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Abstract

Our research demonstrates that plant material can be produced in the nursery with asym-
metrical root systems, which may have utility for reforestation of difficult planting sites
characterized by steep slopes and/or windy conditions. Such a root system can be gener-
ated using chemical root pruning by applying cupric carbonate (Cu) that can arrest the
development of, or cause mortality to, root apical meristems resulting in the formation
of new lateral roots with an overall increase in the biomass, length, and volume of the
root system. Our objective was to investigate the effect of chemical root pruning on the
morphological and architectural traits of adventitious roots produced by poplar cuttings
(Populus nigra L.) grown in containers coated with Cu in various symmetrical (Side, Bot-
tom, Side+Bottom) and asymmetrical (half side+half bottom) patterns. After six weeks,
roots of the cuttings were extracted from different container depths (Top, Middle, and
Bottom) and portions (non-coated, Cu-coated), and analyzed. The root systems reacted
to all coating patterns by increasing length, biomass, volume, and average diameters,
but magnitude of increase was further affected by depth. In particular, root growth was
unaffected at the Top of the container, and length was the highest at the Bottom depth.
The Middle depth had a significant increment in both biomass and volume. Also, the root
population increased in diameter as a possible response to Cu exposure. Interestingly, in
the asymmetrically coated containers this depth response in the non-coated portions was
of higher magnitude than in the Cu-coated portions.

Keywords Root development - Root traits - Poplar - Forest restoration - Nursery -
Target Plant Concept

Key message Asymmetrical copper root pruning may result in the modulation of the root
traits improving the plant material performance for reforesting sites with peculiar conditions
(e.g., steep slope, dominant wind).
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Introduction

Both short- and long-term change of climate are considered important drivers of forest deg-
radation (Stanturf et al. 2014), increasing the need for restoration across all scales (Chen et
al. 2011). In turn, global forest restoration initiatives are fundamental for reducing atmo-
spheric concentration of carbon dioxide and mitigating climate change (Bastin et al. 2019).
Forest restoration strategies can be achieved by many techniques and tools (Stanturf et al.
2014) and among these, container seedlings are a cost-effective alternative, especially when
the planting season is to be extended or adverse sites are to be planted (Stanturf et al. 2014,
Montagnoli et al. 2016; Lof et al. 2019).

For nursery seedlings, the Target Plant Concept is a means for defining the characteristics
desired in plants that address limiting factors on the outplanting site so that desired field
survival and growth is achieved, i.e., the seedlings have “fitness for purpose” (Landis and
Dumroese 2006; Luoranen et al. 2006; Wang et al. 2007; Landis et al. 2010a, b; Cole et al.
2011; Dumroese et al. 2016; Montagnoli et al. 2018). Potential limiting factors may include
steep slopes, wind, and their interaction that increases susceptibility to mechanical forces
that tend to topple trees, especially when the crowns of recently outplanted seedlings have
grown to intercept appreciable wind during storms (Quine et al. 2007; Sung et al. 2010; Hale
etal. 2012; Haywood et al. 2012; James et al. 2014; Dumroese et al. 2019; Montagnoli et al.
2020). And, this scenario is expected to worsen because changes in climate have increased
the number and intensity of windstorms affecting forests (Dale et al. 2001; Seidl et al. 2017).

Plant anchorage is the primary function of coarse roots and permits plant survival, but
poor architectural characteristics of the root system can lead to anchorage failure (Haywood
et al. 2012; Yang et al. 2017). Trees exposed to mechanical forces on steep slopes and/
or prevailing wind conditions respond by developing a specific asymmetrical root archi-
tecture. This increases tree stability by modifying the distribution of mechanical forces in
the soil Danjon et al. 2005; Lombardi et al. 2017; Dumroese et al. 2019; Montagnoli et al.
2019, 2020; Deljouei et al. 2020). In particular, these root systems exhibit strong selective
leeward and/or windward reinforcements (Pinus pinaster, Danjon et al. 2005; Pinus pon-
derosa, Dumroese et al. 2019) and may display the most root length and root volume either
upslope (Quercus pubescens, Di lorio et al. 2005; Spartium junceum, Lombardi et al. 2017)
or downslope (Pinus ponderosa, Dumroese et al. 2019). These asymmetrical architectures
are very different from those observables in nurseries when poor management leads to seed-
lings too big for their containers (e.g., excessive fertilization or retaining the seedlings too
long in the containers) resulting in plants with spiraling or matted root systems (e.g., Landis
etal. 2010a, b; Dumroese and Landis 2015). Poor root system quality adversely affects post-
planting growth performance and mechanical stability (Ferndndez et al. 2007; Sayer et al.
2009; Liu et al. 2016). Instead, it might be assumed that the induction of an asymmetrical
root distribution during seedling production in a container nursery may ensure a greater
anchorage and a better establishment potential once outplanted. Therefore, how nursery-
grown container seedlings will perform and establish on slopes with prevailing wind is of
special concern for reforestation activities, and root traits affecting tree stability should be
considered in breeding programs (Telewski and Moore 2016).

