-O and FM was
randomly selected within a radius of 500 m around each of the three SRC and around each
of the three AFO sites.

In addition to the six different habitat types, various stand types within the SRC were
investigated (Table 2, Figure 1). The SRC stand types included stands with different native
tree species (BEP, SOA) and different tree varieties (PMAX, P275, WING, WTOR) typically
grown on SRC in various growth-stages (-nh, -rg1, -rg2) as well as accompanying structures
such as headlands (HEAD) and clearings (CLEAR, areas > 500 m2 where trees failed to
establish). The average size of the individual stands within the SRC was 1510 ± 720 m2

(Range: 400–3850 m2). Each stand type was present once per site. Certain stand types were
absent on individual SRC sites. Therefore, the number of replications per stand type was
two or three (Table 2). Since the afforestations also contained different structures within
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the sites (besides tree stands there were also rides, clearings and margins), different stands
were also investigated within the individual sites (Table 1).

The selection of the study sites resulted in six spatial clusters, each containing several
sites (located within a radius of 500 m around each of the three SRC and AFO sites) or
stands (located within each SRC and AFO site) that were spatially aggregated. For the
statistical analysis, these clusters were considered as a fixed effect in the model (see data
preparation and statistical analysis). Sites of SRC and AFO were located between 1 and
5.5 km apart.

2.2. Survey of the Flora

Surveys were carried out in June 2019. For each site (AL, HE-O, HE-Y and FM) and
for each stand within the SRC and AFO sites, the flora was recorded using 15 randomly
distributed quadratic sample plots (hereafter “plots”), each with a size of 1 m2 (1 × 1 m).
In order to minimize edge effects, the edge-zones were excluded from the surveys as far as
possible and the 15 plots were distributed within the sites/stands at a minimum distance of
2 m from the edge. For HE-O and FM, it was not possible to exclude the edge-zones from
the surveys, since these linear habitats were too narrow. Since the sites of arable land (AL)
were fairly large, a 20 m wide area (corresponding to the width of the individual tree stands
on the SRC) on a randomly selected side of the field was demarcated for the surveys.

All vascular plant species growing within each sample plot (of 1 m2) were identified
according to Jäger [40] and noted (presence/absence; no recording of the cover of individual
species). The scientific nomenclature also followed Jäger [40]. Cultivated non-native plant
species (e.g., varieties of poplar or willow, Zea mays) were excluded from sampling. Due
to the high number of stands studied, especially on the SRC, but also on the AFO, there
were major differences with regard to the total number of plots sampled per habitat
type (Table 1).

2.3. Data Preparation and Statistical Analysis

The different habitat types as well as the different stand types within the SRC were
compared with regard to their species numbers at (i) plot-level and at (ii) stand-level.
Therefore, the species numbers were log-transformed before analysis (loge(y + 1), y =
species number) to account for samples with no species detections. For the log-transformed
data, a linear mixed effect model (LMM) was fitted to account for the unbalanced hier-
archical sampling design. Spatial clusters (i.e., sites of different habitat types clustered
within a 500 m radius around each SRC and AFO site, see section study area and study
sites), habitat types and stand types were included as fixed effects. Two random effects
were included: the variance between sites, and the variance between stands nested within
sites. The residuals variance was thus the variance between plots nested within stands.
For the number of species per site/stand (i.e., per 15 m2) a simplified mixed model was
fitted with the spatial clusters (see above), habitat types and stand types as fixed effects,
and variance between sites as random effect. Assessment of normality assumption of
the residuals was performed using R package ‘hnp‘ [41]: the empirical distribution of
residuals was symmetric, with no indication of skewedness or heterogeneity of variance
and no indication of extreme values. Based on the fitted LMM, all pairwise comparisons
of means between habitat types and between stand types were computed (analogously to
the Tukey test). Significant differences at the 5%-level (p < 0.05) are shown in graphs by
compact letter display. The statistical analysis was performed in R [42], using packages
‘lme4’ [43] for fitting mixed models, package ‘lmerTest’ [44] for ANOVA tables of the fixed
effects, package ‘emmeans’ [45] for pairwise comparisons and compact letter display and
‘ggplot’ [46] for graphs.

To compare species numbers of SRC and AFO at site-level, despite different numbers
of stands and plots sampled per site (Table 1), the species numbers for 15 and 45 plots
were estimated for each of the three sites of these two habitat types by a sample-based
rarefaction [cf. [47]] using the software BioDiversity Pro [48]. Therefore, samples of the

127



Forests 2021, 12, 646

dataset of each site (from plots of all stand types occurring there) were pooled in random
order and the number of random sorts to perform on each pass was set to 50. For the three
SRC sites, this estimation was also performed for 135 plots, since this was the minimum
number of sampled plots per site (see Table 1).

Species composition of the habitat types and stand types was compared with regard
to the habitat preferences of the occurring plant species. Therefore, the detected species
were assigned to one of the following categories according to Oberdorfer [49]: (a) species
of arable land or short-lived ruderal habitats, (r) species of persistent ruderal habitats, (g)
grassland species, (h) species of heathland or nutrient-poor/dry grasslands, (w) species
of woodlands incl. herbaceous vegetation of woodland margins, shrubs or hedges and
(x) indifferent, not stated or species of other habitats. For the comparison of habitat types
and stand types, all sites, stands and plots of the respective type were combined. For the
comparison of the stand types, different varieties of the same genus (poplar or willow)
were combined. For all comparisons, each species was weighted with its frequency, i.e.,
the number of plots in which the species was detected in the respective habitat type or
stand type.

To compare the species composition of the different habitat types a detrended corre-
spondence analysis (DCA) was applied using R package ‘vegan’ [50] for analysis and
‘gplots’ [51] for graphs. All stands of the different habitat types, respectively, stand
types were included in this analysis. The species within the individual stands/sites were
weighted with their frequency (i.e., occurrence in n/15 plots per stand/site). The default
options were used, including detrending by 26 segments, non-linear re-scaling of axes with
4 iterations and no downweighting of rare species.

3. Results
3.1. Comparison of Habitat Types
3.1.1. Species Numbers

A total of 182 species were found across all surveyed habitat types. The majority of
these species are widespread and common, no species classified as threatened in Germany
were detected [52]. At the regional level (Lower Saxony), two of the species found are
classified as threatened [53]: Malus sylvestris and Ulmus minor, the former was recorded on
the AFO and the latter on some HE-O sites.

The highest number of species was recorded on SRC, with a total of 123 and the
lowest on AL, with a total of 18. AFO ranked between SRC and AL, with a total of 108
species. HE-Y and FM both had 68 and HE-O had 41 species (Table 3). However, these
species numbers are not directly comparable due to the different numbers of sites and
stands surveyed per habitat type and thus different numbers of sampled plots (Table 1).
Therefore, species numbers per stand (=15 m2) and species numbers per plot (=1 m2) were
used for comparisons.

HE-Y was the most species-rich habitat type in terms of the number of species recorded
per plot and per stand, followed by AFO, SRC and FM (Figure 2, Table 3). There were no
differences between these four habitat types in terms of species numbers at either plot- or
stand-level. AL had the lowest number of species at both levels and differed significantly
from all other habitat types. HE-O took an intermediate position between the four species-
rich habitat types and AL and differed significantly from them in terms of species number
per plot. With regard to the species numbers per stand, HE-O differed significantly from
AFO, HE-Y and AL. Like AFO and HE-Y, SRC and FM also had higher species numbers
per stand than HE-O, but the differences were not significant.
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Table 3. Number of species (overall and separated by species of different habitat preferences) per habitat type (total number
and mean ± SD per site/stand and per plot). Values with no consistent letter indicate significant differences (p < 0.05).

SRC AFO FM HE-Y HE-O AL

Total no. of species
(all sites included per type) 123 108 68 68 41 18

Mean no. of species 1

per site/stand
(=15 m2)

overall 25.9 ± 6.6 ab 30.2 ± 7.9 a 24.2 ± 7.7 ab 35 ± 4 a 16.2 ± 2.8 b 6 ± 2 c

a 10.7 ± 4.9 a 5.9 ± 4.5 ab 6.8 ± 3.4 a 4.3 ± 4.5 ab 1.5 ± 1.6 b 4.2 ± 1.9 ab

r 8 ± 2.9 ab 11.7 ± 2.1 a 7 ± 2.5 b 11.3 ± 1.5 ab 3.8 ± 1.3 c 1 ± 0 d

g 2.8 ± 1.9 a 4.5 ± 2.5 ab 7 ± 2.7 b 6 ± 1 ab 1.8 ± 0.8 a 0 ± 0 c

w 2.8 ± 2 ab 5 ± 1.7 ac 1.5 ± 1.1 b 10.7 ± 2.1 c 8.5 ± 1.6 c 0.8 ± 0.8 b

Mean no. of species 1

per plot (=1 m2)

overall 7.5 ± 3.5 a 8.2 ± 2.7 a 8 ± 3 a 8.4 ± 2.7 a 4.1 ± 1.7 b 1.5 ± 1.3 c

a 3.4 ± 2.8 a 1 ± 1.3 ab 1.7 ± 1.3 a 1 ± 1.4 ab 0.3 ± 0.6 b 1.2 ± 1.3 ab

r 2.6 ± 1.6 a 4.6 ± 1.6 a 3.2 ± 1.1 a 3.7 ± 1.4 a 0.8 ± 1 b 0.2 ± 0.4 b

g 0.7 ± 0.8 a 0.9 ± 1.1 ab 2.3 ± 1.5 c 1.2 ± 1 ac 0.2 ± 0.6 ab 0 ± 0 b

w 0.5 ± 0.8 ab 1.1 ± 0.9 ac 0.4 ± 0.6 ab 1.8 ± 1 cd 2.6 ± 1.2 d 0.1 ± 0.3 b

1 Abbreviations for habitat preferences: a = species of arable land or short-lived ruderal habitats, r = species of persistent ruderal habitats,
g = grassland species, w = species of woodland, shrubs or hedges (incl. vegetation of woodland margins).
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dominated by species of arable land or short-lived ruderal habitats, while HE-O was 
dominated by species of woody habitats. The highest proportion of grassland species 
(almost 30%) was found in FM. SRC had high proportions of species from arable land or 
short-lived ruderal habitats (45%) and from persistent ruderal habitats (35%). With re-
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Figure 2. Species numbers of the different habitat types at plot-level (A) and at stand-level (B). Types with no consistent
letter indicate significant differences (p < 0.05). Median values are presented as horizontal orange lines, mean values as
orange diamonds. Unfilled circles show the data of the single plots or stands sampled per type. In each boxplot, the
boundaries of the box are the 25th and 75th percentiles and the whiskers represent the lowest and largest values no further
than 1.5 times away from the 25th and 75th percentiles.

Since several stands per site were investigated for SRC and AFO, a comparison of
species numbers for a larger number of plots was possible. Therefore, a sample-based
rarefaction was used to estimate the species number per site for a given number of sampled
plots. Estimated species numbers for the sites of both habitat types were consistent, ranging
from 35–43 species for 15 plots and 52–59 species for 45 plots (Figure 3). The SRC sites also
had similar estimated species numbers (74–80 species) per site for 135 plots.
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Figure 3. Estimated number of species for the different short-rotation coppice (SRC) and afforesta-
tion (AFO) sites for a given number of sampled plots (based on sample-based rarefaction, see data
preparation and statistical analysis).

3.1.2. Species Composition and Species Numbers with Regard to Habitat Preferences

Figure 4 shows the species composition within the habitat types with regard to the
habitat preferences of the detected species weighted with their frequencies. AL was
dominated by species of arable land or short-lived ruderal habitats, while HE-O was
dominated by species of woody habitats. The highest proportion of grassland species
(almost 30%) was found in FM. SRC had high proportions of species from arable land
or short-lived ruderal habitats (45%) and from persistent ruderal habitats (35%). With
regard to the arable species, although the frequency proportion was lower for SRC than
for AL, considerably more arable species were detected on the SRC than on AL due to
the significantly higher total species number (Table 3). Compared to FM, HE-Y and AFO,
the proportion of arable species in SRC was higher but the proportion of species from
persistent ruderal habitats was lower.
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Figure 4. Proportions of plant species of different habitat preferences in the different habitat types (see Table 1 for
abbreviations) weighted with their frequencies. Data of all sites, stands and plots included per type. Abbreviations for
habitat preferences: a = species of arable land or short-lived ruderal habitats, r = species of persistent ruderal habitats,
g = grassland species, h = species of heathland or nutrient-poor/dry grasslands, w = species of woodland, shrubs or hedges
(incl. vegetation of woodland margins), x = indifferent, not stated or other habitat.

In addition to Figure 4, Table 3 shows the mean numbers of species of different habitat
preferences at site/stand-level and at plot-level. In comparison to the other habitat types,
SRC had the highest number of species of arable land and short-lived ruderal habitats, both

130



Forests 2021, 12, 646

at site/stand-level and at plot-level. The number of species of persistent ruderal habitats
was particularly high in AFO and HE-Y. In SRC, the number of species of this category was
slightly lower, but the differences with AFO and HE-Y were not significant. In contrast,
HE-O and AL had significantly lower numbers of species of persistent ruderal habitats
than SRC, AFO, FM and HE-Y. The number of grassland species was highest in FM at both
site- and plot-level. Their number was significantly higher there than in SRC. Species of
woodland, shrubs or hedges were particularly frequent in HE-O and HE-Y. Both hedge
types differed significantly from SRC with regard to the number of species of this category.

3.1.3. Similarity of Plant Communities

On the DCA graph, the stands are separated into four different groups (Figure 5),
which are, however, very heterogeneous and widely scattered. AL, HE-O and FM are each
separated from a large group consisting of SRC, AFO and HE-Y. Within the latter group,
a certain separation into two groups, SRC and AFO/HE-Y, is visible, but there are also
smooth overlaps between both groups, respectively, the three habitat types. In addition,
one FM site and single AFO and SRC stands were fairly similar. These stands were a
margin on a AFO site and a clearing on a SRC site.
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Figure 5. DCA ordination of the individual stands/sites of the different habitat types (see Table 1 for abbreviations).
Eigenvalue axis 1: 0.4266, axis 2: 0.3283, length of axis 1: 4.9152, axis 2: 3.0447.

The considerable dispersion within all groups illustrates that the individual sites or
stands of the respective habitat types did not show homogeneous plant communities and
sometimes differed significantly with regard to their qualitative (occurring species) and
quantitative (frequency of the species) species composition. For SRC and AFO/HE-Y,
there were somewhat higher similarities between individual stands, but also considerable
differences between others (in detail see Section 3.2.3).
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3.2. Comparison of SRC Stand Types
3.2.1. Species Numbers

When comparing the different stand types within the SRC, the number of species at
plot-level did not differ significantly in most cases (Figure 6). The lowest species numbers
were found in the non-harvested poplar stands. Stands with the poplar variety Hybride
275 (P275-nh) were particularly species-poor and differed significantly from all other stand
types. For all poplar and willow stands, an increase in species numbers was observed
after harvesting. This was particularly evident for the poplar stands. Here, non-harvested
stands (nh) mostly differed significantly from stands in the first and second growing
season after harvesting (rg-1, rg-2). Notably, PMAX-rg1 showed the highest number of
species of all investigated stand types. For the willows, however, differences between the
harvested and the non-harvested stands were less pronounced and not significant. Stand
types with native tree species (SOA, BEP) as well as accompanying structures (HEAD,
CLEAR) showed average species numbers. Species numbers at stand-level (Figure A1 in
Appendix A) followed the trend of species numbers at plot-level. Since only two or three
individual stands were surveyed per stand type, a statistical comparison at this level was
not applicable.
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Figure 6. Species numbers of the different SRC stand types at plot-level. Types with no consistent letter indicate significant
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percentiles and the whiskers represent the lowest and largest values no further than 1.5 times away from the 25th and 75th
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3.2.2. Species Composition and Species Numbers with Regard to Habitat Preferences

Figure 7 shows the species composition within the different SRC stand types with
regard to the habitat preferences of the detected species weighted with their frequencies.
Willow and poplar stands (varieties of the same genus were combined for this analysis)
had particularly high proportions (45–70%) of species from arable land or short-lived
ruderal habitats, both when harvested (-rg1, -rg2) and when not harvested (-nh). The
highest proportions (almost 70%) were found in the poplar stands in the first growing
season after harvest (P-rg1). Species of persistent ruderal habitats had particularly high

132



Forests 2021, 12, 646

proportions (50–60%) in SOA, BEP and CLEAR, while grassland species (almost 35%) were
most frequently in HEAD. Species of woody habitats had low proportions overall, but
were slightly more frequent in stands that had not been harvested since the establishment
of the SRC (SOA, BEP, W-nh, P-nh).
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Figure 7. Proportions of plant species of different habitat preferences within the SRC stand types weighted with their
frequencies (see Table 2 for abbreviations of stand types; different poplar (P) and willow (W) varieties are combined).
Abbreviations for habitat preferences: a = species of arable land or short-lived ruderal habitats, r = species of persistent
ruderal habitats, g = grassland species, h = species of heathland or nutrient-poor/dry grasslands, w = species of woodland,
shrubs or hedges (incl. vegetation of woodland margins), x = indifferent, not stated or other habitat.

In addition to Figure 7, Table A1 shows the mean numbers of species of different
habitat preferences within the different SRC stand types at plot-level. Particularly high
numbers of arable species were found within the different willow (WING, WTOR) and
poplar (P275, PMAX) stands in the first (-rg1) and second (-rg2) growing season after
harvesting. In contrast, BEP, SOA and CLEAR had particularly low numbers of arable
species. Species of persistent ruderal habitats were found with similar numbers per plot in
most of the surveyed stand types. Only the non-harvested poplar stands (P275-nh, PMAX-
nh) had comparatively low numbers of species belonging to this category. Grassland
species were also recorded with similar numbers per plot in most of the stand types. HEAD
had the highest number of grassland species per plot while P275-nh and PMAX-nh had the
lowest. The number of woodland species was generally low in all stand types and there
were no significant differences between the different types.