Copper (Cu) root pruning is a cultural practice in nurseries. Many forms of Cu, includ-
ing cupric carbonate (CuCO;), have been used to coat container walls. Cupric carbonate
treatments in the nursery influence the abundance and distribution of roots after outplanting,
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which, in turn, improves stem stability (Krasowski 2003) and other seedling performance
attributes (Burdett et al. 1986; Mexal et al. 1991). Copper is an essential metal involved
in many proteins important for plant growth and development. However, when present in
excess, Cu can lead to inhibition of root elongation, disturbance of mitosis, and damage of
root epidermal cells and cell membranes (Arduini et al. 1995; Jiang et al. 2001; Sheldon and
Menzies 2005; Qin et al. 2015). Therefore, when Cu is used to coat the inner container walls,
a growing lateral root that contacts Cu halts its growth and the injury-stimulated response is
to produce more higher-order roots (Xu et al. 2017; Baesso et al. 2018) that yields a more
fibrous root system (Wenny et al. 1988; Gilman and Beeson 1995; Sayer et al. 2009). Thus,
Cu root pruning is effective in reducing spiraling and caging (Ruehle 1985; Wenny and
Wollen 1989) because roots no longer grow downward along the container wall-substrate
interface (Wenny et al. 1988; Sayer et al. 2011; Haywood et al. 2012). In addition, Cu root
pruning seems to improve root growth potential (South et al. 2005; Haywood et al. 2012).
All studies conducted so far focused, however, on a symmetrical distribution of Cu inside
the container leading to roots being more evenly distributed (Wenny and Wollen 1989; Gil-
man and Beeson 1995). In the present study, we hypothesized that an asymmetrical distri-
bution of Cu within the container would generate an asymmetrical root system. If so, such
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Fig. 1 Top view of containers showing different combinations of copper applications to the interior container
surface. Below each photograph is a schematic view of the different container sectors analyzed (Top, Middle,
Bottom). Portions with the same color reflect results presented in Fig. 3 (symmetrical Cu-coated) and Fig. 4
(asymmetrical Cu-coated)
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a root system might have potential for improving seedling performance after outplanting
on sloped sites and/or with a dominant wind direction. To test our hypothesis, we applied a
latex (water-based) paint solution containing 100 g L™! of CuCO; in various combinations
of the interior surfaces of containers used to grow poplar (Populus nigra L.) cuttings. After
six weeks, cuttings were sampled and six root traits (biomass, length, volume, mean diam-
eter, tissue density, and specific root length) were analyzed according to different sectors
(i.e., depth: Top, Middle, and Bottom) of the container.

Materials and methods
Treatment, plant material, growth room characteristics, and growing conditions

To explore symmetrical and asymmetrical application of Cu on rooting, we used trun-
cated-cone-shaped plastic containers (Research Centre for Forestry and Wood patent n°
1236/A/87) having a top diameter of @ 10 cm, a bottom diameter of @ 7.5 cm, a total height
of 16.5 cm, and a volume of 1 L. A white, water-based paint solution containing 100 g L™!
CuCOj; was applied symmetrically (in respect to the centered vertical axis of the container)
to three surfaces of the container (Side, Bottom, or Side+Bottom). The same Cu solution
was applied asymmetrically (i.e., vertically to just one half of the Side+Bottom). Contain-
ers without the paint-Cu solution were the Control (Fig. 1) (Wenny et al. 1988).

Each container was filled with a commercial soil-less substrate characterized by 1:2:1
(v:v:v) mixture of peat, silica sand, and bark humus. The basal 6—7 cm of a single 20-cm-
long, 1.7-cm-basal diameter poplar cutting provided by the Research Council for Agricul-
tural Research and Economic Analysis (CREA; Casale Monferrato, AL, Italy) was struck
into each container. We employed 10 replicates; thus, 50 containers in total, 3 symmetri-
cal treatments (Side, Bottom, Side+Bottom), 1 asymmetrical treatment (Side+ Bottom),
and 1 Control. We used a single (100-cm wide, 130-cm deep, adjustable height from 70
to 120-cm) growth chamber at the University of Insubria, Varese, Italy. The chamber was
illuminated with fluorescent light (Fluora T8 (OSRAM); LEDVANCE GmbH; Garching,
Germany). Cuttings were grown with long day conditions (16 h light/8 h dark cycle) under
22/17°C day/night temperature and air humidity maintained at 60-70%. Light intensity
yielded approximately 300 umol m~2 s~! (Light Meter HD2302.0; Delta Ohm; Caselle di
Selvazzano, Italy) at the plants’ top and was kept constant during their growth by the adjust-
ment of the chamber floor. Irrigation frequency was determined gravimetrically: we first
watered the soil medium until saturation, allowed the substrate to drain to container capac-
ity, measured that initial mass, and then subsequently irrigated back to container capacity
each time container mass reached 60% of initial mass (Dumroese et al. 2015).

Seedling sampling and analysis

After 6 weeks of growth, cuttings were gently pulled from each container to ensure the root
plug remained intact. For the symmetrical Cu-coated containers, root plugs were transver-
sally cut into three sectors based on depth: 0-4.5 cm (Top), 4.5-9.8 cm (Middle), and 9.8—
16.5 cm (Bottom) (Fig. 1). Because of container taper, each sector had the same volume:
333 cm’. Root plugs from asymmetrical Cu-coated containers were also transversally cut at
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the same three depths, but each root plug sector was further cut in half longitudinally (Cu
and no-Cu), separating a total of six portions (Fig. 1). For the Control containers, the root
plug was divided the same as the asymmetrical Cu-coated containers.

The original cutting, both above and below ground, together with branches were con-
sidered as stem. Leaves were detached from branches. Each subdivision of the root plug
was gently washed over a 2 mm sieve. All roots from each cutting were collected and then
scanned (600 dpi) with a calibrated flatbed scanner coupled to a lighting system for image
acquisition (Epson Expression 10,000 XL). Length (m), diameter (mm), and volume (cm?)
of roots were measured using WinRhizo Pro V. 2007d (Regent Instruments Inc. Quebec,
Canada). Separate stem, leaf, and root fractions were oven dried at 75 °C until constant
weight to obtain biomass (g) values. Morphometric data together with biomass data were
used to calculate the relative morphological traits of specific root length (m g™') and root
tissue density (g cm™).

Statistical analysis

A one-way ANOVA was performed on stem, leaves, total root biomass, and root-to-shoot
ratio data to test the effect of Cu treatments (Control, symmetrical and asymmetrical treated
containers). Post hoc Bonferroni tests were conducted to detect overall differences among
treatments.

For the symmetrical containers, a General Linear Model (GLM) repeated measures
was performed considering, as among factors, the Cu treatment (Control, Side, Bottom,
Side+Bottom) and, as within factors, the sector (Top, Middle, Bottom) on root biomass,
volume, length, diameter, specific root length, and root tissue density. In particular, in order
to compare Control and treated plants, data from the two portions of each sector of Control
plants were pooled together before performing the statistical analysis. Post hoc Bonferroni
tests were conducted among estimated marginal means to detect overall differences among
Cu treatment within the same sector.

For the asymmetrical Cu-coated containers, a GLM repeated measures was performed
considering, as among factors, the Cu treatment (Control, Asymmetrical) and, as within fac-
tors, the six portions (Top, Middle, Bottom / no-Cu and Cu sides) on root biomass, volume,
length, diameter, specific root length, and root tissue density. Post hoc Bonferroni tests were
used to test differences among the portions of each Cu treatment, and the same portions
between the Cu treatments.