3.2.3. Similarity of Plant Communities

The DCA graph (Figure 8) shows a wide dispersion of the different SRC stands both
within and between the sites. Stands within the same site were therefore not clearly
separated into distinct groups, instead there were overlaps between the three sites and
their individual stands. These overlaps indicate some similarities with regard to the
development of the flora and the species composition on the three surveyed SRC sites (as
complexes consisting of different stand types).
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do not find suitable conditions on intensively used conventional arable fields anymore. 
However, SRC are not expected to have any potential to promote rare or threatened ara-
ble species, since the shading from trees and competition with the accompanying peren-
nial herbaceous vegetation does not provide favorable conditions for highly specialized 
and low-competitive arable species [23,31,54,55]. In order to promote rare and threatened 
arable species, specific measures within arable fields are required [56,57], and SRC do not 
offer an alternative to these.  

Figure 8. DCA ordination of the individual stands of the different SRC stand types. See Table 2 for abbreviations of SRC
stand types. Eigenvalue axis 1: 0.3243, axis 2: 0.2540, length of axis 1: 2.3706, axis 2: 2.1698.

In terms of qualitative (occurring species) and quantitative (frequency of the species)
species composition there were, in some cases, somewhat greater similarities between
stands from different sites, but in other cases there were also clear differences. Overall, the
graph of the DCA shows a heterogeneous result in which no clear patterns of similarity
between certain stands or stand types are discernable. On the one hand, it is not clearly
discernible that stands of the same stand type (on different sites) were regularly very
similar. At the same time, stands (of different stand types) within the same sites were not
necessarily very similar. Some stands differed considerably from other stands within the
same site with regard to their species composition. This was most evident for SOA and
BEP on all three sites. In other cases, however, there were also greater similarities between
different stands within the same site. This was particularly noticeable at sites 2 and 3. For
example, on site 3 there was a fairly high similarity between the willow stands of different
varieties and growth-stages.

4. Discussion

In accordance with previous studies on phytodiversity of SRC [22,23,26,31], we also
found significantly higher species numbers compared to conventional arable fields with
annual crops. Species of arable land and short-lived ruderal habitats still had high propor-
tions on the surveyed SRC in the 8th and 9th year after establishment and were particularly
frequent in comparison to species of other habitat preferences. A reason for this is the
landscape context (high proportion of arable land) and the previous agricultural use of the
SRC sites. Both factors can influence the species composition of SRC for a long time after
its establishment [27,30,36]. On the other hand, the high proportion of arable species can
also be explained by the sectional harvesting, since it repeatedly creates suitable conditions
for these light-demanding species in certain areas of the plantations [cf. [31,34]]. Especially
within the harvested stands, high numbers and frequency proportions of arable species
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(such as Aphanes australis, Myosotis arvensis, Spergula arvensis or Veronica arvensis) were
found. Many of these species were absent or less frequent in the surveyed arable fields
with maize cultivation. Therefore, recently harvested (as well as recently established)
SRC can provide a substitute habitat for common arable species that do not find suitable
conditions on intensively used conventional arable fields anymore. However, SRC are
not expected to have any potential to promote rare or threatened arable species, since the
shading from trees and competition with the accompanying perennial herbaceous vege-
tation does not provide favorable conditions for highly specialized and low-competitive
arable species [23,31,54,55]. In order to promote rare and threatened arable species, specific
measures within arable fields are required [56,57], and SRC do not offer an alternative
to these.

In comparison to AFO, HE-Y and FM, the surveyed SRC had similar species numbers.
In comparison to HE-O, the species numbers of SRC were even higher. At the same time,
species composition of SRC was quite different from the other habitat types, in particular
from HE-O, FM and AL. Even though many species found on the SRC also occurred in the
other habitat types, the combination of these species on the SRC was different from the
other habitat types in qualitative (species inventory) and quantitative (species frequencies)
terms. Furthermore, the SRC also contained some species that were not found in the other
surveyed habitats. Therefore, the SRC formed distinct plant communities that differed
from the other farmland habitat types (cf. similar findings of Baum et al. [26]). Similarity
of the surveyed SRC with AFO and HE-Y was highest in comparison to the other habitat
types. This is not a surprising result, as these habitats had a similar age and vegetation
structure as the SRC and were also established on arable land. However, during succession,
the similarity of AFO and HE-Y with SRC will further decrease. This is already indicated
by the higher numbers and proportions of perennial species and the lower numbers and
proportions of short-lived species in AFO and HE-Y (Table 3, Figure 4). Despite their similar
species numbers, SRC are not an immediate substitute for other habitats of agricultural
landscapes, since they have their own distinct plant communities. Instead, SRC are novel
habitats that can increase the habitat diversity of a landscape [24,26,33] and complement
the range of existing agricultural crops and the range of regularly implemented measures
to promote farmland biodiversity such as afforestations, hedges or field margins. Thus,
SRC can contribute to phytodiversity at the landscape-level, especially in intensively used
agricultural landscapes with low habitat heterogeneity [cf. [25,33]].

A major result of our surveys of different stands within the SRC is that different
stand types, either with different tree species or in different growth-stages, can signifi-
cantly increase plant species diversity within a plantation. This confirms recommendations
[cf. [15,27,34]] for implementing appropriate measures to promote phytodiversity on SRC.
The positive effect of such a mosaic is shown by the fact that the species composition of
different stand types within the same site differed considerably in several cases. Different
stand types create heterogeneous conditions (e.g., light availability, intensity of distur-
bance), providing habitats for species with different habitat requirements within the same
site [34,58]. Regular disturbance by harvesting was particularly beneficial for phytodi-
versity at stand-level. This was particularly evident for the poplar stands, where species
numbers strongly increased after harvesting. For the willow stands, species numbers
also increased after harvesting, but more moderately. In contrast, stands with native tree
species (SOA, BEP) as well as headlands (HEAD) and clearings (CLEAR) contained fairly
average species numbers. SOA and BEP had not been disturbed by harvesting so far. In
addition, these stand types were either characterized by numerous tree failures (BEP) or
tree growth was significantly lower (SOA) than for the poplar and willow clones. Due
to the high light availability and the lack of any disturbance, these stand types, as well
as HEAD and CLEAR, were often dominated by highly competitive species (e.g., Elymus
repens, Festuca rubra) of persistent ruderal habitats or grasslands (similar observations were
made by Glaser and Schmidt [23] within gaps of SRC, where trees failed to grow), while
species of arable land or short-lived ruderal habitats had lower numbers and proportions
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(Figure 7, Table A1). However, despite their more average species numbers, these stand
types were also important for the phytodiversity of the entire plantation, as they differed
considerably from the poplar and willow stands in terms of their species composition
(see Figures 7 and 8). In addition, stands with native tree species and/or accompanying
structures are important components of SRC for other species groups such as ground
beetles [59], large and medium-sized mammals [60], breeding birds [61,62] or birds in
the winter season [63] and are therefore important features of SRC with regard to overall
biodiversity. Furthermore, plant species richness in non-wooded accompanying structures
of SRC such as headlands, clearings/gaps and rides can be further increased by additional
measures, e.g., by establishing species-rich fringe vegetation by seeding of native seed
mixtures (see Kiehl et al. [64] for general recommendations).

In addition to the partly considerable differences between harvested and non-harvested
stands within the SRC (especially within the poplar stands), the non-harvested poplar
and willow stands also differed considerably with regard to their species numbers and
species composition. These differences can essentially be explained by the specific local
conditions that exist in SRC stands with different tree species. Specific characteristics (e.g.,
leaf shape and size) of different tree species and varieties can influence the environmental
conditions within the stands; large-leafed poplar clones lead to much greater shading
than narrow-leafed willow clones at similar planting densities [31]. The resulting low
species numbers in the non-harvested poplar stands, however, lead to a significant increase
in species numbers directly after harvesting, as many plant species are able to establish
spontaneously in these almost vegetation-free stands [cf. [31,54]]. In the willow stands, on
the other hand, the increase in species numbers after harvest was much more moderate.
This was due to the fact, that there still existed a comparatively species-rich and dense
herb layer before harvest which meant that there was less space for additional species to
establish spontaneously. Based on these findings, it can be concluded that stand types
that differ significantly in terms of their structural characteristics (e.g., poplar and willow
stands) are particularly beneficial for the phytodiversity of the entire plantation (as a mosaic
of different stands) [cf. 34]. In contrast, if only different clones of the same tree genus are
cultivated within a SRC, the increase in phytodiversity is likely to be less pronounced since
the habitat conditions in stands of the same genera are more similar [cf. [31]].

A finding that seems unusual at first sight is the high frequency of species from arable
land and short-lived ruderal habitats within the non-harvested willow and poplar stands
(Figure 7). However, it must be taken into account that these were, especially in the case of
the poplar stands, only a few frequently occurring species (in P-nh especially Chenopodium
album and Stellaria media), which colonized the stands at the beginning of the vegetation
period (April–June), but which had already disappeared in summer when the canopy
closed. Similar findings of seasonal changes on flora are reported by Gustafsson [28] for
SRC in Sweden and by Heilmann et al. [31] for SRC in Germany.

In addition to the positive contribution of a mosaic of different stand types to the
phytodiversity of the SRC at the site-level, the small size of the individual stands is likely
to have had a beneficial effect on phytodiversity at stand-level, since edge-zones of SRC are
usually more species-rich than central areas [22,25,32,54,65]. To promote phytodiversity,
SRC should either be small-scale and established in an elongated and rectangular rather
than a square shape, or larger plantations should be managed in a small-scale manner
(like on the investigated SRC sites) in order to increase the proportion of edge-zones and
improve immigration opportunities for plants [34].

Basically, the plant communities of the surveyed SRC and all other investigated habitat
types were dominated by widespread, common and non-threatened plant species. In our
study region, the presence of species of conservation concern was not expected, since
the establishment potential for these species is limited due to many decades of intensive
agricultural use [66–68]. However, in many other studies on SRC in different regions of
Germany and in other European countries [22–26,29,33,54,55,69], these woody crops did
not prove to be a habitat of major importance for rare or threatened plant species. Instead,
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they supported adaptable, mostly competitive, widespread and common plant species.
The few threatened or rare species found on SRC so far were mostly light-demanding
pioneer species that were present in the first few years after establishment and disappeared
as the SRC matured [34,70]. Therefore, SRC cannot be expected to be a suitable measure to
promote rare, threatened or specialized plant species, even when managed according to
ecological guidelines.

5. Conclusions

Small-scale and structurally diverse SRC which are managed according to ecological
guidelines provide suitable habitats for a variety of different plant species due to their
diverse habitat conditions within the same site. They have similar species numbers as
hedges and afforestations of the same age or narrow field margins. Due to their specific
habitat characteristics, they form distinct plant communities that differ considerable from
other farmland habitats. Therefore, they can increase habitat diversity in intensively used
agricultural landscapes and thus be an additional tool to promote farmland phytodiversity
[cf. [33]]. However, the species that benefit from their establishment are mostly adaptable,
widespread and common species of no conservation concern [cf. [34]]. On the investigated
SRC, it was confirmed that measures such as harvesting in sections or cultivation of different
tree species in small-scale units within the same plantation, are particularly effective in
promoting phytodiversity of these woody biomass crops. Therefore, these measures could
be offered as agri-environmental schemes in order to compensate for the associated effort or
yield reduction and to further increase the ecological sustainability of biomass production
on SRC [cf. [71,72]].
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Appendix A 

 
Figure A1. Species numbers of the different stand types at stand-level. Filled circles show the data of the single stands 
sampled per stand type (with n = 2 or 3 replications per type). See Table 2 for abbreviations of stand types. 
Figure A1. Species numbers of the different stand types at stand-level. Filled circles show the data of the single stands
sampled per stand type (with n = 2 or 3 replications per type). See Table 2 for abbreviations of stand types.
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Abstract: The cultivation of fast-growing tree species in short rotation coppices has gained popularity
in Germany in recent years. The resilience of these coppices to phyllophagous pest organisms is
crucial for their profitable management, since the loss of a single annual increment can lead to
uncompensable economic losses. To study the effects of leaf loss on the growth of poplar and willow
varieties that are frequently cultivated under local conditions, three sample short rotation coppices
including five poplar (Populus spp.) and three willow (Salix spp.) varieties were established in a
randomized block design with four artificial defoliation variants and, on one site, with three different
variants regarding the number of defoliation treatments. After up to three defoliation treatments
within two growing seasons, the results show negative effects of leaf loss on the height growth and
the fresh weight of the aboveground biomass of plants. Our data also suggests a lasting effect of
defoliation on plant growth and re-growth after the end of the treatment. In general, defoliation had
a greater impact on the growth of poplars than on willows. We conclude that even minor leaf loss
can have an impact on plant growth but that the actual effects of defoliation clearly depend on the
site, tree species, and variety as well as the extent and number of defoliations, which determine the
ability of plants for compensatory growth.

Keywords: short rotation coppices; poplars; willows; feeding simulation; defoliation; herbivory

1. Introduction

Several global developments, such as the depletion of fossil fuels, the increasing
demand for wood products, and the striving for climate protection, have been the reason
for an increasing importance of the cultivation of fast-growing tree species in short rotation
coppices on agricultural land in Germany. Short rotation coppices are defined as high-
density plantations with rotation times between 2 and 20 years [1,2]. Poplars (Populus spp.)
and willows (Salix spp.), which are characterized by a very fast juvenile growth, a great
resprouting ability, and an easy propagation, have proven to be particularly suitable and
are widely used for this kind of land use [3–7].

As typical monocultures with a high plant density, a low genetic diversity, and a
distinctive spatial homogeneity, short rotation coppices generally hold a high risk for
the occurrence of plant diseases and the outbreaks of pest organisms [8–13]. In addition,
poplars and willows are naturally associated with an exceptionally high number of insect
species in comparison to other tree species [14–17]. Accordingly, many studies have
reported a large number of pest insects in poplar and willow short rotation coppices with a
particular emphasis on phyllophagous species, which find ideal living conditions in these
plantations [18–22]. The feeding activities of their larvae and/or adults cause a loss of leaf
area but only in rare cases lead to the death of plants [23]. That is, in most cases, no lasting
impact of leaf feeding can be directly seen. Several studies have shown, however, that the
natural or artificial reduction of the leaf area of plants can already lead to a reduction of
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biomass yield after a relatively short period of time, and can still be detected after several
months or years without this kind of damage [24,25]. Negative consequences of a loss
of leaf area by insect feeding have also been documented on several other parameters of
plant fitness, such as seed production [26–28]. For these reasons, the resilience of plants
to biotic pest organisms is one of the most crucial preconditions for a large-scale, reliable,
and profitable cultivation of fast-growing tree species on agricultural land, in particular
because the loss of a single annual increment can lead to economic losses that may not
be compensated within the short rotation times [23]. With regard to the strong economic
focus of short rotation coppices, the actual effects of plant damage by insects on the yield
of the coppice is a crucial aspect for their cultivation and management, for example when
deciding for or against the use of insecticides.

A common procedure to study the effects of leaf area loss on the growth and yield of
plants is the simulation of leaf feeding of phyllophagous pest insects by artificial defolia-
tion [24,29–32]. The main advantage of this procedure is the ability to precisely control and
modify the extent, number, and timing of defoliation, whereas the difference in the duration
between natural and artificial defoliation as well as the potential lack of herbivore-induced
plant volatiles due to a merely mechanical damage are disadvantageous [30,33,34]. Since
the reaction of plants to herbivory is a very complex process that is not only determined
by the actual leaf loss, studies comparing artificial and natural defoliation often show
differences in the reaction of plants to these procedures [30]. Chen et al. (2002), for exam-
ple, documented a greater reduction in plant height, height increment, and root to shoot
ratio by an artificial defoliation of three-year-old Douglas fir seedlings in comparison to
a natural defoliation, whereas the natural process had a greater impact on the diameter
growth [29]. In contrast, Coyle et al. (2002) reported greater effects of natural feeding by
Chrysomela scripta (Coleoptera: Chrysomelidae) on poplars than by artificial defoliation [35].
Nevertheless, many studies came to the conclusion that artificial defoliations are generally
suitable to demonstrate the effects of natural defoliations [25,31,36–42].

The aims of this study were to transfer the approaches of existing studies, which were
mainly carried out on potted plants [29,31,32,38–40], into the field, where the competition
between plants is not excluded, and to examine the short-term and long-term effects of
different extents and frequencies of leaf loss under local conditions on those poplar and
willow varieties that are mainly planted in Germany.

2. Materials and Methods
2.1. Sites, Plant Material, and Experimental Design

For the leaf feeding simulation experiment sample short rotation coppices with a size
of about 0.2 ha were established on one site in the federal state of Saxony [Obercarsdorf
(50◦51′35.0′′ N 13◦39′10.5′′ E), 400 m a. s. l., 8.2 ◦C mean annual temperature, 786 mm
average annual precipitation, typical cambisol, former pasture] and two sites in the south of
the federal state of Brandenburg [Großthiemig (51◦23′34.5′′ N 13◦40′35.8′′ E), 94 m a. s. l.,
8.6 ◦C mean annual temperature, 561 mm average annual precipitation, sandy gleyic
cambisol, tree nursery land and Schönheide (51◦34′39.4′′ N 14◦30′17.6′′ E), 120 m a. s. l.,
9.6 ◦C mean annual temperature, 568 mm average annual precipitation, slightly-loamy
sandy cambisol, former grassland] [43].

Each of the three coppices consisted of a poplar area planted in double rows with
a distance of 0.75 m within the double rows, 1.50 m between double rows, and 1.00 m
between plants within the rows (8888 plants ha−1), and a willow area planted with the
same row spacing and a distance of 0.70 m between plants within rows (12,698 plants ha−1)
(Figure 1).
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The experiment was set up as randomized block design according to Powers et al.
(2006) and Peacock et al. (2002) with five poplar varieties (Androscoggin, Max 1, Max 3,
Max 4, Muhle Larsen) and three willow varieties (Sven, Tora, Tordis), respectively [32,44],
and four different defoliation treatment variants (0%, 25%, 50%, 75% leaf loss) that were
based on Reichenbacker et al. (1996) [41]. The cuttings were obtained from the Research
Institute for Post-Mining Landscapes (FIB) in Finsterwalde (Max 1–4), Lantmännen Agroen-
ergi AB (Sven, Tora, Tordis), and P&P Tree Nursery in Großthiemig (Androscoggin, Muhle
Larsen) and planted manually. In order to avoid micro-spatial differences among treat-
ments, varieties were planted with four consecutive plants representing the four treatments
(Figure 1). Furthermore, the poplar and the willow area of each sample short rotation
coppice were bordered with one double row of the other species on each side and two
plants of the other species on each beginning and end of rows to reduce potential edge
effects. On each of the three locations, the four defoliation treatments were represented
with 32 plants per variety, that is, there were 32 plots with four plants each of every variety.

In accordance with Powers et al. (2006), the simulation of leaf feeding was carried out
as a reduction of leaf area on every single leaf instead of relating the intended proportion
of defoliation to the total plant leaf mass [32]. Leaves were cut with paper scissors across
the midvein, similar to Peacock et al. (2002) [44], to simulate the feeding of phyllophagous
insects as accurately as possible (Figure 1).

2.2. Experimental Process and Data Recording

The three sample short rotation coppices were established at the end of March
(Großthiemig, Schönheide) and beginning of April 2007 (Obercarsdorf) after a standard
soil preparation including ploughing, tilling, and, except for the organic farming site in
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Obercarsdorf, the application of pre-emergent herbicides was carried out by the site owners.
The first defoliation treatment took place four months after planting in July (Großthiemig,
Schönheide) and August 2007 (Obercarsdorf). The willow varieties in Schönheide were
excluded from the first defoliation due to their weak growth. Extensive browsing made
it necessary to fence the willow area in Großthiemig in July 2007 and the whole coppice
in Schönheide in May 2008. The second defoliation was carried out in June 2008 and the
third defoliation in August 2008. During these two treatments, only a part of the plants
in Großthiemig were defoliated so that at the end of the experiment the site held plants
treated once, twice, or three times.

Data recordings on all three study sites took place directly prior to the first defoliation
treatments in July/August 2007 and in December 2007. Recorded parameters were plant
height, number of shoots, and plant damage (verbal description of damage and its potential
abiotic or biotic causal factor). After a final data recording in Großthiemig in February 2009,
the short rotation coppice was harvested manually in March 2009 to determine the fresh and
dry weight of the aboveground biomass. Due to organizational reasons, it was not possible
to determine the weight of the individual plants. Instead, the total weight of all plants per
variety, defoliation variant, and number of defoliations was recorded. Determination of
dry weight was only carried out on samples: four plots without plant losses were chosen
for all poplars and those willows that were defoliated once, whereas for the willows that
were defoliated twice or three times, dry weight was determined for all plants that were
defoliated 0% or 75%. To study a potential long-term effect of defoliation on the re-growth
of plants, additional data recordings in Großthiemig took place in June 2009, after which
the resprouting shoots were reduced to the highest shoot per stool, and in September 2009.
The short rotation coppices in Obercarsdorf and Schönheide were not harvested after the
end of the defoliation treatments. Their final data recording took place in early April 2009
prior to bud burst. An additional data recording to study the potential long-term effect of
defoliation on plant growth was carried out in early April 2010.

2.3. Data Analysis

All analyses were carried out using IBM SPSS Statistics 27.0 [45]. The significance
level for all statistical tests was set at α = 0.05. Data were analyzed for normality using
the Shapiro–Wilk test and for homogeneity of variances using the Levene test. Based on
the results, data was either further analyzed using parametric or non-parametric tests.
For parametric tests, the t test (TT) or Welch test was used to compare the mean values
of two independent samples or an analysis of variance (ANOVA, AN) with Tukey or
Tukey-Kramer post hoc tests in case of multiple samples. For non-parametric tests, the
Mann–Whitney U test (MU) or the Kruskall–Wallis test with Dunn-Bonferroni post hoc tests
(KW) were used to analyze differences in the central tendencies of bivariate or multivariate
datasets. Relevant p values of statistical analyses are either included in the text or in tables.
In addition, statistical tests are denoted using the abbreviations stated above. Statistical
analyses regarding plant height are based on the main shoot of each plant, which is the
highest one. Plants that showed significant damage by browsing, insects, or other biotic
and abiotic factors were excluded from analyses.

3. Results
3.1. Plant Growth Directly Prior and after the First Defoliation Treatment

In summer 2007, four months after the establishment of the short rotation coppices and
directly prior to the start of the first defoliation treatment, plant losses on the study site in
Großthiemig (Ø 5.2%) were considerably lower than on the sites in Obercarsdorf (Ø 17.0%)
and Schönheide (Ø 17.3%). Differences in site conditions and management are assumed to
be the reason for this difference in plant survival. Optimal mechanical and chemical soil
preparation, low ground vegetation cover, and a potentially better nutrient supply on the
tree nursery site in Großthiemig facilitated a high plant survival rate and fast growth. In
contrast, on the sites in Obercarsdorf and Schönheide, which had previously been used
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as pasture and grassland, a full ground vegetation cover quickly re-developed despite
the mechanical (Obercarsdorf) or mechanical and chemical (Schönheide) soil preparation,
leading to greater plant losses in the newly established short rotation coppices on these two
sites. In spite of these site-related differences, the trends regarding plant survival on tree
genus and variety level were the same on all three study sites (Table A1 in Appendix A).
Willows showed a slightly higher number of surviving plants than poplars. Within poplars,
an average of 14.2% more plants of the three Max varieties survived in comparison to
Androscoggin and Muhle Larsen, whereas within willows, an average of 6.7% more plants
of the Tordis variety survived in comparison to Sven and Tora.

Clear differences among the three study sites were also visible with regard to plant
heights and reflected the different site conditions similarly to the data on plant survival
(Figure A1 in Appendix A). All eight varieties reached a significantly greater height in
Großthiemig than in Obercarsdorf and Schönheide (KW: p = 0.000 for all pairwise compar-
isons). Despite the differences in site conditions, the height growth trends of the individual
varieties are very similar on all three study sites and indicate a certain genetic fixation of
height growth among varieties.

After the first defoliation treatment in July/August 2007, from which all willows
in Schönheide were excluded due to their weak growth, plant heights were recorded
again in December 2007 (Figure A2 in Appendix A). In general, data do not show a
statistically significant effect of the four defoliation variants, except for Muhle Larsen
in Großthiemig (AN: p = 0.032) and Obercarsdorf (p = 0.010). In Großthiemig, post hoc
tests reveal significantly greater heights of undefoliated in comparison to 75% defoliated
plants (p = 0.046) and in Obercarsdorf significantly greater heights of 25% defoliated in
comparison to 50% defoliated plants (p = 0.017).

Although only very few statistically significant differences were detected among the
four defoliation variants after the first treatment, the direct comparison of heights between
75% defoliated and undefoliated plants shows height losses for all poplar varieties on all
three study sites with the only exception of Max 3 in Obercarsdorf (Table 1). In general,
leaf loss had a greater impact on the growth of Androscoggin, Max 3 and Muhle Larsen
than on Max 1 and Max 4. In contrast, data on all willow varieties in Großthiemig and on
Sven and Tordis in Obercarsdorf indicate a positive effect of defoliation on their height
growth. Height reductions due to defoliation were only visible for all willow varieties in
Schönheide and for Tora in Obercarsdorf. However, statistical analyses again resulted in
very few significant differences in the height between 75% defoliated and undefoliated
plants: on the variety level for Muhle Larsen in Großthiemig (TT: p = 0.010) and on the tree
genus level for poplars in Großthiemig (TT: p = 0.005) and Schönheide (p = 0.007).

Table 1. Height differences of 75% defoliated and undefoliated plants (∆ 75-0) in December 2007
after the first defoliation treatment (bold values indicate mean values of all varieties of a tree genus,
* statistically significant difference according to t test).

Study Site

Großthiemig Obercarsdorf Schönheide

Genus/Variety ∆ 75-0
[cm]

∆ 75-0
[%]

∆ 75-0
[cm]

∆ 75-0
[%]

∆ 75-0
[cm]

∆ 75-0
[%]

Poplars −13.4 * −10.7 −5.8 −8.3 −13.0 * −16.0
Androscoggin −14.6 −10.3 −20.7 −24.8 −34.3 −38.2

Max 1 −1.2 −1.1 −7.0 −10.8 −0.8 −1.2
Max 3 −15.9 −12.3 10.3 13.9 −17.1 −19.1
Max 4 −11.2 −9.1 −6.4 −9.4 −9.8 −12.5

Muhle Larsen −30.8 * −24.2 −15.2 −23.6 −23.3 −28.9
Willows 16.5 11.7 −1.4 −1.7 −20.8 −22.4

Sven 6.2 4.2 5.0 7.5 −3.5 −12.1
Tora 16.7 11.8 −26.5 −30.1 −18.8 −18.8

Tordis 26.5 19.8 14.3 15.2 −7.0 −5.2
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3.2. Plant Growth after the Last Defoliation

After the first defoliation treatment in July/August 2007, two more treatments were
carried out in June and in August 2008, and data was recorded again in early spring 2009,
prior to the start of the growing season. In Großthiemig, only a part of the plants were
defoliated during the treatments in 2008, so that data from this site cannot only be grouped
by variety and defoliation variant but also by number of defoliation treatments. With the
mere regard to the number of defoliation treatments on the genus level, a different reaction
of poplars and willows to the increasing number of defoliation treatments was recorded
when considering the average of all defoliation variants. While there is no statistically
significant difference in the plant height of poplars defoliated once (Ø 176.6 cm) and twice
(Ø 177.9 cm), the poplars treated three times (Ø 164.9 cm) had a significantly reduced
plant height in comparison to both, with a mean height reduction of 7%. Willows, in
contrast, showed again a promotion of plant growth by defoliation. Plants defoliated twice
had a significantly greater height (Ø 277.3 cm) than plants defoliated once (Ø 259.6 cm).
However, defoliation carried out three times led to a significant height loss (Ø 239.3 cm) in
comparison to plants defoliated once and twice, with a mean height reduction of 11%.

Taking into account not only the number of defoliation treatments but also the variety
and defoliation variant, trends show a decreasing height with increasing leaf loss in several
cases, in particular for poplar varieties, even though statistically significant differences on
the group level only exist in the five cases marked with an asterisk (Figure 2). The p values
for the pairwise comparisons of defoliation variants on tree genus level and those compar-
isons with at least one significant value on the variety level show an increasing number
of statistically significant differences with an increasing number of defoliation treatments
(Table 2). These especially occur when comparing 75% defoliated and undefoliated plants
but also in parts among the three variants that included leaf loss. It can be noted that
defoliation particularly led to significant differences in plant height among defoliation
variants for the Muhle Larsen and Tora varieties.

Table 2. p values of pairwise comparisons of plant heights among defoliation variants (DVs) for
both tree genera (green) as well as for all varieties with at least one significant value (orange) on the
study site in Großthiemig with regard to the number of defoliation treatments prior to the start of the
growing season in 2009 via Tukey HSD test (bold values indicate statistically significant differences).

Genus Level Variety Level

Großthiemig (1 defoliation treatment)
Willows

DV 0% 25% 50% 75% DV 0% 25% 50% 75%

Po
pl

ar
s 0% — 0.675 0.997 0.604

M
ax

3

0% —
25% 0.507 — 0.800 0.999 25% 0.290 —
50% 1.000 0.513 — 0.736 50% 0.574 0.024 —
75% 0.305 0.987 0.315 — 75% 0.876 0.774 0.229 —

Großthiemig (2 defoliation treatments)
Willows Tora

DV 0% 25% 50% 75% DV 0% 25% 50% 75%

Po
pl

ar
s 0% — 0.964 0.998 0.547

M
uh

le
La

rs
en

0% — 0.440 0.064 0.005
25% 0.917 — 0.919 0.268 25% 0.430 — 0.666 0.134
50% 0.399 0.795 — 0.651 50% 0.123 0.883 — 0.666
75% 0.024 0.115 0.515 — 75% 0.020 0.378 0.773 —

Großthiemig (3 defoliation treatments)
Willows Tora

DV 0% 25% 50% 75% DV 0% 25% 50% 75%

Po
pl

ar
s 0% — 0.123 0.290 0.027

M
uh

le
La

rs
en

0% — 0.013 0.035 0.004
25% 0.592 — 0.969 0.943 25% 0.107 — 0.981 0.978
50% 0.012 0.276 — 0.733 50% 0.195 0.982 — 0.857
75% 0.001 0.062 0.893 — 75% 0.018 0.892 0.683 —
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tically significant difference according to ANOVA). 

  

Figure 2. Height of poplar and willow varieties on the study site in Großthiemig with regard to the number of defoliation
treatments prior to the start of the growing season in 2009 (n = range of number of plants per defoliation variant, * statistically
significant difference according to ANOVA).

Despite the three defoliation treatments, analyses resulted in no statistically significant
differences in plant heights among defoliation variants in Obercarsdorf, whereas in Schön-
heide all poplar varieties did show significant differences in plant heights with decreasing
heights at increasing leaf loss (Figure 3). Data on the pairwise comparisons bet-ween
defoliation variants generally show a p value decrease with an increasing difference in leaf
loss (Table 3).
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Figure 3. Height of poplar and willow varieties on the study sites in Obercarsdorf and Schönheide after two and/or three
defoliation treatments prior to the start of the growing season in 2009 (n = range of number of plants per defoliation variant,
* statistically significant difference according to ANOVA).

When only comparing the heights of those plants with the greatest leaf loss, that
is 75%, with undefoliated plants, height reductions of up to 42% are visible, with only
a few exceptions for willow varieties (Table 4). The data shows again that the effects
of defoliation on plant height depend on the site, tree genus, variety, and frequency of
defoliation. Generally, height reduction increased with increasing defoliation frequency,
and defoliation had a greater impact on poplar than on willow varieties. On average
for all three study sites, for poplars, Max 1 had the least height reduction with 11% and
Muhle Larsen the greatest with 25%. For willows, Tora was most impacted by defoliation
with a height reduction of 18%, whereas Tordis and Sven showed a reduction of 5% on
average. Statistically significant differences were detected for all poplar varieties (TT:
p = 0.001–0.005) as well as the Tora variety (p = 0.017). On the tree genus level, a statistically
significant effect was only existent for poplars (p = 0.000), although the p value for willows
(0.051) came very close to a significance.
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Table 3. p values of pairwise comparisons of plant heights among defoliation variants (DVs) for
both tree genera (green) as well as for all varieties with at least one significant value (orange) on
the study sites in Obercarsdorf and Schönheide with regard to the number of defoliation treat-
ments prior to the start of the growing season in 2009 via Tukey HSD test (bold values indicate
statistically significant differences).

Genus/Variety Level Variety Level

Obercarsdorf (3 defoliation treatments)
Willows

DV 0% 25% 50% 75%

Po
pl

ar
s 0% — 0.995 0.905 0.752 no case of pairwise

comparisons among
defoliation variants with at
least one significant value

25% 0.827 — 0.981 0.914
50% 0.043 0.261 — 0.992
75% 0.057 0.317 0.999 —

Schönheide (poplars: 3 defoliation treatments, willows: 2 defoliation treatments)
Willows

DV 0% 25% 50% 75% DV 0% 25% 50% 75%

Po
pl

ar
s 0% — 0.989 0.747 0.644

A
nd

ro
s-

co
gg

in

0% —
25% 0.261 — 0.905 0.832 25% 0.154 —
50% 0.000 0.013 — 0.998 50% 0.029 0.930 —
75% 0.000 0.000 0.100 — 75% 0.004 0.457 0.769 —

Max 3 Muhle Larsen
DV 0% 25% 50% 75% DV 0% 25% 50% 75%

M
ax

1

0% — 0.805 0.133 0.004
M

ax
4

0% — 0.960 0.084 0.004
25% 0.979 — 0.586 0.060 25% 0.941 — 0.262 0.026
50% 0.241 0.451 — 0.571 50% 0.125 0.352 — 0.761
75% 0.028 0.077 0.780 — 75% 0.011 0.050 0.773 —

Table 4. Height differences between 75% defoliated and undefoliated plants (∆ 75-0) prior to the start of the growing season
in 2009 after a one-time, two-time, or three-time defoliation treatment (* statistically significant difference according to t or
Welch test).