When needed to ensure normal distributions and equal variances for ANOVA and
symmetrical and asymmetrical GLM models, the dependent variables were square-root
transformed. Differences were considered significant at p<0.05. Statistical analysis was
computed with SPSS 25.0 (SPSS Inc, Chicago IL, USA).
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Results
General Cuvs. no Cu
Biomass and root-to-shoot ratio

Stem biomass was similar among Control and Cu-treated cuttings with one exception: cut-
tings grown in Side+ Bottom symmetrical Cu-coated containers had significantly less bio-
mass (Fig. 2 A). Leaf biomass was unaffected by the treatments. Root biomass was more
variable. Control cuttings had the lowest root biomass whereas cuttings exposed to Bottom
or asymmetrical Cu-applications had the most. Cuttings exposed to Side and Side +Bottom
showed an intermediate response (Fig. 2 A). The root-to-shoot ratio for Control cuttings
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was significantly lower than that of cuttings grown with Side+Bottom or asymmetrical
Cu-applications whereas Side and Bottom cuttings had an intermediate response (Fig. 2B).

Symmetrical Cu-coated pots: root traits according to depths
Biomass

The general linear model (GLM) repeated measures performed for symmetrical application
of copper within container walls showed that the sector (i.e., depth - D; Top, Middle, and
Bottom), the Cu treatment (C; Control, Side, Bottom, and Side+ Bottom), and their interac-
tion (D x C), significantly affected the root biomass (Table 1). No significant differences
were detected in the Top depth regardless of which surfaces were treated with Cu (Fig. 3 A).
In the Middle depth, Control cuttings had the least biomass whereas those exposed to the
Bottom application had the most, with cuttings in the Side and Side+ Bottom applications
intermediate in response (Fig. 3 A). Bottom depth results were mostly similar to those of the
Middle depth (Fig. 3 A).
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Table 1 GLM repeated mea- Root morphologi-  Predictor F-value p-value
sures results when Cu was ap- cal trait

plied symmetrically (pot depth,

D; Cu-treatment, C) for each Biomass D 34.136 <0.001
root trait. Bold values indicate C 3.215 0.035
statistical significance (p<0.05) DxC 39.349 <0.001
Length D 45.068 <0.001

C 1.658 0.192

DxC 38.100 <0.001

Volume D 40.503 <0.001

C 3.827 0.017

DxC 19.966 <0.001

Diameter D 6.074 0.036

C 1.943 0.193

DxC 3.079 0.083

Root Tissue D 26.846 <0.001

Density C 1.999 0.185

DxC 3.350 0.069

Specific Root D 0.048 0.831

Length C 0.706 0.572

DxC 0.326 0.807

Length

The presence of Cu alone did not affect the root length, while the sector factor both alone
and in combination with Cu factor did (Table 1). Root length of Control and Cu-treated
cuttings was not significantly different in the Top or Middle depths, but in the Bottom the
Control cuttings had the shortest length, whereas Bottom and Side +Bottom cuttings had the
most, with Side cuttings intermediate in their response (Fig. 3B).

Volume

As for the biomass, the GLM repeated measures showed that the sector, the Cu treatment,
and their interaction, significantly affected the root volume (Table 1). No treatment dif-
ferences were seen in the Top depth, whereas in the Bottom the Control cuttings had sig-
nificantly less volume than any of the Cu treatments (Fig. 3 C). The Middle depth was
intermediate; Control cuttings had the least volume, Side cuttings the most, with Bottom
and Side+ Bottom treatments not significantly different than the Control or Side.

Mean diameter

The sector factor alone significantly affected the root diameter while the presence of Cu both
alone and in combination with the sector did not (Table 1). Mean diameter of roots was not
differing between the three depths (Top, Middle, and Bottom) independent of the treatment
(Fig. 3D). However, we observed a trend toward all Cu treatments having higher diameter
compared to the control, athough the diameters were not significantly different (Fig. 3D).
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Root tissue density

The sector factor alone significantly affected the root tissue density while the presence of Cu
both alone and in combination with the sector did not (Table 1). No interaction of depth and
Cu was observed (Fig. 3E). Regardless of depth, root tissue density was not significantly
different among the Control or Cu applications (Fig. 3E).

Specific root length

Specific root length was unaffected by Cu, depth, or their interaction (Table 1; Fig. 3 F).
Asymmetrical Cu-coated pots: root traits according to portions

Biomass

The portion factor alone did not affect the root biomass while the presence of Cu both alone
and in combination with the portion did (Table 2). In asymmetrical Cu-coated pots, biomass
in the no-Cu portions of the Middle and Bottom depths was significantly higher than in the
Top depth as well as for the same portions in the Control pots (Fig. 4 A). Biomass on the

Cu-treated side was similar among the three depths, and the Bottom depth had significantly
more biomass than the same depth in the Control containers (Fig. 4 A).