Study Site (Number of Defoliation Treatments)

Großthiemig
(1 Defoliation

Treatment)

Großthiemig
(2 Defoliation
Treatments)

Großthiemig
(3 Defoliation
Treatments)

Obercarsdorf
(3 Defoliation
Treatments)

Schönheide
(3/2 Defoliation

Treatments)
Total

Genus/Variety ∆ 75-0
[cm]

∆ 75-0
[%]

∆ 75-0
[cm]

∆ 75-0
[%]

∆ 75-0
[cm]

∆ 75-0
[%]

∆ 75-0
[cm]

∆ 75-0
[%]

∆ 75-0
[cm]

∆ 75-0
[%]

∆ 75-0
[cm]

∆ 75-0
[%]

Poplars −11.4 −6.3 −26.9 * −14.2 −30.1 * −16.6 −21.5 * −24.0 −37.3 * −28.3 −26.7 * −18.3
Androscoggin −7.3 −3.7 −21.8 −10.3 −36.1 −19.0 −38.3 * −42.0 −46.0 * −34.2 −33.3 * −20.9

Max 1 −2.2 −1.3 −3.3 −2.0 −13.2 −8.4 −28.6 −31.0 −30.0 * −22.6 −15.2 −11.2
Max 3 −9.9 −5.5 −38.3 −20.4 −31.0 −16.7 −3.0 −3.3 −41.1 * −28.7 −29.5 * −19.4
Max 4 −9.4 −5.3 −22.8 −13.0 −15.0 −9.0 −20.1 −23.1 −35.2 * −25.2 −24.1 * −16.7

Muhle Larsen −33.8 −18.3 −56.5 * −26.4 −54.7 * −26.5 −26.3 −31.2 −34.5 * −32.1 −34.9 * −24.9
Willows −13.1 −4.9 −24.2 −8.6 −29.6 −11.5 −15.3 −10.2 −7.2 −6.7 −16.6 −8.9

Sven −20.2 −7.5 −44.3 −16.3 −15.6 −6.3 5.2 4.1 −4.4 −4.2 −10.2 −5.6
Tora 12.0 5.2 −58.3 * −19.5 −62.0 * −21.9 −39.5 −25.7 −18.5 −16.4 −33.0 * −17.6

Tordis −28.8 −9.7 39.0 14.4 −13.6 −5.6 −10.4 −6.5 1.6 1.5 −6.7 −3.5

3.3. Plant Growth after the End of the Defoliation Treatments
3.3.1. Harvest and Growth in Großthiemig

After the last data recording in February 2009, the short rotation coppice in Großthiemig
was completely harvested manually to determine the weight of the aboveground biomass.
However, it was not possible to determine the fresh weight of each individual plant. In-
stead, it was determined as the total weight of plants per variety, defoliation variant, and
number of defoliation treatments. The options for statistical analyses are therefore lim-
ited and the sample size is very low. Not taking into account the number of defoliation
treatments provides a sample size of n = 3, at which no statistically significant differences
among defoliation variants are visible on the variety level (AN: p = 0.079–0.996), whereas on
the tree genus level, undefoliated poplars had significantly greater fresh weights than 75%
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defoliated poplars (p = 0.045) (Figure 4). With a p value of 0.052, the comparison between
25% and 75% is very close to a significant difference. Looking merely at the statistical
comparison of undefoliated and 75% defoliated plants instead of analyzing the differences
among all four defoliation variants, significantly greater weights for undefoliated plants
were computed for Muhle Larsen (TT: p = 0.014) as well as for the total of all poplar varieties
(p = 0.011).
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Figure 4. Fresh weight of aboveground biomass of plants on the study site in Großthiemig in February 2009 (n per variety
and defoliation variant = 3 by not taking into account the number of defoliations).

Despite a relatively low number of statistically significant differences, looking at
absolute numbers and not considering the number of defoliation treatments, all plants that
experienced leaf loss had lower fresh weights than undefoliated plants (Table 5). Poplars
that had 75% of their foliage removed reached a 25% lower fresh weight than undefoliated
plants, and poplars that had 50 or 25% of their foliage showed a fresh weight reduction of
9% or 1% in comparison to undefoliated plants. The corresponding values for willows are
5%, 3%, and 5%, meaning defoliation-induced fresh weight reductions were lower than
for poplars. Moreover, willows in total had a 65% greater fresh weight than poplars. An
effect of the number of defoliation treatments on the fresh weight of poplars (AN: p = 0.001)
and willows (p = 0.000) is also visible when looking at the total of all plants. For both tree
genera, all pairwise comparisons result in significant differences, with the one exception of
poplars defoliated one time compared to those defoliated three times.

Table 5. Mean fresh weight [g] of aboveground biomass of plants on the study site in Großthiemig
with regard to the number of defoliation treatments in February 2009 (DV = defoliation variant,
different letters indicate statistically significant differences).

Poplars Willows

Number of Defoliation Treatments Number of Defoliation Treatments

DV 1 2 3 Total 1 2 3 Total

0% 344.5 438.7 298.7 360.6 (a) 790.0 516.7 379.5 562.1 (a)
25% 323.0 424.7 328.1 358.6 (ab) 714.5 520.3 370.9 535.3 (a)
50% 319.1 380.0 283.0 327.4 (ab) 800.8 414.0 414.1 543.0 (a)
75% 265.3 313.3 235.5 271.4 (b) 805.3 483.9 312.8 534.0 (a)
Total 313.0 (a) 389.2 (b) 286.3 (a) 329.5 777.7 (a) 483.7 (b) 369.3 (c) 543.6

A detailed description of the dry weight data is omitted, since in hindsight we cannot
completely rule out an error during data recording and analyses. One plausible result of
these data is a statistically significant difference of the dry weight between 75% defoliated
and undefoliated plants of Muhle Larsen (TT: p = 0.010), which was also computed for its
fresh weight.
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In June 2009, that is, three months after the harvest of the short rotation coppice
in Großthiemig, the height of resprouting shoots and number of shoots per stool were
recorded. Statistical analysis on the variety level only resulted in significant differences
among defoliation variants for two groups (AN: Muhle Larsen/two defoliation treatments:
p = 0.024, Max 3/total: p = 0.025) (Table 6). In contrast, on the tree genus level, significant
differences in the number of shoots among the four defoliation variants were detected for
poplars that had been defoliated twice (p = 0.007) and three times (p = 0.023), as well as in
total (p = 0.002). In all three cases, undefoliated plants had a significantly greater number
of shoots than 50% defoliated (p = 0.009–0.047) and 75% defoliated plants (p = 0.004–0.035).
No effect of defoliations on the number of resprouting shoots after a harvest were recorded
for willows.

Table 6. Mean number of resprouting shoots per stool on the study site in Großthiemig with regard to the number of
defoliation treatments in June 2009 after the harvest in March 2009 with regard to the defoliation variant in 2007 and 2008.

Number of Defoliation Treatments

1 2 3 Total

Defoliation Variant [%]

Genus/Variety 0 25 50 75 0 25 50 75 0 25 50 75 0 25 50 75

Poplars 8 8 8 7 11 7 6 7 7 6 5 5 8 7 7 6
Androscoggin 7 8 7 7 16 7 7 6 7 7 6 4 9 7 6 6

Max 1 8 6 8 7 9 7 6 5 5 6 4 5 8 6 6 6
Max 3 11 10 10 7 13 9 7 9 9 8 6 7 11 9 8 7
Max 4 6 8 7 8 6 6 5 7 7 6 6 5 7 7 6 7

Muhle Larsen 6 7 6 6 8 7 4 4 5 5 5 5 6 6 5 5
Willows 19 16 15 16 17 17 17 18 16 16 17 15 17 17 16 17

Sven 22 18 16 17 18 18 20 18 17 18 20 19 19 18 19 18
Tora 16 15 12 19 15 16 14 19 17 15 15 12 16 15 14 17

Tordis 18 16 16 13 16 18 15 18 16 16 15 14 17 16 16 15

Even though poplars on average had an 80 cm lower height than willows in June 2009,
they reached a 10 cm greater height in September 2009. A statistical analysis of height
data resulted in significant differences for the two-time defoliated plants of Max 1 (AN:
p = 0.040) and the three-time defoliated plants of Max 3 (p = 0.002) and Tora (p = 0.026) in
June, while in September, significant height differences were computed for the three-time
defoliated plants of Androscoggin (p = 0.027) and Tora (p = 0.047) (Figures A3 and A4 in
Appendix A). When looking at pairwise comparisons, an effect of the number of defoliation
treatments is visible again (Table 7). The more often plants were defoliated, the more often
significant effects on plant heights were recorded.
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Table 7. p values of pairwise comparisons of plant heights among former defoliation variants (DVs)
for both tree genera (green) as well as for all varieties with at least one significant value (orange)
on the study site in Großthiemig in June and in September 2009 after a harvest in March 2009 with
regard to the number of defoliation treatments in 2007 and 2008 via Tukey HSD test (bold values
indicate statistically significant differences).

June 2009 September 2009

Großthiemig (1 defoliation treatment)
Willows Willows

DV 0% 25% 50% 75% DV 0% 25% 50% 75%

Po
pl

ar
s 0% — 0.931 0.992 0.991

Po
pl

ar
s 0% — 0.988 1.000 0.996

25% 1.000 — 0.989 0.810 25% 0.670 — 0.972 0.945
50% 0.787 0.794 — 0.940 50% 0.983 0.459 — 0.999
75% 1.000 1.000 0.784 — 75% 0.948 0.937 0.808 —

Großthiemig (2 defoliation treatments)
Willows Willows

DV 0% 25% 50% 75% DV 0% 25% 50% 75%

Po
pl

ar
s 0% — 0.979 0.973 0.960

Po
pl

ar
s 0% — 0.854 0.995 0.960

25% 0.992 — 1.000 1.000 25% 0.953 — 0.942 0.990
50% 0.890 0.972 — 1.000 50% 0.998 0.985 — 0.994
75% 0.865 0.960 1.000 — 75% 0.959 0.717 0.894 —

DV 0% 25% 50% 75%

M
ax

1

0% — no case of pairwise
comparisons among

defoliation variants with at
least one significant value

25% 0.100 —
50% 0.904 0.030 —
75% 0.843 0.338 0.457 —

Großthiemig (3 defoliation treatments)
Willows Willows

DV 0% 25% 50% 75% DV 0% 25% 50% 75%

Po
pl

ar
s 0% — 0.518 0.956 0.147

Po
pl

ar
s 0% — 0.746 0.794 0.014

25% 0.998 — 0.832 0.878 25% 0.946 — 1.000 0.179
50% 0.092 0.149 — 0.385 50% 0.040 0.156 — 0.156
75% 0.018 0.034 0.930 — 75% 0.013 0.064 0.983 —

Tora Tora
DV 0% 25% 50% 75% DV 0% 25% 50% 75%

M
ax

3

0% — 0.023 0.798 0.179

A
nd

ro
s-

co
gg

in
in 0% — 0.057 0.315 0.083

25% 0.507 — 0.194 0.777 25% 0.351 — 0.831 0.997
50% 0.223 0.014 — 0.683 50% 0.099 0.955 — 0.913
75% 0.077 0.003 0.984 — 75% 0.019 0.642 0.882 —

Merely comparing undefoliated plants with plants with the greatest leaf loss, statisti-
cally significant differences only exist for plants that had been defoliated three times and
when looking at the total of plants (Tables 8 and 9). In general, height differences increase
with an increasing number of defoliation treatments on the tree genus level, whereas this
trend is hardly visible on the variety level. It is noticeable that the impact of defoliations
on poplars is slightly greater than on willows, and that most of the significant height
differences that were recorded in June still persisted in September. Furthermore, looking at
the absolute figures of three-time defoliated plants, all varieties in June and all varieties
with the exception of Max 4 in September showed reduced heights for 75% defoliated
compared to undefoliated plants. Absolute height differences of undefoliated and 75%
defoliated plants increased greatly between June and September.
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Table 8. Height differences of 75% defoliated and undefoliated plants (∆ 75-0) on the study site in Großthiemig in June 2009
after a harvest in March 2009 with regard to the number of defoliation treatments in 2007 and 2008 (* statistically significant
difference according to the t test).

Number of Defoliation Treatments

1 2 3 Total

Genus/Variety ∆ 75-0
[cm]

∆ 75-0
[%]

∆ 75-0
[cm]

∆ 75-0
[%]

∆ 75-0
[cm]

∆ 75-0
[%]

∆ 75-0
[cm]

∆ 75-0
[%]

Poplars −0.1 −0.1 −4.2 −3.6 −12.5 * −10.8 −4.9 * −4.3
Androscoggin −10.5 −8.8 −8.9 −7.5 −13.5 −11.9 −11.4 * −9.7

Max 1 −2.5 −2.2 6.7 5.8 −20.1 * −17.9 −6.3 −5.6
Max 3 5.6 4.8 −3.8 −3.2 −17.7 * −14.4 −4.5 −3.8
Max 4 3.3 2.9 4.1 3.3 −1.1 −1.0 1.9 1.6

Muhle Larsen 6.0 6.1 −16.2 −14.1 −8.3 −7.4 −3.4 −3.1
Willows 2.7 1.5 3.3 1.7 −16.9 −8.5 −5.4 −2.8

Sven −2.2 −1.3 −8.6 −4.6 −23.8 −12.7 −13.0 −7.2
Tora 33.1 18.5 6.3 3.1 −23.5* −10.4 2.1 1.0

Tordis −14.4 −7.1 10.8 5.6 −3.5 −1.9 −3.7 −1.9

Table 9. Height differences of 75% defoliated and undefoliated plants (∆ 75-0) on the study site in Großthiemig in
September 2009 after a harvest in March 2009 with regard to the number of defoliation treatments (* statistically significant
difference according to the t test).

Number of Defoliation Treatments

1 2 3 Total

Genus/Variety ∆ 75-0 [cm] ∆ 75-0 [%] ∆ 75-0 [cm] ∆ 75-0 [%] ∆ 75-0 [cm] ∆ 75-0 [%] ∆ 75-0 [cm] ∆ 75-0 [%]

Poplars −5.3 −1.8 −6.9 −2.4 −33.6 * −11.9 −15.3 * −5.3
Androscoggin −7.1 −2.6 −37.8 −13.2 −45.6* −16.8 −26.1 * −9.4

Max 1 −24.1 −7.6 28.8 9.8 −57.0 * −19.0 −25.8 −8.4
Max 3 −24.5 −7.6 27.9 11.3 −28.7 −9.5 −21.1 −6.9
Max 4 15.6 5.2 −7.5 −2.3 5.1 1.8 8.4 2.8

Muhle Larsen 34.6 17.0 −16.2 −6.2 −35.6 −13.9 −2.8 −1.2
Willows 3.2 1.2 5.0 1.8 −28.9 * −10.2 −9.8 −3.5

Sven 14.6 6.2 0.0 0.0 −26.5 −10.5 −6.4 −2.6
Tora 34.1 13.4 14.4 5.2 −30.0 * −9.6 2.1 0.7

Tordis −30.0 −9.8 0.0 0.0 −30.2 −10.7 −23.0 * −7.8

3.3.2. Growth in Obercarsdorf and Schönheide

After the last defoliation treatment in August 2008 and the final recording of height
growth in April 2009, plants in the short rotation coppices in Obercarsdorf and Schönheide
were measured again in April 2010 to study a potential long-term effect of defoliations. By
this time a mechanical ground vegetation removal had led to plant losses and considerably
lower plant numbers in Obercarsdorf than in Schönheide. Statistical analysis only resulted
in significant height differences among defoliation variants for Max 1 (AN: p = 0.039), Max
3 (p = 0.007), and Muhle Larsen (0.023) in Schönheide (Figure 5). No such differences were
computed for the plants in Obercarsdorf. Pairwise comparisons generally still show a
decrease of p values with increasing difference in leaf loss (Table 10). Despite the statistically
significant result for Muhle Larsen on the study site in Schönheide on the group level, no
significant differences were detected with pairwise comparisons. However, comparison of
plant heights between undefoliated and 25% defoliated plants with 75% defoliated plants
are relatively close to a significant result (p = 0.055/0.056).
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Figure 5. Height of poplar and willow varieties on the study sites in Obercarsdorf and Schönheide prior to the start of the
growing season in April 2010 with regard to the defoliation variant in 2007 and 2008 (n = range of number of plants per
defoliation variant, * statistically significant difference according to ANOVA).

Table 10. p values of pairwise comparisons of plant heights among former defoliation variants (DVs)
for both tree genera (green) as well as for all varieties with at least one significant value (orange) on
the study sites in Obercarsdorf and Schönheide prior to the start of the growing season in April 2010
via Tukey HSD test (bold values indicate statistically significant differences).

Genus Level Variety Level

Obercarsdorf
Willows

DV 0% 25% 50% 75%

Po
pl

ar
s 0% — 0.124 0.032 0.165 no case of pairwise

comparisons among
defoliation variants with at
least one significant value

25% 1.000 — 0.970 0.997
50% 0.335 0.282 — 0.909
75% 0.155 0.123 0.978 —

Schönheide
Willows Max 3

DV 0% 25% 50% 75% DV 0% 25% 50% 75%

Po
pl

ar
s 0% — 0.988 0.999 0.088

M
ax

1

0% — 0.725 0.114 0.006
25% 0.632 — 0.967 0.041 25% 0.496 — 0.614 0.097
50% 0.000 0.026 — 0.116 50% 0.153 0.900 — 0.683
75% 0.000 0.000 0.376 — 75% 0.028 0.501 0.890 —

Comparing merely undefoliated and 75% defoliated plants results in considerably
more significant height differences than analyzing differences among all four defoliation
variants (Table 11). Significant differences were now also computed for the short rotation
coppice in Obercarsdorf, where plants that had 75% of their foliage removed in 2007 and
2008 reached an almost one-third lower height in spring 2010 than undefoliated plants.
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Looking at the average of both study sites, a significant effect of previous defoliation
treatments on plant height was still visible after a year without such a treatment for the
poplar varieties Max 3 and Max 4 as well as the willow varieties Sven and Tora. While the
height reduction percentages of the five poplar varieties are relatively close to each other
with 14 to 22%, the very low reduction of about 1% for Tordis in comparison to a reduction
of about 17% for Sven and Tora is noticeable for the three willow varieties.

Table 11. Height differences between 75% defoliated and undefoliated plants (∆ 75-0) on the
study sites in Obercarsdorf and Schönheide prior to the start of the growing season in April 2010
(* significant difference according to the t test or Welch test).

Study Site

Obercarsdorf Schönheide Total

Genus/Variety ∆ 75-0
[cm]

∆ 75-0
[%]

∆ 75-0
[cm]

∆ 75-0
[%]

∆ 75-0
[cm]

∆ 75-0
[%]

Poplars −23.0 * −13.9 −55.2 * −18.5 −41.8 * −17.0
Androscoggin −33.8 −21.1 −42.9 * −13.4 −43.3 −16.5

Max 1 −33.4 −21.4 −63.7 * −21.2 −33.2 −14.2
Max 3 −17.4 −9.9 −71.6 * −23.0 −56.7 * −21.9
Max 4 −40.0 −21.7 −36.2 −12.3 −43.3 * −17.3

Muhle Larsen 7.3 5.2 −55.9 * −20.5 −31.0 −13.6
Willows −41.2 * −15.7 −22.3 * −8.8 −29.3 * −11.5

Sven −65.4 * −28.1 −28.4 −12.0 −40.7 * −17.3
Tora −81.3 * −30.4 −27.6 −10.5 −46.2 * −17.4

Tordis 4.9 1.7 −12.5 −4.9 −3.5 −1.3

4. Discussion

The results of this four-year study clearly show negative effects of defoliation on the
height, fresh weight, and number of resprouting shoots of poplar and willow varieties,
and that these effects explicitly depend on the site, tree species, and variety as well as
the extent and number of defoliations. Several other studies on poplars and willows
have also provided evidence for a plant growth reduction caused by defoliation and, in
accordance with this study, for an increasing reduction of different growth parameters
with an increasing extent of defoliation [25,41,44]. However, studies differ with regard
to the minimum extent of leaf loss from which a significant effect on plant growth has to
be expected. While some studies have already detected significant effects at 10–25% leaf
loss [32,39,42], others have not recorded notable effects at defoliation levels of 40 and 50%
but only starting from 75% [37,46]. In this study, significant effects were mainly detected at
a defoliation level of 75% as well, but in several cases also at a level of 50%, in particular
with plants that had been defoliated three times within two growing seasons. Only rarely
did we record significant effects on plant height at a defoliation level of 25%. These
exclusively occurred with the Tora variety, even though Bell et al. (2006) found the least
effects of defoliation on this variety [24]. Anttonen et al. (2002) concluded that there is no
consistently valid threshold value for negative effects of defoliation on plant growth but
that instead it varies depending on the particular growth parameter [36].

When comparing the results of this study with literature, it has to be taken into account
that other studies were often based on a different number of defoliation treatments per
growing season and on different overall experiment durations. The maximum of three
defoliation treatments within two growing seasons in this study lies below the number
of treatments in many other studies that included two treatments within one growing
season [24,42,44,47]. Moreover, Kendall et al. (1998) conclude that even two defoliation
treatments within one growing season is not enough to simulate the natural defoliation by
leaf beetles, which lasts for a longer period of time within the growing season [48]. This
is why the defoliation treatment in some studies with poplars and willows was carried
out four or five times within one growing season [25,32,41]. Therefore, we assume that
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a higher number of defoliation treatments in this study, for example two times instead
of one time in the first growing season, would have led to a better reproduction of the
natural defoliation on these sites and would have resulted in even greater effects on
the plant growth parameters and a higher number of statistically significant differences
between defoliation variants. This conclusion is also confirmed by comparing the growth
parameters of the plants in Großthiemig defoliated once, twice, or three times among each
another. However, we deliberately refrained from a second defoliation treatment in the
first growing season to ensure the survival of plants despite the partly unfavorable site and
climatic conditions, and guarantee the general feasibility of this study. An extension of the
defoliation treatments to a third growing season was not possible, amongst others due to
the great heights and leaf masses of plants.

Nevertheless, the data from this study in Saxony and Brandenburg are well in line with
the results of similar studies. On the three study sites, the mean height reduction of poplars
that had been defoliated three times to an extent of 75% was between 17 and 28%, and the
maximum height reduction between 27 and 42%, in comparison to the plants that had not
been defoliated, whereas the same defoliation treatment had a lower effect on willows and
resulted in an average reduction of about 10%, with maximum values ranging from 22–26%.
Correspondingly, Gao et al. (1985), Tucker et al. (2004), and Bassman et al. (1982) recorded
height reductions between 20 and 31% for poplars with a defoliation level of 75% [37,42,46],
and Kendall et al. (1998) determined a 15% height reduction for willows with a defoliation
level of 70% [48]. With regard to the aboveground biomass, Reichenbacker et al. (1996)
documented a reduction of 33% for poplars with a defoliation level of 75% in comparison
to the zero variant [41], and Bell et al. (2006) and Kendall et al. (1998) a reduction of 31%
and 36–72% for willows with a defoliation level of 70 and 75%, respectively [24,48]. The
biomass reduction between 32 and 39% caused by severe defoliation by the leaf beetle
Phratora vulgatissima on Salix viminalis lies in a similar range [49]. In comparison, the
results of the fresh weight determination in this study on the plants at Großthiemig show
considerably lower reduction values, at least partially. A reduction of 25% was recorded
for all poplars, and 21% when merely considering the poplars that had been defoliated
three times, whereas the corresponding values for willows are 5 and 18%. Reasons for
these differences to other studies may be the lower age and heights of the plants in this
study, which are associated with lower diameters so that height differences have a less
pronounced effect on the biomass yield.

Our data further shows that the actual effects of defoliation on plants depend on
numerous factors. The reaction of plants to herbivory varies according to the prevailing
conditions, which can result in different growth losses at similar defoliation levels [49,50].
Since the total size of the photosynthetically active leaf area determines the yield production
of plants [51], it is generally assumed that the reduction of leaf area by phyllophagous
insects or leaf-infecting fungi reduces plant growth due to a reduction of the photosynthetic
capacity [52–54]. However, under certain circumstances, leaf losses can be adjusted by
compensatory growth, but the ability for it depends on several abiotic and biotic factors.
Regarding abiotic factors, site conditions, such as the availability of soil water, the soil
nutrient, and heavy metal content, play an important role [47,49,50]. Each deviation from
the site optimum causes stress [55], which negatively affects the compensatory growth of
plants [47]. The effect of site conditions is also well reflected in the results of this study. In
particular with regard to the poplars, which have somewhat higher nutrient requirements
compared to willows [56], a greater height reduction was recorded on the two study sites
with rather unfavorable conditions, Obercarsdorf and Schönheide, in comparison to the site
at Großthiemig, where conditions were more favorable for plant growth. Correspondingly,
only the fertilized three-year-old birch plants in a study were able to fully compensate a
25% defoliation, whereas this defoliation resulted in a significant biomass yield reduction
of unfertilized plants [36]. In another study, no effect of a medium-level defoliation of
poplars by Clostera inclusa (Lepidopotera: Notodontidae) was only detected on the one
study site with excellent conditions [57]. Besides the general growth conditions, the time of
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defoliation also influences its effects on plant growth. The earlier a defoliation takes place,
the better plants are able to recover, that is, an early defoliation promotes the chances for
compensatory growth [39,50,58]. The greatest impact on plant growth was recorded when
poplars were defoliated during the most productive growth period between the beginning
and the middle of summer [25]. The time of defoliation was no target parameter of this
study, but the first and last defoliation treatment in July 2007 and August 2008 lay within
the period mentioned by Larsson (1983) [25]. Only the defoliation treatment carried out
between the beginning and middle of June 2008 was prior to this period and may have
been balanced out more easily by compensatory growth.

Regarding biotic factors that have an influence on the compensatory growth of plants
and therefore the effects of defoliation, tree species and variety play an especially important
role. In a study with 11 willow varieties, significant differences in the reduction of plant
height and biomass production caused by defoliation were documented [44]. On a few
varieties, growth was not reduced but instead increased in comparison to the undefoliated
plants, similar to the findings of another study on willows [38]. In contrast, the study by
Bell et al. (2006) showed a negative reaction to simulated defoliation for all five willow
varieties included, yet to a different extent [24]. In this study too, noticeable differences
in the reaction to defoliation were recorded among varieties. While trends were relatively
similar on all three study sites after the first defoliation treatment, there was no longer a
consistent reaction of the individual varieties among sites after the third and last treatment.
We noticed, however, that overall defoliation had a greater impact on the growth of poplar
than on willow varieties. Comparing the heights of 75% defoliated plants to that of
undefoliated ones, the promotion of plant growth by defoliation described by the two
studies mentioned above [38,44] almost exclusively occurred with willow varieties, and
on all three willow varieties included in this study. In particular with regard to the data
recorded after the first defoliation treatment, an influence of the site conditions is visible
as well. While 75% defoliated plants of all three willow varieties had a greater height as
the undefoliated plants on the site with the most favorable conditions, those at the site
with the least favorable conditions showed a reduced height growth. One reason for the
generally better ability of willows for compensatory growth in comparison to poplars may
be their superior regeneration capacity [5,59], which does not only apply after harvests but
apparently also after defoliations. In contrast, only a single case of an increased growth of
75% defoliated plants compared to undefoliated plants occurred with poplars, namely with
the Max 3 variety at the site in Obercarsdorf after the first defoliation treatment. Overall,
the statement that faster growing poplar varieties suffer from greater height reductions by
defoliations than slower growing varieties [46] was not confirmed by the data of this study.
For example, plants of the Muhle Larsen variety often had significantly lower heights than
other varieties but nevertheless showed rather great defoliation-induced height reductions.

The data of this study also suggests a lasting effect of defoliation events on the height
growth of poplars and willows, and even on the number and height of resprouting shoots of
plants that were harvested after those events. Accordingly, yield losses caused by artificial
defoliation of willows during the first three-year growth period still persisted after the
second three-year growth period without defoliation treatments [24]. Defoliation-induced
reductions of root growth and drought tolerance are assumed to be some of the reasons for
these long-term effects [41,60].

5. Conclusions

The results of this study confirm the literature stating that even minor leaf loss can
have an impact on plant growth in short rotation coppices, which may also last. However,
the actual effects of defoliation on a plant depend on numerous external and internal
factors, which determine the ability of the plant for compensatory growth. In some cases,
leaf loss can be fully compensated or, in single cases, even overcompensated. According to
the results from Saxony and Brandenburg, this particularly applies to willow varieties.
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Due to the illustrated complexity of the reaction of plants to leaf loss, an exact quan-
tification of potential growth losses with regard to the extent of leaf loss as well as a
specification of threshold values that, for example, indicate when control measures against
phyllophagous pest insects in short rotation coppices are advisable, are hardly possible. In
general, our data indicates that poplars are more susceptible to defoliation than willows,
meaning control measures need to be applied earlier, and that defoliation levels above
50% often lead to significant growth reductions. Willows seem to be more resilient, which
makes the need for interventions in these coppices less probable. However, the fact that the
susceptibility to defoliation increases with decreasing site quality and with an increasing
number of defoliation events applies to both tree genera. Ultimately, only the regular
survey of plant growth and damage on site and their comparison to coppices on similar
sites can help to assess the effects of existing leaf loss on the growth of the plants and
the ability of the coppice for compensatory growth. In some cases, it can be profitable
to already initiate countermeasures at moderate leaf loss. This particularly applies to
situations when the survival of plants in newly established plantations is at risk due to leaf
loss. If available, we also recommend considering the predictions of prognosis models on
the weather-dependent population growth of the main insect pests during the decision
process for or against control measures.
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Appendix A

Table A1. Mean percentage of surviving plants on the three study sites in July/August 2007 four
months after the establishment of the short rotation coppices (bold values indicate mean values of all
varieties of a tree genus, different capital letters indicate statistically significant differences between
tree genera, different small letters indicate statistically significant differences between varieties within
tree genera).

Study Site

Genus/Variety Großthiemig Obercarsdorf Schönheide

Poplars 93.3 A 82.0 A 81.4 A
Androscoggin 89.8 a 65.6 a 70.3 a

Max 1 96.1 ab 87.5 bc 85.9 bc
Max 3 94.5 ab 93.7 c 89.1 c
Max 4 98.4 b 87.5 bc 88.3 c

Muhle Larsen 87.5 a 75.8 ab 73.4 ab
Willows 96.4 B 84.1 A 84.1 A

Sven 94.5 a 82.0 a 83.6 a
Tora 96.1 a 76.6 a 82.8 a

Tordis 98.4 a 93.7 b 85.9 a
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Abstract: The aim of this work was to improve the understanding of dry matter losses (DML)
that occur in wood chips during the initial phase of storage in outdoor piles. For this purpose, a
laboratory scale storage chamber was developed and investigated regarding its ability to recreate
the conditions that chips undergo during the initial phase of outdoor storage. Three trials with
poplar Max-4 (Populus maximowiczii Henry × Populus nigra L.) chips were performed for 6–10 weeks
in the storage chamber under controlled temperature and assisted humidity. Two different set-
ups were investigated to maintain a high relative humidity (RH) inside the storage chamber; one
using water containers, and one assisted with a humidifier. Moisture content (MC) and DML
of the chips were measured at different storage times to evaluate their storage behaviour in the
chamber. Additionally, microbiological analyses of the culturable fraction of saproxylic microbiota
were performed, with a focus on mesophilic fungi, but discriminating also xerophilic fungi, and
mesophilic bacteria, with focus on actinobacteria, in two trials, to gain a view on the poplar wood
chip-inhabiting microorganisms as a function of storage conditions (moisture, temperature) and
time. Results show that DML up to 8.8–13.7% occurred in the chips within 6–10 storage weeks. The
maximum DML were reached in the trial using the humidifier, which seemed a suitable technique to
keep a high RH in the testing chamber, and thus, to analyse the wood chips in conditions comparable
to those in outdoor piles during the initial storage phase.

Keywords: dry matter losses; short rotation coppices; poplar wood chips; laboratory scale; cultivable
saproxylic microbiota

1. Introduction

Woody biomass from forestry and agriculture plays an important role in bioenergy
technology to fulfill the targets for the global reduction of greenhouse gas emissions [1–3].
As such, to meet the growing demand for woody biomass, an increase of the production of
fast-growing trees such as poplar (Populus spp. L.), willow (Salix spp. L.) and black locust
(Robinia pseudoacacia L.) in plantations of short-rotation coppices (SRC) or agroforestry
systems (AFS) is an important option [4]. A prerequisite for increasing wood production in
agriculture, however, is the availability of suitable technologies [5–8] and competitiveness
compared to other energy-supplying plants and traditional field crops [9,10]. Key problems
interfering with the expansion of SRC cultivation are the high dry matter losses (DML)
and quality losses during the storage of wood chips [11–13]. Wood chips from SRC are
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harvested in winter with moisture contents (MC) of 50–60% (wet-basis MC; poplar chips).
Generally, the wood chips have to be stored and dried for six to nine months until the
next heating season starts [14,15]. In order to guarantee low costs and easy handling,
wood chips are typically stored to dry outdoors in large piles, and consequently, the wet
chips are subjected to microbial attack [16–19]. Depending on the material properties of
the wood chips, the design and the location of the storage piles, DML of up to 47% may
occur [17,20–25].

1.1. DML and Temperature in Wood Chip Storage Piles

Due to the harvesting of SRC in winter, in some regions like central or northern Europe,
the ambient temperature is below 0 ◦C for some weeks, and therefore the temperature
in the storage pile stays, as well, below 0 ◦C [17,21,26]. This first storage phase is called
‘frost phase’ in the three-phase model by Idler et al. [19] (Figure 1; phase 0), and it lacks the
microbial activity that contributes to DML of the wood chips [17,21,26].
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With the rise of ambient temperature above 0 ◦C, the temperature inside the wood chips stor-
age pile also increases as a consequence of the occurring microbial activity [16,17,27,28]. This
second storage phase (Figure 1; phase 1) is called ‘high temperature phase’ in Idler et al. [19],
and it is characterized by a fast rise of the pile temperature up to 50–60 ◦C [13,16–18]. This
rise of temperature inside the storage pile is the result of both chemical and microbial
exothermic reactions that occur in the wood chips when exposed outdoors. However, the
temperature progression may differ depending on, e.g., tree variety, chip size and pile
set-up [13,16,17,29]. The third storage phase proposed by Idler et al. [19] starts when the
pile temperature decreased below 45 ◦C (Figure 1; phase 2). This ‘low temperature phase’
was characterized by a progressive decrease of the pile temperature, that gradually ap-
proached the ambient temperature, in line with the observations by, e.g., Barontini et al. [13],
Manzone et al. [12], and Whittaker et al. [18].
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For example, in storage piles of wood chips from eucalyptus with small size, i.e., P16,
the high temperature phase can last for five months [29]. On the other hand, storage piles
made with larger chips from poplar, i.e., P63 and P45, showed lower increases above ambient
temperature in the phase 1 (Figure 1) that lasted for less than two months [17,30]. Similarly,
when piles were set with wood chips produced from different parts of the trees (e.g.,
stem and crown), the pile temperature differed between the storage piles according to the
different tree fractions [13]. However, even if this high temperature phase (Figure 1; phase 1)
did not last very long, it implied DML of 7–10% for poplar chips stored outdoors [17,30,31].
For example, in the outdoor storage pile of P31 poplar chips done by Pecenka et al. [17],
the high temperature phase lasted approximately for nine weeks. In this period, sampling
was conducted after five and nine weeks from the storage intake, in order to assess DML at
the respective storage times, revealing 5.6% and 9.4% DML, respectively [17].

DML of wood chips stored outdoors in piles can account for up to 47% [17,21–25,29],
although there is a large variability, as reviewed, e.g., in Whittaker et al. [22] and
Therasme et al. [25]. This variability may depend, among many other parameters, on
the size, location and the set-up of the piles [27,29,32,33], and the chip size and the wood
properties determined by, e.g., variety and tree age [13,17,18,24,29]. Furthermore, different
methods used to determine DML [13,24,31,34] may show different DML values. In this
regard, Whittaker et al. [22] provided a comprehensive review of the different parame-
ters used in storage of wood chips and corresponding DML. Likewise, Dimitriou and
Rutz [14] and Veste and Böhm [15] offered comprehensive information about SRC and AFS
in practice.