Table 2 GLM repeated Root morphologi-  Predictor F-value p-
measures results when Cu was cal trait value

applied asymmetrically (pot

portion, P; Cu-treatment, C) Biomass P 1.792 0.197
for each root trait. Bold values C 7.354 0.014
indicate statistical significance PxC 4.595 0.046
(p<0.05) Length P 0.703 0.413
C 4.959 0.039

PxC 8.683 0.009

Volume P 3.040 0.098

C 14.693 0.001

PxC 7.658 0.013

Diameter P 9.008 0.030

C 1.294 0.307

PxC 13.745 0.014

Root Tissue P 1.829 0.234

Density C 0.868 0.394

PxC 2.368 0.184

Specific Root P 2.659 0.164

Length C 0.019 0.897

PxC 7.013 0.046

@ Springer



New Forests

Length

The portion factor alone did not affect the root length, while the presence of Cu both alone
and in combination with the portion did (Table 2). In asymmetrical Cu-coated pots, the
no-Cu Bottom portion had significantly higher length values compared to the Top depth,
with the Middle depth intermediate in response (Fig. 4B). Moreover, both Middle and Bot-
tom no-Cu portions had significantly higher length values than did the corresponding por-
tions of the Control plants (Fig. 4B). Length on the Cu-treated side was similar among the
three depths and with the same portions of Control plants with the only exception being the
bottom depth, which was significantly higher (Fig. 4B).

Volume

The portion factor alone did not affect the root volume, while the presence of Cu both alone
and in combination with the portion did (Table 2). In asymmetrical Cu-coated pots, the
no-Cu Middle and Bottom depths had significantly higher volume than that of the Top depth
(Fig. 4 C), as well as significantly higher values than in the same depths for the Cu and Con-
trol portions (Fig. 4 C). Moreover, in the Cu-treated Bottom depth, volume was higher than
the Top depth and the corresponding portion of Control cuttings (Fig. 4 C).

Mean diameter

The portion factor alone significantly affected the root diameter, while the presence of Cu
alone did not (Table 2). Also, the combination of portion and Cu significantly affected the
mean diameter (Table 2). For Control cuttings, the mean diameter decreased moving down-
ward from Top to Bottom (Fig. 4D). Differently, diameter measured for cuttings grown in
the no-Cu side of asymmetrical Cu-coated pots was the highest in the Middle, lowest in
the Top, and intermediate in the Bottom although these differences were not significant
(Fig. 4D). Moreover, root diameter in the no-Cu and Cu portions were similar to those in
the corresponding portions for Control plants with the only exception of the Bottom depth
in the no-Cu portion (Fig. 4D).

Root tissue density

Both the portion and the copper factor alone and their combination did not affect the root
tissue density (Table 2). Also, the combination of portion and Cu significantly affected the
mean diameter (Table 2). Moreover, no significant differences were observed between Con-
trol and asymmetrically Cu-treated cuttings or among portions (Fig. 4E).

Specific root length

The specific root length was significantly affected by the combination of portion and copper,
while these factors alone were not significant (Table 2). For Control cuttings, specific root
length increased moving downward from Top to Bottom, whereas the addition of Cu to one
side of the container resulted in no significant differences among depths or with Control
plants (Fig. 4 F). In the top and bottom depth, no-Cu side in the asymmetrical Cu-treated
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cuttings had respectively higher and lower specific root length compared with the Control
cuttings (Fig. 4 F).