1.2. Microorganisms and Degradation of Wood Chips

Wood-inhabiting microorganisms involved in the complex and dynamic process of
wood decomposition are bacteria, archaea [35–39], and fungi [36,40,41]. These saproxylic
microbiota possess a variety of hydrolytic and oxidative enzymes to degrade the main
wood components cellulose, hemicellulose and lignin. The primary degradation of wood
is carried out by different fungi, due to their diverse set of enzymes, as well as their
ability to colonize wood with the use of hyphae [42]. The primary wood decomposers
can be classified into white-(degradation of mainly lignin), soft-(degradation of mainly
cellulose) and brown-rot (degradation of mainly cellulose) fungi. Even though bacteria
are able to decompose wood, their contribution to wood degradation is negligible with
respect to the fungal one [36,41,42], as reflected by so far much less scientific attention.
Despite this, there is growing interest on and recent evidence about the role of bacteria
within the wood-decomposition and complex bacteria–fungi interactions governing the
decomposition of dead-wood [43–45]. Bacteria thrive on nutrients available in the wood
cells [35,41] and are able to colonize wood in conditions with low availability of oxygen, or
even in the absence of oxygen (anaerobiosis) [46], which are inhibitory to most fungi [35,47].
Saproxylic bacteria can be classified due to their functional role in wood decomposition
into (i) bacteria that increase the water permeability of wood without affecting its structural
integrity; (ii) bacteria with (albeit limited) decomposition ability; (iii) bacteria that stimulate
fungal decomposition; and (iv) bacteria that inhibit fungal decomposition [35,43].

Among the most abundant and dominant bacterial phyla generally involved in the
complex and dynamic decomposition of dead-wood are the Acidobacteria, Alphaproteobac-
teria, Gammaproteobacteria, Actinobacteria, and Bacteroidetes [43,44]. The abundance of
such microorganisms generally increases with each progressing stage of decomposition.
The dynamic microbial succession is due to changing physico-chemical properties during
dead-wood decay, with nitrogen content and pH among the master-variables shaping the
microbial community in terms of composition and abundance [38,45,48,49]. Actinobacteria
(Actinomycetes), commonly found in soil and in wood in contact with soil [41], form
mycelia-like filaments [41,42]. This explains—also from a morphologic point of view—their
role as wood decomposers, similar to fungi, already in the early stages of decomposi-
tion [42]. On the other hand, most of deadwood-decaying bacteria, including Archaea,
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thrive on fungal metabolites, thus occurring mainly at later stages of wood decomposi-
tion [38]. As already mentioned, among the main driving factors governing the composition
and activity of microbial communities in a wood chip storage pile is the chip size [19,21,30].
For example, the work done by Idler et al. [19] in storage piles of 500–1000 m3 of P31
and P45 poplar chips revealed that mesophilic fungi in small chips (P31) developed in
higher concentration when the pile temperature was relatively low, i.e., between 20 ◦C
and 30 ◦C, and the chips’ MC was below 47%. On the other hand, in larger poplar chips
(P45), mesophilic fungi developed in its maximum at 19–23 ◦C and 28–33% MC [19]. More-
over, the maximum content of mesophilic fungi was clearly lower in the chips with the
larger size P45 than in the small P31 chips (5.8 lgCFU g−1 and 6.9 lgCFU g−1, respectively;
Idler et al. [19]). Furthermore, thermophilic fungi are also present in storage piles of wood
chips, as it was reported in, e.g., Idler et al. [19] and Pecenka et al. [30]. In fact, considering
the elevated temperatures occurring in outdoor piles during storage, thermotolerant and
thermophilic wood-degrading microorganisms play a key role [48,50].

1.3. Aim of This Work

As mentioned before, DML depend on multiple factors such as weather conditions,
pile size and wood variety. At ambient temperatures above 0 ◦C, the fast rise in temperature
occurring in wood chip piles and lasting up to 60–90 days is characteristic for wood chips
from SRC stored and naturally dried in outdoor piles (high temperature phase; Figure 1).
This high temperature phase is of particular interest, because approximately 50% of the
total storage losses occur during this relatively short storage time. To what extent this
temperature rise caused by microbiological and chemical processes leads to DML is not very
well known. Detailed measurements based on frequent sampling at a practice scale are very
labour intensive and potentially lead to disturbances of the microbiological and chemical
processes in the pile. Furthermore, due to the annually changing weather conditions, it is
hardly possible to repeat a storage test under the very same conditions. Therefore, this work
aimed at investigating the possibilities and limitations of setting up laboratory-scale trials,
in order to provide a better understanding of the DML of poplar chips in outdoor storages.

This work focused on the high temperature storage phase (Figure 1; phase 1), and the
trials were set in a storage chamber with controlled temperature and assisted air humidity.
The storage conditions in the chamber were chosen based on previous measurements in
large-scale outdoor storage trials of poplar chips in central Europe (Figure 1). The aim was
to recreate the conditions that wood chips in the inner layers of the pile experience in the
high temperature phase when stored in such outdoor piles. In addition to the measurement
of DML and chips’ MC, microbiological analyses were performed. These analyses aimed to
assess the culturable fraction of the autochthonous saproxylic microorganisms present in
the poplar chips at storage intake and during the storage, as a function of storage conditions
(moisture, temperature) and time. The focus was on xerophilic and mesophilic fungi, and
(actino)bacteria. Xerophilic fungi were of particular interest due to the drying of the chips
during storage.

2. Materials and Methods
2.1. Raw Material and Chip Preparation

The trees used in this work were poplar Max-4 (Populus maximowiczii Henry × Populus
nigra L.) from a SRC plantation established in March 2016 at the Leibniz Institute for
Agricultural Engineering and Bioeconomy (ATB) in Potsdam, Germany (52.49◦ N, 13.01◦ E).
Trees with a stem diameter at the cutting height of 7–10 cm were selected for each trial and
were harvested manually at the times corresponding to each of the trials T1–T3. Table 1
shows the harvesting date and storage times of each trial, as well as the corresponding
samplings and sampling frequencies.
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Table 1. Storage trials T1–T3 and the corresponding samplings.

Trial No.
Harvest and

Storage Intake
(Date)

Storage (Weeks)

Samplings

MC and DML Microbiological
and pH Analyses

Ash and Elemental
Analysis

T1 14 June 2018 6

Storage intake (n = 6;
only MC)

and after 1, 2, 3, 4, 5, and
6 storage weeks (n = 3;
sample bag method)

Chips

Storage intake (n = 2)
and after 6 storage

weeks (n = 3)
Chips and wood and

bark fractions

Storage intake (n = 2)
Chips

T2 20 August 2018 10

Storage intake (n = 6;
only MC)

and after 2, 4, 6, 8, and
10 storage weeks (n = 3;

sample bag method)
Chips

Storage intake (n = 2)
and after 2, 4, 6, 8
and 10 * storage

weeks (n = 3)
Chips and wood and

bark fractions

Storage intake (n = 2)
Chips

T3 16 July 2019 9

Storage intake (n = 6;
only MC)

and after 3, 6, and 9
storage weeks (n = 3;
sample bag method)

Chips

Not performed

Storage intake (n = 2)
and after 3, 6, and 9

storage weeks (n = 3)
Chips

* Microbiological analysis not performed at storage week 10, only pH analysis; MC: moisture content (wet-basis);
DML: dry matter loss.

Before chipping the trees, the leaves were removed to avoid any potential effect on
DML of the wood chips during the storage. The chips were produced with a stationary
woodchipper HE100 500 STA (JENZ GmbH, Petershagen, Germany) equipped with an
automatic feeding chain conveyor, which provided a constant feeding rate into the chipping
drum. Pecenka et al. [43] offered a detailed overview of the woodchipper; however, the
screen used in the outtake by Pecenka et al. [51] was not used in producing the chips of
this work. The produced chips were analysed regarding particle size distribution using the
oscillating screen method (standard EN ISO 17827-1:2016 [52]) and classified according to
the standard EN ISO 17225-1:2014 [53].

The initial MC of the fresh wood chips (MCin) was determined as the mean value of
six samples of 250–450 g using a Sartorius TE3102S balance (Göttingen, Germany) with
the oven dry method at 105 ◦C based on EN ISO 18134-2:2017 [54]. The chips undergoing
storage used the method based on sample bags, which is often used to calculate DML of
wood chips in large outdoor storage trials (e.g., [26,27,30]). Sample bags were prepared
right after the chipping process, each one containing about 2 kg of wood chips, and the
mass of each sample bag was measured individually (min; excluding the mass of the net
bag) using a Sartorius BP 12000-S balance (Göttingen, Germany).

2.2. Testing Set-Up and Sampling for the DML Calculations

The storage trials were done in a programmable incubation chamber Binder KB-400
(Binder, Tuttlingen, Germany) providing a storage volume of 400 L. The set-ups used
are shown schematically in Figure 2. When using such a closed chamber for storage
investigations at lab-scale, the conditions that prevail inside a storage pile in the first few
weeks after harvest in winter at practice scale should be reproduced as close as possible.
This can avoid some of the important known problems of outdoor storage trials with wood
chips at a practice scale, such as the large heterogeneity of samples received from a large
storage pile or the very labour-intensive sampling. Accordingly, before starting the storage
trials, the chamber was pre-conditioned at 5 ◦C, to start the trials at similar conditions to
outdoor storage trials when harvesting in winter. At these conditions, the prepared sample
bags were placed in the storage chamber, distributing the three sample bags corresponding
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to each sampling time in different shelves, and left overnight (about 15–18 h) to condition
the poplar chips at 5 ◦C.
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(a) Set-up used in trials T1 and T2 with water containers placed in the chamber, and (b) set-up using
a humidifier in trial T3. T: temperature; RH: relative humidity; SB: sample bag.

The programmed storage plan started by progressively rising the chamber temperature
from 5 ◦C to 55 ◦C during the first 48 h. Afterwards, the chamber temperature was kept
constant at 55 ◦C for the rest of the storage experiment, i.e., six weeks (Trial T1 in Table 1),
nine weeks (Trial T2 in Table 1) or ten weeks (Trial T3 in Table 1). The internal fan of the
incubation chamber was set at the minimum speed of the chamber control, which was
620 rpm (measured with a hand-held tachometer, model 6611, from Veeder-Root GmbH,
Neuhausen, Germany). This configuration allowed minimized air circulation inside the
chamber and, on the other hand, contributed to having comparable storage conditions for
all sample bags in the chamber.

Two storage set-ups were evaluated in order to assist in having a high humidity
atmosphere inside the chamber, comparable to the moisture conditions in outdoor piles. In
the trials T1 and T2 (Table 1), four containers with distilled water placed inside the chamber
were used (Figure 2a). In the alternative set-up, trial T3, we used an in-house developed
humidifier (Figure 2b). This humidifier was actively transferring moisture to the chamber
atmosphere, and was equipped with a water refilling system to assure a sufficient water
supply (Figure 3). An Almemo ZA 9020-FS Thermo R2E4 sensor was used in the trials to
measure the temperature inside the storage chamber, and the relative humidity (RH) was
measured with Almemo FHAD36RAS (trials T1 and T2) and Almemo FH0D46C sensors
(trial T3), together with an Almemo 3290-8 datalogger. The sensors and the datalogger
were manufactured by Ahlborn Mess-und Regelungstechnik (Holzkirchen, Germany).
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Figure 3. Humidifier used in the set-up of trial T3 and details of the components.

The method to calculate DML was done according to the Equation (1), with the MC
and the masses of the sample bags at the storage intake and at the sampling time (after
storage). The mass of the net bag was subtracted from the mass measurements, and the
calculations were done only considering the mass of the chips contained in each sample bag.
At each sampling time (see Table 1), the corresponding sample bags were unloaded from
the chamber and the mass of each sample bag was measured (mout,i; excluding the mass
of the net bag). Right after opening the sample bags and before any further manipulation,
the sampling for the microbiological and pH analyses was done (see Section 2.3). With the
remaining material, the MC of the chips (MCout,i in the Equation (1)) was determined for
each sample bag and expressed as the mean value (n = 4), using the oven dry method at
105 ◦C.

DML i =

[
1 − mout, i (100 − MCout,i)

min(100 − MCin)

]
× 100 (1)

where
DMLi, dry matter loss of the chips in the sample bag at the storage time i [%];
min, wet mass of the chips at the storage intake (excluding the net bag) [kg];
mout,i, wet mass of the chips after storage at the time i (excluding the net bag) [kg];
MCin, MC (wet-basis) of the chips at the storage intake [%]; and
MCout,i, MC (wet-basis) of the chips in the sample bag after storage, at the time i [%].

2.3. Microbiological and pH Analyses

The sampling for the microbiological and pH analyses was done in the trials T1 and
T2. For these analyses, not only the wood chips, but also wood and bark fractions of the
same sample bags were investigated, due to the different nature and chemical composition
of both materials. Therefore, herein, the terms ‘wood chips’ or ‘chips’ refer to the entire
material as obtained after the chipping process (Section 2.1), i.e., containing wood and bark.
On the other hand, the term ‘wood’ refers to the wood fraction of the chips, i.e., resulting
after removing the bark from the chips; likewise, the term ‘bark’ refers to the bark fraction
prepared from the chips after removing the woody parts, and so containing only bark.

The sampling at the storage intake was done preparing two sets (n = 2) of the analysed
samples (i.e., chips, wood, and bark; Table 1) and the mean is reported herein. The sampling
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of the bags undergoing storage was done right after opening the sample bags and before
any further manipulation of the chips; from each sample bag, the sampling of the chips,
wood and bark was prepared (Table 1) separately. Each sampling time included three
sample bags (n = 3; Table 1), in order to report the means for the chips, and the fractions of
wood and bark, separately (Table 1). The chips, wood and bark pieces were cut manually
into smaller pieces (maximum size of 1 cm × 1 cm × 1 cm), avoiding any contamination.

Microbiological analysis consisted of dilution plating to assess the culturable fraction
of the wood chip-inhabiting microbiota (saproxylic microbiota) as a function of storage
conditions (temperature, moisture) and time. We used 20 g each of the cut chips, wood
and bark, which were analysed separately. The samples were transferred to Erlenmeyer
flasks containing 180 mL of sterile Ringer’s solution (Merck, Darmstadt, Germany) and
shaken at room temperature for 30 min in an orbital shaker TR-125 (Infors AG, Bottmingen,
Switzerland) at 180 rpm. Afterwards, a 1:10 dilution series was prepared in Ringer’s
solution and, from the dilution series, aliquots of 100 µL were plated on the respective
nutrient agars.

The wood chip samples were screened for their saproxylic microbiota discriminat-
ing fungi (mesophilic; xerophilic) and bacteria. Mesophilic fungi were isolated using
selective malt extract agar (MEA; Merck, Darmstadt, Germany) containing 0.01% chlo-
ramphenicol (Fluka, Ulm, Germany), and incubated aerobically for seven days, at 25 ◦C
in dark conditions. Dicloran glycerol agar (DG18; Oxoid, Hampshire, UK), a low water
activity medium [55], was used for isolation and enumeration (CFUs) of xerophilic fungi
under the conditions described before. The agar used to investigate mesophilic bacteria
was plate count agar (PCA; Merck, Darmstadt, Germany), and the plates were incubated
aerobically at 25 ◦C in dark conditions for four days. Under the same conditions, the
presence of actinobacteria was investigated using casein-soja-pepton-agar (CASO; Merck,
Darmstadt, Germany).

After the incubation period, all colonies were counted as colony forming units (CFU)
per gram of sample (CFU g−1; wet basis) and expressed as logarithmic values to base
10 (lgCFU g−1). Plates prepared for mesophilic and xerophilic fungi with fewer than
10 colonies or exceeding 150 colonies per plate were excluded from the calculations. Like-
wise, for mesophilic bacteria and actinobacteria, the plates containing less than 10 or more
than 300 CFUs were not considered for the quantitative assessment. The detection limit
was 100 CFU g−1, and in case the plate of the first dilution did not present any colony of
the target microorganism, the value of 99 CFU g−1 (i.e., 2 lgCFU g−1) was assigned. This is
the minimum content of microorganisms that is possible to detect in a sample according to
our methods applied for the sample preparation [19].

The pH analysis used 10 g of the cut materials mentioned above, i.e., chips, wood and
bark, and the analysis was done separately for each prepared sample (see Table 1) according
to DIN 38404-5:2009 [56]. The material was placed in an Erlenmeyer flask containing 100 mL
of distilled water, and the mixture (1:10 wt/v) was shaken at 180 rpm for 15 min at room
temperature in the orbital shaker mentioned before. Afterwards, the pH was measured
with a WTW 3210 pH meter (Xylem Analytics, Weilheim, Germany).

2.4. Elemental and Ash Analyses

Ash and elemental analyses were performed to have a basic information about the
material properties. Chips used previously to calculate the MC, at the storage intake and at
the different storage times, were used, afterwards, in the elemental and ash analyses (see
Table 1). For these analyses, the chips were ground to the maximum size of 1 mm using a
Pulverisette 15 cutting mill (Fritsch, Oberstein, Germany).

The elemental analyser Vario EL III (Elementar Analysensysteme GmbH, Langensel-
bold, Germany) was used to perform the elemental analysis according to VDLUFA:1997 [57].
For each sample (see Table 1), two tin boats of 6 mm × 6 mm × 12 mm (article S22 137 419,
Elementar Analysensysteme GmbH, Langenselbold, Germany) were prepared, each one
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containing 10 mg of the ground chips; therefore, the percentage of C, H, N and S is herein
reported as a mean value (n = 2).

The ash content analysis was done with 2.5–5 g of the ground chips according to EN
ISO 14775:2009 [58]. One measure was done for each prepared sample of the ground chips
at the storage intake and the different storage times (Table 1).

2.5. Statistical Analysis

It was investigated for MC, DML, microbiological parameters and pH value whether
the mean values of the measurement series differ significantly over storage time (p < 0.05).
The mean value comparisons between weeks and trials, as well as between weeks and
materials (chips, wood, bark), were carried out using the single values. The interactions
week–trial and week–material were considered. For the evaluation, the procedure GLIM-
MIX of the statistical software SAS (Version 9.4, SAS Institute, Cary, NC, USA) was used in
order to carry out a two factorial ANOVA.

3. Results and Discussion
3.1. Particle Size Distribution

Figure 4 shows the particle size distribution of the poplar chips used in each of the
storage trials T1, T2 and T3 (Table 1), which complied with the wood chip class P31
according to EN ISO 17225-1:2014 [53]. The analysis of the particle size distribution showed
no significant differences for the wood chips used for the trials T1–T3.
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Figure 4. Particle size distribution of wood chips used in the storage trials T1–T3.

3.2. MC and DML of Poplar Chips, and RH Values, in the Storage Trials

Table 2 shows MC and DML values of the three storage trials T1, T2 and T3, as well
as the RH measured during the storage trials. As supplementary information, detailed
MC and DML obtained in the trials T1–T3 are reported in Appendix A (Tables A1–A3).
The sample bags yielding a negative DML were considered as an experimental error and,
consequently, excluded from the calculations. This was the case for one sample bag at
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the storage week 2 in the trial T2, that resulted in −2.1% DML (Table A2; Appendix A);
therefore, the MC and DML of this storage week 2 in trial T2 is the mean of two sample
bags (n = 2).

Table 2. MC, DML and RH of poplar chips of the storage trials T1–T3. MC and DML expressed as
mean (n = 6 and n = 3 at the storage intake and storage times, respectively) ± standard deviation (SD).

Trial T1 Trial T2 Trial T3

Storage
Time

(Weeks)
MC (%) DML (%) RH (%) MC (%) DML (%) RH (%) MC (%) DML (%) RH (%)

Storage
intake, 0 56.8 ± 0.7 ab 0.0 A 92.7% 52.3 ± 0.7 ab 0.0 a 88.0% 58.3 ± 0.7 a 0.0 A

98.5 to
100%

1 52.7 ± 1.0 4.2 ± 0.4 95.6% - - 95.0% - -
2 47.8 ± 1.7 abc 6.4 ± 0.9 BC 93.9% 44.4 ± 0.5 bcd 0.6 ± 0.5 A 93.3% - -
3 39.5 ± 1.3 7.5 ± 0.6 93.9% 91.6% 44.3 ± 1.3 11.0 ± 1.3
4 32.4 ± 3.9 de 9.8 ± 0.9 CD 94.2% 37.8 ± 6.2 dc 5.0 ± 0.8 B 91.2% - -
5 25.1 ± 2.5 8.3 ± 0.8 93.6% - - 90.4% - -
6 21.3 ± 1.6 efg 8.8 ± 0.8 CD 92.7% * 23.5 ± 3.2 ef 8.1 ± 1.4 BC 90.3% 31.9 ± 8.6 ed 11.6 ± 2.1 DE

7 - - - - - 89.0% - -
8 - - - 17.0 ± 0.8 fg 9.4 ± 0.6 CD 85.6% - -
9 - - - - - 70.4% 24.5 ± 4.7 ef 13.7 ± 0.3 E

10 - - - 9.9 ± 0.3 g 9.3 ± 1.2 CD 64.2% - -

* Due to sensor failure, this RH value corresponds to two days before the end of the storage (week 6); MC: moisture
content (wet-basis); DML: dry matter loss; RH: relative humidity; significant differences between trials and over
storage are marked by different small letters for MC and different capital letters for DML (GLIMMIX, SAS 9.4).

The initial MCin of the poplar chips were 56.8%, 52.3% and 58.3% (Table 2), respectively,
for the trials T1, T2 and T3 (Table 1), which are in line with the wet-basis MC of poplar
chips at harvest reported by, e.g., Barontini et al. [13], Pecenka et al. [30] and Pari et al. [24].
At the end of the respective six, ten and nine storage weeks, the wood chips showed a
significantly reduced MC of 21.3%, 9.9% and 24.5% (p < 0.05; trials T1, T2 and T3 in Table 2),
which represented a decrease of 5.9%, 4.2% and 3.8% MC per week on average (MCPWAV),
respectively. The lowest MCPWAV obtained in the trial T3 (i.e., 3.8% MCPWAV) suggested
the impact of assisting the storage trial with a humidifier (Figure 2b).

Focusing on the six initial storage weeks allowed a better comparison of the results.
Table 2 shows that chips’ MC decreased by 5.9% and 4.8% MCPWAV in the initial six storage
weeks (trials T1 and T2 in Table 2). The lowest value, however, was obtained in trial T3,
i.e., 4.4% MCPWAV (from storage intake to storage week 6; Table 2), which indicated the
impact of using the humidifier on lowering the rate at which chips lose MC. However, no
significant differences could be detected for MC among all trials T1–T3 at storage week 6
(p < 0.05). Moreover, all these MCPWAV of 4.4% to 5.9% in the initial 6–10 weeks showed a
faster reduction in MC compared to practice storage trials of poplar chips in outdoor piles.
Lenz et al. [26] measured 1.7% MCPWAV in the initial six storage weeks of fine P31 poplar
chips, and 2.2% MCPWAV was reported by Pecenka et al. [17] in the initial nine storage
weeks at practice conditions. This shows the slower drying rate of wood chips in outdoor
storage piles at practice scale compared to chips investigated in the storage chamber trials
T1–T3 at laboratory scale, and it highlights a limitation of the set-up used in the trials T1–T3
(Table 1).

After six storage weeks, the chips’ wet-based MC in trials T1 and T2 were 21.3% and
23.5%, respectively (Table 2). These values correspond to 27.1% and 30.7% dry-basis MC
(MCDB), which are close to the fibre saturation point (FSP) of poplar wood, i.e., 32–35%
MCDB [59], and in agreement to the range of FSP reported in literature for wood, i.e.,
21–35% MCDB [59–61]. FSP in wood is the MC point at which the wood cell lumen is
empty of water while the wood cell wall is water saturated [59,60], both named respectively
‘free water’ and ‘bound water’ [59,60]. The total value of FSP varies depending on wood
species [59,61]. Moreover, FSP values reported in literature refer to ‘only wood’ specimens,
whereas the MC values reported in Table 2 refer to the ‘whole chip’, i.e., containing wood
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and bark. However, the chips’ MC in trials T1 and T2 after six weeks of storage, were in the
range of the FSP data reported in literature. This might indicate that poplar chips in the
trials T1 and T2 had very little free water in the cell lumens at this storage time.

On the other hand, at the storage week 6, chips in trial T3 showed a MC of 31.9%
(Table 2), which equals to 46.8% MCDB. This value is clearly higher than the FSP of 32–35%
MCDB for poplar wood [59], and it might indicate that chips in trial T3, at the storage
week 6, still contained free water in the cell lumen. As long as the chips’ MC is above
the FSP, it can be assumed that a reduced availability of water is not a limiting factor
for microbiological degradation processes in the chips [19,41]. Furthermore, these results
suggest the suitability of the set-up assisted with the humidifier, in order to resemble the
conditions that wood chips undergo during the initial storage weeks in outdoor piles.

DML of Poplar Chips

Focusing on DML, the three trials T1–T3, despite having some similitudes, did not
follow a similar progression. For example, the DML of both trials T1 and T2 (Table 2)
stabilized between 8.1% and 9.8%, regardless of the storage time. The stabilisation of DML
in both trials T1 and T2 occurred approximately at the same time as the MC decreased
to values near the FSP (Table 2). On the other hand, chips in the trial T3 showed 11.0%
DML (Table 2) already at the storage week 3, which was higher than the DML measured
in the storage trials T1 and T2 (see Table 2), and increased up to 13.7% at the end of the
nine-week storage (Trial T3; Table 2). Results presented in Table 2 suggest that the high
RH provided by the humidifier used in the trial T3 (Figure 2b) might contribute to higher
DML in the wood chips stored in the trial T3 when compared to the trials T1 and T2. The
statistical analysis of the results has shown that DML increased for all trials with storage
time. While significant differences were found for the DML between trial T2 and T3 at
the storage week 6, these were not visible comparing trial T1 and T3, as well as T1 and
T2 (Table 2). However, the number of repetitions (n = 3) in every trial was limited due to
the limited volume of the storage chamber, and a higher number of samples would have
provided statistically more robust results.

The DML results obtained in the trial T3 (Table 2) were closer to the DML reported for
outdoor pile storages, e.g., approximately 10% for the initial storage phase of 9–12 weeks
in 500 m3 storage piles of P31 poplar chips [17,30]. This would suggest that the use of the
humidifier in the storage set-up of trial T3 (Figure 2b) is more suitable for storage trials at a
laboratory scale.

3.3. Microbiological and pH Analysis

The results of the microbiological analyses done in the storage trials T1 and T2 (Table 1)
are shown in Figure 5a–d, corresponding to mesophilic fungi, xerophilic fungi, mesophilic
bacteria and actinobacteria, respectively. Detailed numerical values are presented in Ap-
pendix B (Tables A4 and A5).

Our isolation/cultivation experiments revealed that xerophilic and mesophilic fungi,
and mesophilic bacteria and actinobacteria, were present in the fresh poplar chips at the
storage intake, for both trials T1 and T2 (Figure 5a–d). The statistical analysis showed no
significant differences between the trials (p < 0.05). However, the number of mesophilic
bacteria and actinobacteria (Figure 5c,d, respectively) present in the chips at the storage
intake were higher than the number of mesophilic fungi and xerophilic fungi (Figure 5a,b,
respectively). Whilst the number of mesophilic fungi and xerophilic fungi were in the
range of 3–5 lgCFU g−1, mesophilic bacteria and actinobacteria showed numbers between
4 lgCFU g−1 and 7 lgCFU g−1 (Figure 5).
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As a function of progressing wood decomposition during storage, bacteria and fungi
trends became evident (Figure 5). Mesophilic bacteria and actinobacteria, despite showing
a decrease over the course of storage, remained detectable until the end of storage, in both
trials T1 and T2 (Figure 5c,d, respectively). This decrease over storage time proved to be
significant for trial T1, but was not significant if all results from T1 and T2 were analysed
together. On the other hand, xerophilic and mesophilic fungi (Figure 5a,b, respectively)
dropped to the detection limit (i.e., 2 lgCFU g−1) during storage. One exception was at
the storage week 6 in trial T2, where chips, wood and bark samples showed a presence of
mesophilic fungi (Figure 5a) between 3 lgCFU g−1 and 4 lgCFU g−1. This trend proved to
be significant for both trials and all investigated fungi, if the outlier for mesophilic fungi in
trial T2 at storage week 6 was excluded from the statistical analysis. However, this peak
could be attributed to spores present in the sample at the sampling time, that started to
grow during the lab analyses when the optimal conditions were provided. Furthermore, in
line with our findings, the results of Idler et al. [19] for trials with P45 poplar chips stored
outdoors demonstrated the presence of mesophilic fungi of around 3 lgCFU g−1 during
the initial 50 storage days at pile temperatures of 45–55 ◦C. This might explain the peak of
mesophilic fungi observed at the storage week 6 in trial T2 (Figure 5a).
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The decrease in the observed number of bacteria and fungi is a consequence of the test
temperature being 55 ◦C. This temperature is too elevated for mesophilic microorganisms
growing at temperatures between 20 ◦C and 50 ◦C and it is selective for thermotolerant and
thermophilic microorganisms. The thermophilic phase is characterized by temperatures
up to 50 ◦C or even 75 ◦C [62]. In fact, the temperature is a major abiotic factor selective
for the majority of environmental microorganisms. Zöhrer et al. [48] investigated the
fungal and bacterial community of poplar wood chips stored in 2019 in Austria by high
throughput next-generation sequencing over a storage period of 120 days. Their research
revealed a dynamic shift of the bacterial and fungal community over time being mainly a
result of the storage temperature, pH and nutrient availability. After storage intake, and
long-term storage relative abundancy of the predominant species decreased. However, it
must be taken into account that molecular analyses based on the extraction of microbial
DNA are culture independent. Furthermore, these techniques reveal all microorganisms,
independent of their physiological status, not discriminating between living, dormant (e.g.,
spores) and dead microbial cells. In contrast, culture dependent methods, such as agar
plate cultivation techniques which have been used here, are restricted to the cultivable
fraction of the microbiota, embracing only a small fraction (1–10%) of the overall (soil)
microbiota [63,64].

Comparing the results of the microorganisms isolated from the wood and bark frac-
tions (Figure 5) at the storage intake, the presence of mesophilic fungi, xerophilic fungi,
mesophilic bacteria and actinobacteria was generally significantly higher in bark than
in wood. However, at the end of the storage trials, the wood fraction showed a higher
presence of mesophilic bacteria and actinobacteria when compared to bark (Figure 5c,d,
respectively), for both trials T1 and T2. On the other hand, mesophilic and xerophilic
fungi (Figure 5a,b, respectively) decreased to the detection limit. However, at the end of
the storage trial T1 (i.e., six weeks), xerophilic fungi showed a presence of 2.3 lgCFU g−1

in the bark fraction (Table A4; Appendix B), while they decreased to the detection limit
in the respective wood fraction (Figure 5b). The varying presence of microorganisms in
wood and bark fractions can be attributed to differences in environmental conditions of the
different wood fractions being already apparent at storage intake. In particular, the tree
characteristics such as wood density, wood composition (regarding the different carbohy-
drates and lignin), as well as pH, shape the microbial communities and in turn determine
the decomposition rates of different wood fractions [65–67]. Due to the complex structure
of bark with a higher content of sugars and nutrients compared to heart- and sapwood,
it hosts a diverse microbiological community with an especially high fungal species rich-
ness and higher abundancies [68]. However, in order to further interpret our complex
and changing storage-condition dependent findings revealed by cultivation techniques,
molecular analysis is needed.

pH Results

The results of the pH analysis showed that, at the storage intake, the pH of the chips
in trials T1 and T2 were similar (i.e., 5.9 and 6.0, respectively; Figure 6). Moreover, wood
fractions in both trials T1 and T2 showed slightly higher pH than bark fractions (6.0–6.2
and 5.7–5.8, respectively; Figure 6). However, the statistical analysis has demonstrated
that differences between the fractions were not significant at storage intake (Table A6,
Appendix B). Whereas, for trial T1, the pH values were measured at the storage intake and
at the end of the trial only, the results presented for the trial T2 (Figure 6) allowed a more
detailed analysis, due to the two-week sampling frequency used in trial T2 (Table 1).
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The pH values of the wood chips in the trial T2 increased between storage intake
and storage week 8 (from 6.0 to 6.4; Figure 6), similarly to trial T1, where a pH of 6.8 was
reached after six weeks of storage. However, the two-week sampling frequency used in the
trial T2 allowed the observation that, in the initial two storage weeks, the pH decreased
significantly to 5.0–5.2 for all the analysed samples, i.e., chips, wood and bark (Figure 6 and
Table A6, Appendix B). This can be attributed to acidification by microorganism, especially
brown-rot fungi, producing organic acids [69]. In their work, Humar et al. [69] compared
pH values of wood with the rate of decay by different fungi, showing a significant pH
drop before mass loss was exhibited. The pH reduction was caused by the production
of oxalic acid by brown-rot fungi, playing an important role in the non-enzymatic stage
of decay. After the storage week 2, the pH of chips, wood and bark in trial T2 increased
up to values of 6.3–6.4 (Figure 6); however, although wood and bark followed a similar
progression, they slightly differed in pH. The decrease of pH in the initial two storage
weeks in trial T2 resembled the results reported in Pecenka et al. [17]. This study observed
a similar decrease of the pH from 6.37 to 5.06 in the initial five storage weeks of P31 poplar
chips stored in outdoor piles, followed by an increase to 7.48 in the following two months.
Additionally, Humar et al. [69] showed that some wood-degrading fungal species, such as
Schizophyllum commune, caused an increase in wood pH, since this fungi prefer pH values
in the range of pH 5 and 7 [69]. Based on the fact that pH is among the most prominent
factors shaping microbial communities, the observed changes in pH during the storage

182



Forests 2022, 13, 459

could have induced the observed shifts in the microbial community during the storage
trial (Figure 6). During the initial stage with high dry matter losses, brown-rot fungi in
particular produce an acidic environment for degrading wood cellulose; whereas, in later
stages of lower degradation rates, fungi preferring higher pH values take over.

3.4. Ash and Elemental Analyses

Table 3 shows the results of the ash content and elemental analyses of the poplar chips
of storage trials T1–T3, and the complete dataset of the elemental and ash analyses is shown
in Appendix C (Table A7).

Table 3. Results of the elemental and ash analyses of poplar chips. (Mean ± standard deviation).

Trial Storage Time
(Weeks) n Ash (%) * C (%) * H (%) * N (%) * S (%) * C:N Ratio **

T1 Storage intake, 0 2 2.34 ± 0.05 52.07 ± 0.03 4.79 ± 0.01 0.305 ± 0.001 0.119 ± 0.004 171:1 ± 0
T2 Storage intake, 0 2 2.22 ± 0.05 52.32 ± 0.18 4.85 ± 0.05 0.294 ± 0.043 0.113 ± 0.000 182:1 ± 27:1

T3

Storage intake, 0 2 3.12 ± 0.16 51.36 ± 0.08 4.65 ± 0.04 0.274 ± 0.008 0.107 ± 0.004 187:1 ± 5:1
3 3 2.71 ± 0.14 51.91 ± 0.06 4.76 ± 0.06 0.328 ± 0.047 0.111 ± 0.006 161:1 ± 21:1
6 3 3.19 ± 0.21 51.68 ± 0.15 4.65 ± 0.03 0.272 ± 0.035 0.105 ± 0.007 194:1 ± 28:1
9 3 2.97 ± 0.47 51.50 ± 0.12 4.71 ± 0.04 0.326 ± 0.022 0.107 ± 0.004 159:1 ± 12:1

* Expressed as percentage of the dry matter fraction; ** C:N ratios calculated as the mean value of the C:N ratios of
the single measures.