Discussion

In our study, the comparison of Populus nigra cuttings grown without Cu or with Cu applied
symmetrically or asymmetrically indicated that after 6 weeks of growth the Cu application
generally reduced shoot biomass and increased root biomass. However, this modification in
the biomass partitioning was of different magnitude among the various combinations of Cu
applications. In particular, stem biomass of treated cuttings was significantly lower than that
of Control cuttings only when Cu was applied symmetrically to the entire inner surface (i.e.,
Side+ Bottom). This result concurs with a review that reported a decrease in shoot growth of
different species with increasing amounts of root pruning (Geisler and Ferree 2011). Thus,
in our study it is reasonable that Cu application to the entire interior surface of the container
may correspond to the highest level of root pruning, which leads to the greater reduction of
shoot growth. However, other research regarding the variation of stem biomass in relation
to Cu application is not consistent. Some researchers report a lack of effect on aboveground
plant growth (Dunn et al. 1997; Sayer et al. 2009) whereas sometimes average shoot height
and dry weight were improved (Burdett and Martin 1982; McDonald et al. 1984; Ruehle
1985; Aldrete et al. 2002; Barnett and McGilvray 2002; Tsakaldimi and Ganatsas 2006).
The inconsistency between our findings and other reported results might be related to the
plant material used. Indeed, poplar cuttings have a peculiar early developmental pattern of
the root and shoot (Branislav et al. 2009). New root growth is largely supported by current
assimilates, while stored assimilates are mostly used for shoot growth (Pregitzer and Friend
1996). In our study, it would be possible to suppose that once the above ground fraction has
used the stored assimilates to develop, the rate of shoot growth would decrease favoring
development of the Cu-stimulated root system. Indeed, root biomass was generally higher
for treated cuttings, and increased significantly when Cu was applied partially to the inner
surface of containers (Bottom and asymmetrically). The general increase of the root-to-
shoot ratio we observed supports this differentiated response.

These growth-partitioning responses might be related to the functional equilibrium of
biomass allocation, that is, when plants allocate relatively more biomass to a specific organ
(i.e., roots or shoots) depending on whether the limiting factor for growth is below- (e.g.,
nutrients, water, predatory activity), or above- (e.g., light, CO,) ground (Brouwer 1963;
Thornley 1972; Iwasa and Roughgarden 1984; Poorter et al. 2012). In this respect, plants
having part of their leaves or roots removed show remarkable resilience in that they restore
allocation patterns quickly to reach the pre-damaged levels (Brouwer 1963; Poorter and
Nagel 2000; Poorter et al. 2012). Similarly, in our case the root biomass increment may be
related to the direct effect of Cu, which inhibits root tip growth thereby increasing secondary
root branching at the expense of shoot growth (Arnold and Struve 1993; Arduini et al. 1995;
Crawford 1997) and underlining a possible diversified effect on primary and secondary
root tissues, the former being more susceptible to the Cu effect. Therefore, it appears that
a plant’s reaction to Cu is to adjust its inner balance by increasing root growth and, thus,
directing more current assimilates to the root system. The analysis of root traits according to
the different depths for symmetrically Cu-coated containers (i.e., Top, Middle, and Bottom)
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and the different portions of asymmetrically Cu-coated containers (i.e., no-Cu, Cu) revealed
that our methodological approach was effective in controlling root elongation of poplar
cuttings. The level of effectiveness, however, followed a common pattern among different
combinations of copper application to the interior surfaces of the containers. Interestingly,
we observed a lack of influence on root traits in the Top depth, the most biomass and volume
in the Middle, and the longest root length in the Bottom depth.

These depth differences may be related to substrate moisture content. In any container,
a perched water table forms at the bottom of the container immediately after irrigation
because of the cohesive nature of water (Landis et al. 2014). Thus, the substrate at the bot-
tom of the container remains moister longer than the substrate at the top of the container,
where evaporation accelerates drying (Argo and Biernbaum 1994). In Populus, formation
of adventitious roots (i.e. plant roots that form from any non-root tissue) is enhanced by
increased substrate moisture content (Puri and Thompson 2003), so more roots may have
formed in the lower, moister substrate profile than in the upper, drier profile. This effect may
have been exacerbated given that cuttings often generate most roots at their base, which in
this study would have been positioned lower in the container and in substrate that stayed
moisture longer. Once formed, Populus roots further respond to increased substrate moist
by increasing growth (Zhao et al. 2014). In addition, the longer duration of hypoxic condi-
tions in the Bottom depth may have generated a lower Cu concentration with subsequent
relief of the Cu exposure-effect to roots (Crawford 2003; Marler and Musser 2016) and/or
the effectiveness of Cu is lower when substrates are saturated, similar to the observation
that Cu availability as a plant nutrient is reduced when substrates are saturated (Sims and
Patrick 1977; Vogel and Jokela 2011). Finally, longer roots in the Bottom could be a func-
tion of stress; growth of adventitious roots is recognized as a response to stress conditions,
including flooding, nutrient deprivation, and wounding (Steffens and Rasmussen 2016). In
our case, the saturated soil condition occurring at the Bottom depth of the container could
be a stressful condition comparable to flooding occurring in nature. Thus, a possible expla-
nation of the observed differences by depth in our study is the occurrence of variation in
water content at different container depths that cause a complex interplay of these factors.
An irrigation regime with less amplitude in the level of drying (compared to the regime used
in this study that had more amplitude because of the drier irrigation target) and/or a differ-
ent substrate having physical properties that promote more uniform moisture levels, may
yield a more uniform response during nursery production. Understanding this contrasting
root development pattern in relation to container depth is relevant when considering future
success of outplanted seedlings in field conditions because roots in the upper and lower soil
profiles are known to be fundamental for seedling stability (Montagnoli et al. 2020) and
resource uptake (Pierret et al. 2016), respectively.