The ash contents at the storage intake of the trials T1–T3 (Table 3) are within the range
of literature data for poplar chips, i.e., 2–3.02% [13,17,24,31]. Moreover, the analysis at
different storage times in the storage trial T3 showed that the progression of the ash content
oscillated between 2.71% and 3.19% (Table 3). These results differ from the trend reported
in literature for chips stored in piles outdoors, that showed that ash content increased
with increasing storage time [13,24,31]. For example, Pari et al. [24] investigated storage
of poplar chips produced from the stem showing an initial ash content of 3.02%, whereas,
after 18 months of storage, this value increased to 3.36%. Similarly, Lenz et al. [34] analysed
the ash content of P31 poplar chips stored outdoors for nine months and found that the
ash content increased from 2.07% at the storage intake to 2.81% at the end of the storage.
However, our reported ash contents (Table 3) are still in the typical range for poplar wood
from SRC.

Results from the elemental analysis of the trials T1–T3 (Table 3) showed that C:N
ratios at the storage intake were between 171:1 and 187:1, being in the typical range for C:N
ratios reported in literature for poplar chips, which range from 113:1 to 224:1 [17,24,26,70].
Moreover, C:N ratios at different storage times in trial T3 (Table 3) did not show a clear
trend and oscillated in the same range of the above reported literature.

3.5. Limitations of the Storage Chamber Trials

The experiments have shown that the storage conditions which occur inside of a large
wood chips pile under practice conditions after harvesting in winter in central Europe can
be reproduced well with the investigated storage chamber set-up, particularly when using
the humidifier (Figure 3). As shown, DML, pH and the development of microorganisms
are within the ranges that are known from other outdoor storage experiments with poplar
wood chips under comparable temperature–humidity conditions [13,17–19,26]. However,
as mentioned before, the MC in the chamber set-ups decreased slightly faster than in
outdoor storage trials. In addition, not all influencing variables that are effective in practice
could be recreated accordingly. These are, in particular, the influence of changing weather
conditions, such as heat transfer due to solar radiation, rewetting from rain, changing
air flow conditions due to pile compaction as a result of large pile sizes, or changing gas
concentrations in the pile (e.g., CO2 and O2) due to microbiological–chemical degradation
processes [22,26]. However, the influence of changing weather conditions in particular is
limited to the outer pile layers and has only little influence on the processes inside large
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wood chip pile which have been the focus of the experiments presented here [18,22,34].
For reliable statistical evaluation, a larger volume of storage chamber should be used, in
order to be able to increase the number of samples per each sampling date. Furthermore,
even if no negative effects of opening the door during sampling could be determined,
additional measures to reduce the air exchange during sampling and to monitor the testing
atmosphere inside the chamber appear to be advisable as well.

4. Conclusions

The three storage trials presented in this work were conducted to investigate DML
occurring in poplar chips in the early (high temperature) storage phase, using a laboratory
set-up in a chamber under controlled temperature. This experimental set-up enabled
regular sampling at short intervals during wood chip storage, and thus contributed to a
better understanding of processes occurring during storage of poplar chips. The use of
an incubation chamber seemed a good starting method for this purpose. In addition, the
assistance of a humidifier proved to be a good system to keep a high RH, i.e., resembling
the conditions that wood chips in outdoor storage piles undergo during the early storage
phase (phase 1). Results showed that DML of 8.8–13.7% occurred in the poplar chips stored
in the chamber for 6 to 10 weeks, which is a substantial portion of the total DML reported
for outdoor storages of wood chips, that may account for up to 47% DML in storage
piles set for 6–12 months. Microbiological results showed good correlation with results
from a practice scale for the aspects considered in this work. Thus, overall, the storage
chamber set-up has the potential to gain new and much more detailed information about the
microbiological and chemical processes during storage. However, further research coupling
isolation-cultivation techniques and cultivation independent molecular techniques (high
throughput next generation sequencing) is needed, in order to unravel the complex and
dynamic microbial processes (microbial succession) during storage. In conclusion, this
work highlighted the possibilities of setting up such laboratory scale storage trials, in
order to investigate the DML occurring in wood chips when drying in outdoor storage
piles. Compared to large practice scale experiments, the proposed setting enables a better
monitoring of the overall system under controlled conditions, and a more accurate sampling
at shorter time intervals with a significantly reduced workload. The potential of the
proposed laboratory scale set-up could be further improved by implementing additional
storage parameters into the monitoring. For example, monitoring and control of CO2
and O2 concentrations would be suitable in order to simulate storage conditions even
more accurately.
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Appendix A

Table A1. Moisture content and dry matter losses of the sample bags in trial T1.

MCin = 56.8% ± 0.7%

Storage Time (Weeks) Sample Bag MCout (%) DMLi (%)

1

1 53.8 4.1
2 51.3 3.9
3 53.1 4.7

Mean ± SD 52.7 ± 1.0 4.2 ± 0.4

2

1 50.1 7.4
2 46.6 5.3
3 46.6 6.6

Mean ± SD 47.8 ± 1.7 6.4 ± 0.9

3

1 40.6 8.0
2 40.2 7.6
3 37.7 6.7

Mean ± SD 39.5 ± 1.3 7.5 ± 0.6

4

1 35.7 10.7
2 34.7 10.0
3 27.0 8.6

Mean ± SD 32.4 ± 3.9 9.8 ± 0.9

5

1 21.6 7.8
2 27.4 9.4
3 26.4 7.7

Mean ± SD 25.1 ± 2.5 8.3 ± 0.8

6

1 21.8 8.5
2 19.1 8.1
3 22.9 9.9

Mean ± SD 21.3 ± 1.6 8.8 ± 0.8

MCin: moisture content (wet-basis) of poplar wood chips at the storage intake; MCout: moisture content (wet-basis)
of poplar wood chips at the sampling time; DML: dry matter loss; SD: standard deviation.

Table A2. Moisture content and dry matter losses of the sample bags in trial T2.

MCin = 52.3% ± 0.7%

Storage Time (Weeks) Sample Bag MCout (%) DMLi (%)

2

1 45.0 1.1
2 43.9 0.1
3 39.9 * −2.1 *

Mean ± SD 44.4 ± 0.5 0.6 ± 0.5

4

1 43.1 3.8
2 41.3 5.8
3 29.1 5.2

Mean ± SD 37.8 ± 6.2 5.0 ± 0.8

6

1 25.0 10.0
2 26.4 7.6
3 19.1 6.7

Mean ± SD 23.5 ± 3.2 8.1 ± 1.4
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Table A2. Cont.

MCin = 52.3% ± 0.7%

Storage Time (Weeks) Sample Bag MCout (%) DMLi (%)

8

1 17.6 9.2
2 15.9 8.9
3 17.6 10.2

Mean ± SD 17.0 ± 0.8 9.4 ± 0.6

10

1 10.3 9.7
2 9.7 7.7
3 9.8 10.6

Mean ± SD 9.9 ± 0.3 9.3 ± 1.2

* Experimental error; results excluded from the analysis; MCin: moisture content (wet-basis) of poplar wood chips
at the storage intake; MCout: moisture content (wet-basis) of poplar wood chips at the sampling time; DML: dry
matter loss; SD: standard deviation.

Table A3. Moisture content and dry matter losses of the sample bags in trial T3.

MCin = 58.3% ± 0.7%

Storage Time (Weeks) Sample Bag MCout (%) DMLi (%)

3

1 44.5 12.0
2 45.8 11.8
3 42.5 9.3

Mean ± SD 44.3 ± 1.3 11.0 ± 1.3

6

1 28.0 13.6
2 43.9 12.4
3 23.9 8.7

Mean ± SD 31.9 ± 8.6 11.6 ± 2.1

9

1 21.1 13.9
2 31.1 13.2
3 21.1 13.9

Mean ± SD 24.5 ± 4.7 13.7 ± 0.3

MCin: moisture content (wet-basis) of poplar wood chips at the storage intake; MCout: moisture content (wet-basis)
of poplar wood chips at the sampling time; DML: dry matter loss; SD: standard deviation.

Appendix B

Table A4. Results of the microbiological analysis of chips, wood and bark in trial T1; presented as
mean ± standard deviation, both in colony forming units per gram of sample (CFU g−1). In brackets,
the mean is expressed as logarithmic to base 10 (lgCFU g−1). Different small letters indicate significant
differences between storage intake and end of storage (p < 0.05). Different capital letters indicate
significant differences between wood fractions at storage intake respectively at week 6 (p < 0.05).

Storage Time
(Weeks) Sample

Mesophilic Fungi
(CFU g−1 ± CFU g−1)

[lgCFU g−1]

Xerophilic Fungi
(CFU g−1 ± CFU g−1)

[lgCFU g−1]

Mesophilic Bacteria
(CFU g−1 ± CFU g−1)

[lgCFU g−1]

Actinobacteria
(CFU g−1 ± CFU g−1)

[lgCFU g−1]

Storage
intake, 0

Chips 3.5 × 103 ± 5.0 × 102

[3.5] a A
7.0 × 103 ± 2.0 × 103

[3.8] a A
3.0 × 105 ± 9.0 × 104

[5.5] a A
2.7 × 105 ± 7.5 × 104

[5.4] a A

Wood 2.5 × 103 ± 5.0 × 102

[3.4] a A
1.4 × 103 ± 4.0 × 102

[3.1] a A
5.7 × 104 ± 1.1 × 104

[4.8] a A
5.3 × 104 ± 1.2 × 104

[4.7] a A

Bark 8.5 × 103 ± 4.5 × 103

[3.9] a A
2.1 × 104 ± 4.5 × 103

[4.3] a A
5.4 × 105 ± 1.5 × 105

[5.7] a A
5.9 × 105 ± 1.7 × 105

[5.8] a A
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Table A4. Cont.

Storage Time
(Weeks) Sample

Mesophilic Fungi
(CFU g−1 ± CFU g−1)

[lgCFU g−1]

Xerophilic Fungi
(CFU g−1 ± CFU g−1)

[lgCFU g−1]

Mesophilic Bacteria
(CFU g−1 ± CFU g−1)

[lgCFU g−1]

Actinobacteria
(CFU g−1 ± CFU g−1)

[lgCFU g−1]

6

Chips ND b A ND a A 1.2 × 105 ± 3.2 × 104

[5.1] a A
9.5 × 104 ± 6.3 × 104

[5.0] a AB

Wood ND b A ND a A 3.1 × 105 ± 8.1 × 104

[5.5] a B
3.2 × 105 ± 1.1 × 105

[5.5] a B

Bark 1.3 × 102 ± 4.8 × 101

[2.1] a A
2.0 × 102 ± 8.2 × 101

[2.3] a A
3.9 × 103 ± 3.3 × 102

[3.6] a C
2.1 × 103 ± 2.4 × 102

[3.3] a AC

ND: Not detected; detection limit 2.0 lgCFU g−1.

Table A5. Results of the microbiological analysis of the chips, wood and bark in trial T2; presented
as mean ± standard deviation, both in colony forming units per gram of sample (CFU g−1). In
brackets, the mean is expressed as logarithmic to base 10 (lgCFU g−1). Different small letters indicate
significant differences between storage intake and end of storage (p < 0.05). Different capital letters
indicate significant differences between wood fractions at storage intake respectively at week 6 or 8
(p < 0.05).

Storage Time
(Weeks) Sample

Mesophilic Fungi
(CFU g−1 ± CFU g−1)

[lgCFU g−1]

Xerophilic Fungi
(CFU g−1 ± CFU g−1)

[lgCFU g−1]

Mesophilic Bacteria
(CFU g−1 ± CFU g−1)

[lgCFU g−1]

Actinobacteria
(CFU g−1 ± CFU g−1)

[lgCFU g−1]

Storage
intake, 0

Chips 2.0 × 104 ± 1.0 × 104

[4.3] a A
1.1 × 104 ± 2.3 × 103

[4.0] a A
1.9 × 106 ± 1.2 × 106

[6.3] a A
1.0 × 106 ± 1.8 × 105

[6.0] a A

Wood 1.5 × 104 ± 5.0 × 103

[4.2] a A
8.5 × 103 ± 5.0 × 102

[3.9] a A
1.1 × 105 ± 2.5 × 104

[5.0] a A
7.5 × 104 ± 2.5 × 104

[4.9] a AB

Bark 1.3 × 105 ± 7.5 × 104

[5.1] a A
4.0 × 104 ± 1.0 × 104

[4.6] a A
5.6 × 106 ± 1.1 × 106

[6.7] a A
4.5 × 106 ± 5.5 × 105

[6.6] a C

2

Chips ND ND 9.5 × 103 ± 4.1 × 103

[4.0]
1.5 × 104 ± 5.0 × 103

[4.2]

Wood ND ND 9.6 × 104 ± 4.9 × 104

[5.0]
7.2 × 104 ± 5.0 × 104

[4.9]

Bark ND ND 1.1 × 104 ± 5.8 × 103

[4.1]
1.5 × 104 ± 5.9 × 103

[4.2]

4

Chips ND ND 1.4 × 104 ± 9.6 × 103

[4.1]
8.4 × 103 ± 5.5 × 103

[3.9]

Wood ND 1.3 × 102 ± 4.8 × 101

[2.1]
2.8 × 104 ± 3.5 × 104

[4.5]
1.5 × 104 ± 1.0 × 104

[4.2]

Bark ND ND 2.6 × 103 ± 2.3 × 103

[3.4]
2.6 × 103 ± 1.0 × 103

[3.4]

6

Chips 1.6 × 103 ± 5.1 × 102

[3.2] a A ND a A 3.6 × 103 ± 3.1 × 103

[3.6] a A
1.7 × 104 ± 1.3 × 104

[4.2] a A

Wood 1.1 × 104 ± 1.5 × 104

[4.1] a A ND b A 1.3 × 104 ± 1.5 × 104

[4.1] a A
4.2 × 104 ± 5.5 × 104

[4.6] a A

Bark 1.1 × 103 ± 1.1 × 103

[3.1] a A ND a A 2.5 × 103 ± 3.2 × 103

[3.4] a A
6.3 × 102 ± 2.6 × 102

[2.8] a A

8

Chips ND a A ND a A 1.4 × 103 ± 9.4 × 102

[3.2] a A
6.3 × 103 ± 6.3 × 103

[3.8] a A

Wood ND a A ND b A 2.2 × 103 ± 2.8 × 103

[3.3] a A
1.6 × 103 ± 1.5 × 103

[3.2] a A

Bark ND a A ND a A 5.7 × 102 ± 4.7 × 101

[2.8] a A
5.7 × 102 ± 1.2 × 102

[2.8] a A

ND: Not detected; detection limit 2.0 lgCFU g−1.
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Table A6. Results of the pH analysis of the chips, wood and bark in trial T1 and T2; presented as
mean ± standard deviation. Different letters indicate significant differences within one trial over
storage time (p < 0.05).

Storage Time
(Weeks) Sample Trial T1 Trial T2

Storage
intake, 0

Chips 5.9 ± 0.0 a 6.0 ± 0.0 abcde

Wood 6.0 ± 0.0 a 6.2 ± 0.0 abcd

Bark 5.7 ± 0.0 a 5.8 ± 0.0 cdef

2
Chips - 5.1 ± 0.0 gh

Wood - 5.2 ± 0.2 gh

Bark - 5.0 ± 0.0 h

4
Chips - 5.3 ± 0.1 gfh

Wood - 5.6 ± 0.2 egf

Bark - 5.1 ± 0.1 h

6
Chips 6.8 ± 0.1 b 6.2 ± 0.2 abcd

Wood 6.7 ± 0.1 b 6.3 ± 0.2 abc

Bark 6.7 ± 0.1 b 5.8 ± 0.2 def

8
Chips - 6.4 ± 0.0 a

Wood - 6.4 ± 0.1 ab

Bark - 6.3 ± 0.1 abc

10
Chips - 6.1 ± 0.1 abcde

Wood - 6.1 ± 0.2 abcd

Bark - 5.9 ± 0.2 bcde

Appendix C

Table A7. Results of the elemental analysis and ash analysis.

Trial Storage Time
(Weeks) Sample Ash (%) * C (%) * H (%) * N (%) * S (%) * C:N Ratio **

T1
Storage
intake, 0

1 2.39 52.04 4.80 0.306 0.123 170
2 2.29 52.10 4.77 0.304 0.116 171

Mean ± SD 2.34 ± 0.05 52.07 ± 0.03 4.79 ± 0.01 0.305 ± 0.001 0.119 ± 0.004 171:1 ± 0

T2
Storage
intake, 0

1 2.27 52.14 4.89 0.337 0.113 155
2 2.16 52.50 4.80 0.251 0.113 210

Mean ± SD 2.22 ± 0.05 52.32 ± 0.18 4.85 ± 0.05 0.294 ± 0.043 0.113 ± 0.000 182:1 ± 27:1

T3

Storage
intake, 0

1 3.28 51.44 4.62 0.282 0.111 183
2 2.96 51.28 4.69 0.267 0.102 192

Mean ± SD 3.12 ± 0.16 51.36 ± 0.08 4.65 ± 0.04 0.274 ± 0.008 0.107 ± 0.004 187:1 ± 5:1

3

1 2.89 51.85 4.68 0.395 0.119 131
2 2.55 51.88 4.78 0.289 0.110 180
3 2.70 52.00 4.82 0.302 0.104 172

Mean ± SD 2.71 ± 0.14 51.91 ± 0.06 4.76 ± 0.06 0.328 ± 0.047 0.111 ± 0.006 161:1 ± 21:1

6

1 2.97 51.86 4.69 0.223 0.095 233
2 3.46 51.68 4.61 0.297 0.111 174
3 3.12 51.50 4.65 0.296 0.111 174

Mean ± SD 3.19 ± 0.21 51.68 ± 0.15 4.65 ± 0.03 0.272 ± 0.035 0.105 ± 0.007 194:1 ± 28:1

9

1 2.52 51.46 4.70 0.339 0.106 152

2 3.61 51.39 4.66 0.344 0.111 149

3 2.76 51.66 4.75 0.294 0.103 176

Mean ± SD 2.97 ± 0.47 51.50 ± 0.12 4.71 ± 0.04 0.326 ± 0.022 0.107 ± 0.004 159:1 ± 12:1

* Expressed as percentage of the dry matter fraction; ** C:N ratios calculated as the mean value of the C:N ratios of
the single measures; SD: standard deviation.
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