Interestingly, our results showed that Cu application at a rate of 100 mg L™ ! induced an
increase in the diameter size of the root population. Probably at this concentration and for
our studied species, plant material, and experimental conditions, Cu inhibits the root api-
cal meristems stopping the longitudinal root growth in favor of the radial growth type and
the emission of new larger roots (Montagnoli et al. 2014, 2021; Amendola et al. 2017). In
particular, the enlargement due to the radial growth has been seen in response to physical
interruption of the root apex (Montagnoli et al. 2014) and also in response to the decreased
need of exploring nutrient and water search versus the need of a more structured root system
devoted to reserve accumulation (Amendola et al. 2017; Montagnoli et al. 2021). We may
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speculate that the root population became thicker in reaction to Cu exposure as adaptation
to such a toxic environment. Indeed, Vitis labrusca L. plantlets grown in pots with high
Cu soil contents had larger root diameters due to the increase of the cortex area, which
may contribute to a lower absorption and higher retention of Cu in the roots, impairing its
transport to the shoots where it may cause severe damage (Ambrosini et al. 2015, 2018).
Moreover, the production of new lateral roots of larger diameter might be explained by the
need of the plants to replace the removed or injured apex (Stokes et al. 2009). Important
is that these roots have a lower tissue density than Control ones, indicating that new root
production was fast for a productive growth species like poplar, which leads to investment
in cheap tissue promoting fast growth with probably shorter life span (Kramer-Walter et al.
2016). Our findings also concur with the non-linear relationship between root diameter and
root tissue density, which were inversely related for woody species (Kong et al. 2019). Once
again, these differences where detectable independently of the combination of Cu applica-
tion to the different portions of the root plug, indicating a clear systemic response to local
applications of Cu.

In the case of asymmetrically Cu-coated containers, although the Cu side showed higher
values than Control for some of the measured traits (i.e., biomass, length, and volume in the
Cu Bottom portion), increments of higher magnitude in respect to the Control were found
in the untreated side (i.e., biomass, length, and volume in both Middle and Bottom por-
tion). Furthermore, no differences between treated and untreated portions were measured
for the mean diameter of the root population clearly indicating that the root lengthening was
responsible for the increment of the volume and biomass. This differentiated response of
the root system has already been observed in split-root system experiments, which provides
a way to simulate the heterogeneity inherent to field conditions (Fernandez et al. 2021).
Finally, also in this case, our results indicate both a local and systemic response of the root
system to the local Cu application. In particular, the higher response was observed in the
opposite side of the Cu application indicating a possible autoregulation, probably controlled
by the shoot, to maintain the rooting pattern. These results support our initial hypothesis that
an asymmetrical distribution of Cu within the container would lead to an asymmetrical root
system. Our findings highlight for the first time the possibility to have plants with an asym-
metrical root distribution that, in the short-to-medium term, could provide a more stable tree
cover on sloped and windy sites. Our study provides foundation for future research that bet-
ter unveils the response of root systems to asymmetrical chemical pruning and subsequent
root architecture development on steep and/or windy sites.

Conclusions

Our findings highlighted the possibility to gather specific root traits and information on
localized root development when Cu was applied to discrete portions of the inner surfaces
of containers. We found it possible to modulate the Cu to optimize different areas of the
root system. The induction of these modifications on the plant material that is destinated to
sites with peculiar conditions (e.g., steep slope, dominant wind direction) would potentially
improve their performance once outplanted. Moreover, the poplar cuttings seem to respond
at the whole system level to a local, discrete application of Cu. Finally, root chemical prun-
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ing due to the Cu application seems to increase the size of the root population resulting in a
root system longer and larger with a lower tissue density, which may have a longer life span.
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